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Abstract: In this work, PM2.5 was sampled at Dunkerque, a medium-sized city located in northern
France. The mean concentration of PM2.5 during the sampling period was 12.6 ± 9.5 µg·m−3. Samples
were analyzed for elemental and organic carbon (EC/OC), water-soluble organic carbon (WSOC),
humic-like substances (HULIS-C), water-soluble inorganic ions, and major and trace elements. The
origin and the variations of species concentrations were examined using elemental enrichment factors,
bivariate polar plot representations, and diagnostic concentration ratios. Secondary inorganic ions
were the most abundant species (36% of PM2.5), followed by OC (12.5% of PM2.5). Secondary organic
carbon (SOC) concentrations were estimated to account for 52% of OC. A good correlation between
SOC and WSOC indicated that secondary formation processes significantly contribute to the WSOC
concentrations. HULIS-C also represents almost 50% of WSOC. The determination of diagnostic
ratios revealed the influence of anthropogenic emission sources such as integrated steelworks and
fuel oil combustion. The clustering of 72 h air masses backward trajectories data evidenced that
higher concentrations of PM2.5, OC, and secondary inorganic aerosols were recorded when air masses
came from north-eastern Europe and the French continental sector, showing the considerable impact
of long-range transport on the air quality in northern France.

Keywords: PM2.5; organic matter; humic-like substances; elements; tracers

1. Introduction

Fine particulate matter (PM2.5) is drawing considerable attention from both the scien-
tific community and public authorities due to its proven impacts on climate and human
health. Indeed, several epidemiological studies have demonstrated the link between par-
ticulate air pollution and an increase in respiratory diseases, which can lead to premature
death [1,2]. PM2.5 represents a complex mixture of carbonaceous species (organic mat-
ter (OM) containing water-soluble organic compounds, and elemental carbon (EC)), and
inorganic substances such as water-soluble ions and major and trace elements. These
species can be emitted by natural and/or anthropogenic sources. In urban areas, PM2.5 can
be directly linked to both emissions by local sources and the contribution of long-range
transport [3].

The Hauts-de-France region in France faces high PM concentrations due to various
natural and anthropogenic sources, including domestic and industrial emissions [4]. The
population in this region shows a respiratory disease and chronic obstructive pulmonary
disease (COPD) related mortality rate up to 50% higher than the national average, according
to the latest report from the Regional Health and Social Observatory [5]. Therefore, to take
appropriate measures and limit exposure to PM, it is necessary to study their chemical
composition and identify the sources that contribute to their concentration.

The chemical characterization of PM2.5 is highly variable and depends on several
factors such as surrounding emission sources, meteorological conditions, and seasonal
variations [6,7]. Studies in urban areas have revealed that water-soluble inorganic ions
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are major components of fine particles and might generally contribute up to 50% [8].
Carbonaceous materials also contribute to a large fraction of PM2.5 concentrations in the at-
mosphere [8–10]. Carbonaceous species are chemically divided into elemental carbon (EC)
and organic carbon (OC). EC is mainly emitted by primary sources while OC appears both
as primary organic carbon (POC) and secondary organic carbon (SOC). POC can be emitted
from combustion processes, vehicular emissions, biomass burning, and cooking, as well
as biogenic sources [11,12]. SOC can be formed either by the gas-to-particle oxidation of
Volatile Organic Compounds (VOCs) or by oxidation reactions of organic matter in the
particulate phase [13–18].

Organic matter contains a large number of water-soluble species with water-soluble
organic carbon (WSOC) accounting for 30 to 70% of OC [19,20]. Among WSOC, water-
soluble humic-like substances (HULIS) correspond to a group of organic compounds
with characteristics similar to those of humic and fulvic acids [21]. They form a complex
mixture of polycyclic structures containing hydroxyl, carboxyl, carbonyl, methoxy, and
ester groups [22,23]. HULIS represent a significant fraction of organic aerosol. Indeed, the
carbon content of HULIS (HULIS-C) accounts for 25 to 75% of WSOC [24,25]. Previous
studies have identified that WSOC and HULIS-C result both from primary emissions such
as biomass burning and atmospheric secondary reactions [22–24,26–28]. Kuang et al. [29]
have also shown that secondary formation processes contribute to 69% of HULIS at an
urban site in China. Moreover, WSOC can cause adverse health effects due to its ability
to be absorbed into the lungs [30] and HULIS can be considered as a precursor of cloud
droplets and can contribute to climate cooling [21]. Therefore, in-depth studies of the PM2.5
carbonaceous fraction would be important because of the high impact on the atmospheric
environment and human health. Furthermore, most of the studies dealing with air quality
focus mainly on the inorganic and organic components of PM2.5, omitting the water-soluble
carbonaceous species, especially WSOC and HULIS-C. In western Europe, very few studies
have focused on the carbonaceous fraction, including WSOC and HULIS-C [31–38]. In
order to fill these gaps, this work has attempted to acquire a deeper knowledge of the
chemical composition of PM2.5, especially the carbonaceous fraction in a city influenced by
local emissions (industries, road traffic, and domestic activities), located close to the North
Sea, and impacted by emissions due to maritime traffic.

The main objective of this work was to study the chemical composition of PM2.5,
specifically the carbonaceous fraction with a focus on phenomena that could affect the
composition of PM2.5 in urban areas in northern France. Therefore, a sampling campaign
was conducted in 2022 at Dunkerque. The collected samples were chemically analyzed
to determine their composition in carbonaceous, ionic, and elemental fractions. The ob-
tained data were analyzed using different tools in order to identify possible natural and
anthropogenic sources that might contribute to PM2.5 composition as well as to evaluate
the impact of long-range transport during the sampling period. In this study, we report, for
the first time for the Dunkerque site, results for the carbonaceous subfractions (OC and EC).
Additionally, to the best of our knowledge, this study is the first to report results on the
concentration levels of WSOC and HULIS-C in PM2.5 in the northern France region as well
as the identification of their possible emission sources. All of these results seek to deepen
our understanding of PM sources in the region in order to support the development of
effective emission reduction strategies.

2. Materials and Methods
2.1. Sampling Site Description

The sampling site was located in Dunkerque, a city in the north of France. Dunkerque
is the fifth most populous city (193,000 inhabitants) in the Hauts-de-France region. The
town is bordered by the North Sea and has the third-largest port in France, covering
an area of over 70 km2. The Dunkerque area is also under the influence of industrial
emissions due to the presence of integrated steelworks (ISW), manganese alloys, and alu-
minum and aluminate production factories. Moreover, the southern part of the city is
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connected to major highways (A25 and A16) with a high road traffic density (more than
30,000 vehicles/day, [39]). The sampling station was situated on the rooftop of the Lamar-
tine University building (51◦02′09′′ N 2◦22′51′′ E) (Figure 1) in the city center of Dunkerque.

Figure 1. Location of the sampling site (modified from Google Earth) and wind rose representation
for the sampling period (5 March to 8 July 2022).

2.2. Sampling Strategy

The sampling of PM2.5 was performed on a 24 h basis every day from 5 March to 8 July 2022.
The samples were collected onto 150 mm pure quartz microfiber filters (PALL QAT-UP 2500)
using a high-volume sampler DA80 (Digitel, Switzerland), operating at a flow rate of
30 m3·h−1. The filters were pre-heated at 450 ◦C for 5 h to reduce organic impurities.
Additionally, one field blank was gathered every fifteen days. A total of 120 PM2.5 samples
and 8 field blanks were collected, wrapped in aluminum foil, and stored at −20 ◦C until
chemical analysis. PM2.5 concentration data were obtained from the Atmo Hauts-de-France
air quality monitoring network. Data from the Malo-les-Bains Atmo station, situated
approximately 4 km from the sampling site, were used.

Meteorological data including temperature, pressure, hourly wind direction, and
wind speed during the sampling period were obtained from the Infoclimat website, an
open database for meteorological data in France “http://infloclimat.com (accessed on
8 January 2024)”. The sampling period was characterized by a mild and dry spring, fol-
lowed by a sunny summer. The average temperatures during March, April, May, and June
(rising from 14 ◦C to 22 ◦C) exceeded the normal monthly temperatures for the period
1991 to 2020 (8 ◦C to 16 ◦C, from March to June) “http://infloclimat.com (accessed on
8 January 2024)”. Moreover, there were several heatwaves in July. The wind rose presented
in Figure 1 was drawn using the R software (R 4.2.3, Indianapolis, IN, USA) with the
openair package by combining wind speeds and directions recorded every 30 min for
all sampling days. Throughout the study period, winds predominately originated from
the north-east sector, with the highest speeds being recorded in this direction (Figure 1).
This observation reflects wind conditions typically encountered during the spring season.
However, it contrasts with the annual wind patterns in the northern France region, which
typically exhibit a predominance of south-west winds.

http://infloclimat.com
http://infloclimat.com
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2.3. Analytical Procedures

PM2.5 samples as well as blank filters were analyzed for OC and EC, WSOC, HULIS-C,
major and trace elements, and water-soluble ions. Analytical procedures are briefly de-
scribed below. The concentrations of all identified species underwent correction by sub-
tracting the mean value derived from the field blank filters.

2.3.1. OC and EC Analysis

OC and EC were measured on a 1.5 cm2 punch of the quartz filter by a Sunset Labora-
tory OC/EC analyzer, which employed the thermal optical transmission method according
to the EUSAAR-2 protocol [40].

2.3.2. Water-Soluble Ions, WSOC, and HULIS-C Analysis

A filter punch of 47 mm diameter for each sample was extracted three times with a
few milliliters of ultrapure water by sonication for 30 min. Afterward, the leachates were
gathered and filtered on nylon syringe filters (0.45 µm, Grosseron, Couëron, France) [41,42].
The extracts were then used to determine the concentrations of water-soluble HULIS-C,
WSOC, and water-soluble ions.

The water-soluble HULIS-C fraction extraction is based on the solid phase extraction
(SPE) method described by Lin et al. [23]. Briefly, the water extract was acidified with
HCl to a pH of 2, then loaded on the SPE cartridge (Oasis HLB, 30 µm, 60 mg/cartridge,
Waters, Milford, MA, USA). The cartridge was rinsed with 1 mL of ultrapure water, and
the HULIS-C fraction was then eluted from the SPE cartridge with 2 mL of methanol. The
eluate was evaporated to dryness under a gentle flow of nitrogen gas and re-dissolved in
10 mL of ultrapure water for analysis.

The WSOC and HULIS-C analysis was performed using a total organic carbon an-
alyzer (TOC-VCSH, Shimadzu, Kyoto, Japan). Samples were analyzed in triplicate and
the concentrations were calculated as the average value of the three measurements. RSD
values of less than 10% were obtained, indicating the repeatability of the analysis method.
In order to assess the accuracy of the HULIS-C method, a standard reference material
SRFA (Suwannee River Fulvic Acid) from the International Humic Substances Society
(IHSS, Saint Paul, MN, USA) was used. A recovery rate of 93% was obtained, indicating
the high efficiency of the extraction and the analysis method.

For the analysis of water-soluble ions, ion chromatography (DionexTM ICS-900, Thermo
Scientific, Altrincham, Cheshire, UK) was used to quantify major anions (Cl−, SO4

2−, and
NO3

−) and cations (Ca2+, Mg2+, K+, Na+, and NH4
+). The detection limits for ions varied

between 0.17 and 0.78 ng·m−3. The ionic balance between total anions and total cations
showed a linear correlation (r2 = 0.98) with a slope close to 1, indicating the reliability of
the analytical data.

2.3.3. Major and Trace Elements

Elemental analysis was performed using Inductively Coupled Plasma coupled with
Atomic Emission Spectrometry (ICP–AES) and ICP coupled with Mass Spectrometry (ICP–MS).
A detailed description of the procedure was reported in previous publications [41,42]. Briefly,
for each sample, a 47 mm punch of the quartz filter was acid-digested with 5.5 mL of
HNO3/HF/HClO4 (4/1/0.5; v/v/v) mixture in a PTFE flask at 120 ◦C overnight. Then, the
acids were evaporated at 170 ◦C for 2 h to the last drop and ultrapure water was added
to the residue. The obtained solution was diluted to 15 mL by adding ultrapure water,
acidified to 2% by adding HNO3, and then filtered on a cellulose acetate filter (0.45 µm,
Grosseron, Couëron, France) before analysis. The ICP–AES, iCAP 6000 series, (Thermo
Scientific, Altrincham, Cheshire, UK) was used to quantify Al, Ba, Ca, Fe, K, Mg, Na, P,
S, Sr, and Zn while other trace elements (Ag, As, Cd, Cr, Cu, Mn, Ni, Pb, Rb, Sb, Sn, Ti,
and V) were quantified using ICP–MS, (Agilent 7900, Santa Clara, CA, USA). Samples
were analyzed in triplicate and the concentrations were calculated as the average value
of the three measurements. RSD values of less than 10% were also obtained for these
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analyses. The standard reference material NIST-SRM 1648a (urban particulate matter)
from the National Institute of Standards and Technology (NIST, USA) was used to validate
the analytical procedure. Recovery rates for the elemental quantification using ICP–AES
and ICP–MS were within the acceptable range with values varying between 85% and
105% for all elements except for Cr (66%), Ni (110%), and Sb (115%). The detection limits
varied between 0.003 and 1.63 ng·m−3 for ICP–AES and between 0.0002 and 0.04 ng·m−3

for ICP–MS.

2.4. Data Processing

The dataset used in this study corresponds to the concentrations of the different
chemical species identified for the 120 samples. These include PM2.5, OC, EC, WSOC,
HULIS-C, inorganic ions (Cl−, SO4

2−, NO3
−, Ca2+, Mg2+, K+, Na+, and NH4

+), and
elements (Al, Ba, Ca, Fe, K, Mg, Na, P, S, Sr, Zn, Ag, As, Cd, Cr, Cu, Mn, Ni, Pb, Rb, Sb, Sn,
Ti, and V).

2.4.1. Statistical Tests

In this study, the Shapiro–Wilk statistical test revealed that the concentration data of
the different species did not comply with a normal distribution. Thus, the non-parametric
Spearman correlation test was used in order to determine the correlation coefficient between
different species. Two levels of significance were considered: p < 0.01 (99% confidence level)
and p < 0.001 (99.9% confidence level).

2.4.2. Chemical Mass Closure

For the purpose of the chemical mass closure, PM2.5 was divided into different cat-
egories: sea-salt, crustal dust, secondary inorganic aerosols (SIA), organic matter (OM),
elemental carbon (EC), and other elements that are not accounted for as minerals [43]. A
detailed description of the calculation method is presented below.

The contribution of sea-salt was calculated by summing the six major ions [44]:

[Sea-salt] = ([Na+] + [ss-Cl−] + [ss-Mg2+] + [ss-K+] + [ss-Ca2+] + [ss-SO4
2−]) (1)

with [ss-Cl−] = 1.79[Na+]; [ss-Mg2+] = 0.119[Na+]; [ss-K+] = 0.036[Na+]; [ss-Ca2+] = 0.038[Na+];
and [ss-SO4

2−] = 0.252[Na+].
Ionic constituents such as Cl−, Mg2+, K+, Ca2+, and SO4

2− come from both marine and
non-marine sources. Thus, it is necessary to discriminate sea-salt (ss) from non-sea-salt (nss)
contributions. Assuming that all sodium ions are derived from marine origin, the sea-salt
contribution can be determined on the basis of the composition of seawater.

The contribution of crustal dust was estimated by summing the concentrations of
aluminum (Al), silicon (Si), non-sea-salt calcium (nss-Ca2+), iron (Fe), and titanium (Ti) [45].
Silicon was not measured in this study and its concentration was indirectly estimated
from aluminum.

[Crustal dust] = 2.20[Al] + 2.49[Si] + 1.63[nss-Ca2+] + 2.42[Fe] + 1.94[Ti] (2)

with [Si] = 3.92[Al] [46].
Secondary inorganic aerosols (SIA) correspond to the sum of NO3

−, non-sea-salt
SO4

2− (nss-SO4
2−), and NH4

+:

[SIA] = ([NO3
−] + [nss-SO4

2−] + [NH4
+]) (3)

with [nss-SO4
2−] = [SO4

2−] − [ss-SO4
2−].

To account for bound water, a hydration multiplication factor of 1.29 was applied to
convert dry inorganic concentrations (sea-salt and SIA) into hydrated species [47,48].

Organic matter (OM) was calculated from organic carbon (OC), assuming a typical
OM/OC ratio of 1.6 for urban areas [47,49,50].
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The reconstructed PM2.5 mass corresponds to:

[Reconstructed PM2.5 mass] = 1.29 × [sea-salt] + 1.29 × [SIA] + [OM] +
[EC] + [crustal dust] + [nss-Cl−] + [nss-Mg2+] + [nss-K+] + [other elements]

(4)

with [other elements] corresponding to the concentrations of all analyzed elements that
were not taken into consideration in the previous equations.

2.4.3. Enrichment Factor for Major and Trace Elements

Enrichment factors (EFs) were determined in order to identify the relative contribution
of crustal and anthropogenic sources to the levels of a specific element in PM2.5. EFs were
calculated using Ti as a reference element according to the following equation [51]:

EF =

(
Cx
CTi

)
sample(

Cx
CTi

)
crustal

(5)

where
(

Cx
CTi

)
is the concentration ratio of the considered element (Cx) to Ti (CTi) in the

PM2.5 samples divided by the same ratio for the upper continental crust as presented by
Wedepohl [52]. An enrichment factor close to 1 suggested that the origin of the element
is mainly crustal whereas a factor higher than 10 indicated that the element of interest
originated from anthropogenic emission sources.

2.4.4. Estimation of Secondary Formation

The concentration of secondary organic carbon (SOC) was estimated using the EC
tracer method as follows [53]:

SOC = OC −
(

OC
EC

)
prim

× EC (6)

where OC and EC are measured ambient concentrations and
(

OC
EC

)
prim

represents a con-

centration ratio for primary combustion emission sources and was calculated as the
5th percentile of OC/EC data.

This same equation was used to estimate the concentrations of WSOC (WSOCsec) [54]
and HULIS-Csec from secondary origins by replacing OC with WSOC and HULIS-C, respec-
tively. To our knowledge, this is the first study that estimates the contribution of primary
and secondary emissions to HULIS-C concentrations based on the EC tracer method.

2.4.5. Bivariate Polar Plots Representations

Bivariate polar plots were drawn using the open-source software R with the openair
package [55]. These plots combine the concentration of PM2.5 components with the wind
direction and wind speed. For each PM2.5 sample, concentration data obtained for the
24 h period were distributed amongst the 48 corresponding wind directions and speeds
(one measurement every 30 min). Thus, the full dataset used to draw each polar plot counts
120 × 48 lines.

2.4.6. HYSPLIT Cluster Analysis

To study the long-range transport of PM2.5 and its components during the sampling
period (5 March to 8 July 2022), 72 h air mass backward trajectories ending at the Dunkerque
site were calculated every three hours by the Hybrid Single-Particle Lagrangian Integrated
Trajectory model (HYSPLIT 5.3) [56]. Afterward, a cluster analysis using the same model
was conducted by combining the 960 obtained trajectories into one single run.
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3. Results and Discussions
3.1. Chemical Characterization of PM2.5 and Mass Reconstruction
3.1.1. PM2.5 Concentration and Composition

The average concentrations of PM2.5, EC, OC, WSOC, water-soluble HULIS-C, water-
soluble ions, and major and trace elements with an indication of their variability (standard
deviations and minimum to maximum ranges) in the Dunkerque site during the sampling
period are presented in Table 1.

Table 1. Concentrations of PM2.5 and its carbonaceous fraction, water-soluble ions, and major and
trace elements during the sampling period (n = 120 samples; µA: arithmetic mean; µG: geometric
mean; SD: standard deviation; Min: minimum value; and Max: maximum value). Values below
detection limit were represented by “<D.L.”.

Species µA µG Median SD Min Max

PM2.5 (µg·m−3) 12.6 10.3 10.0 9.5 3.6 60.7

Carbonaceous fraction (µg·m−3)

OC 1.6 1.3 1.4 1.2 0.1 9.4
WSOC 0.7 0.5 0.4 0.8 0.02 5.6

HULIS-C 0.4 0.1 0.2 0.5 <D.L. 3.1
EC 0.3 0.3 0.3 0.2 0.05 1.5

Water-soluble ions (µg·m−3)

NO3
− 2.2 0.8 0.06 4.8 0.07 32.9

NH4
+ 1.1 0.7 0.6 1.7 0.06 11.7

SO4
2− 1.1 0.9 0.1 0.7 0.2 4.5

Ca2+ 0.2 0.04 0.08 0.2 <D.L. 1.3
Cl− 0.09 0.02 0.05 0.1 <D.L. 0.8
Na+ 0.06 0.03 0.04 0.05 <D.L. 0.3
K+ 0.04 0.01 0.02 0.08 <D.L. 0.6

Mg2+ 0.03 0.02 0.02 0.03 <D.L. 0.2

Major and trace elements (ng·m−3)

Fe 114 56.9 59.0 135 <D.L. 653
Al 39.7 15.5 25.9 54.2 <D.L. 485
Zn 14.4 8.1 9.3 15.8 <D.L. 98.4
Mn 10.4 3.8 4.04 16.1 <D.L. 86.8
P 7.8 4.4 6.2 7.2 <D.L. 40.3

Pb 5.0 2.5 3.5 5.4 <D.L. 29.4
V 2.1 1.3 1.6 2.1 0.01 14.9
Ti 2.1 1.2 1.4 2.3 <D.L. 12.0
Ni 1.3 0.7 1.0 1.5 <D.L. 11.1
Cu 1.3 0.5 1.1 1.6 <D.L. 9.9
Ba 1.2 0.3 0.7 1.7 <D.L. 10.6
Sn 0.8 0.5 0.6 0.9 <D.L. 4.6
Sb 0.7 0.1 0.3 1.1 <D.L. 4.9
Cr 0.6 0.3 0.4 0.7 <D.L. 4.3
Rb 0.4 0.2 0.2 0.8 <D.L. 6.7
As 0.4 0.3 0.3 0.4 0.01 2.1
Sr 0.4 0.2 0.3 0.3 <D.L. 1.7
Nb 0.2 0.02 0.05 1.1 <D.L. 12.4
Tl 0.1 0.03 0.03 0.2 <D.L. 1.2
Cd 0.1 0.1 0.1 0.1 <D.L. 0.7
Co 0.1 0.04 0.05 0.06 <D.L. 0.3
Bi 0.08 0.05 0.1 0.08 <D.L. 0.6
Ce 0.08 0.05 0.1 0.07 <D.L. 0.4
La 0.05 0.03 0.05 0.05 <D.L. 0.2
Sc 0.04 0.02 0.01 0.06 <D.L. 0.4
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The average concentration of PM2.5 measured by the Atmo Hauts-de-France air quality
network during this period was 12.6 ± 9.5 µg·m−3, varying between 3.6 and 60.7 µg·m−3.
These values were therefore in line with the annual trend, where yearly average PM2.5
concentrations at the site ranged from 9 to 16 µg·m−3, with an average value of 12 µg·m−3

over the last ten years [57]. Moreover, the average PM2.5 concentration during the sampling
period was lower than that obtained at the same site in 2010 (33.2 µg·m−3) and those
reported (varying between 15 and 20 µg·m−3) for other urban regions in Europe (France,
Greece, and Italy) [44,58,59]. Furthermore, PM2.5 concentration was significantly lower
than the values (varying between 70 and 100 µg·m−3) recorded in Asian sites [60,61]. The
differences in concentration levels might be mainly associated with higher population
density, increased road traffic intensity, and industrial emissions.

In this study, the average PM2.5 concentration for the sampling period (four months)
is lower than the annual limit value of 25 µg·m−3 set by the European regulation (EU
directive 2008/50/EC) [62]. However, the average PM2.5 concentration is two times higher
than the World Health Organization (WHO) PM2.5 annual guideline value of 5 µg·m−3

with 27% of sampling days recording concentrations exceeding the daily guideline value
of 15 µg·m−3 [63]. The highest concentrations of PM2.5 during the sampling period were
recorded during pollution episodes, specifically during March (05/03, 21/03, 25/03, 26/03,
and 29/03) where the concentrations ranged between 38.3 and 60.7 µg·m−3.

The major constituents of PM2.5 were carbonaceous matter (OC and EC) as well
as secondary inorganic ions (NH4

+, SO4
2−, and NO3

−), accounting together for 51%
of the total PM2.5 mass (Table 1). Similar values to those obtained in Dunkerque have
been reported for urban regions in Europe (varying between 44% and 52%) [44,58,64,65].
Furthermore, 25 major and trace elements were quantified in the PM2.5 samples with total
concentrations ranging from 15 to 1033 ng·m−3.

3.1.2. Carbonaceous Fraction of PM2.5

The average concentrations of OC and EC at Dunkerque during the sampling pe-
riod were 1.6 ± 1.2 µg·m−3 and 0.3 ± 0.2 µg·m−3, respectively (Table 1). Within the
organic fraction, the mean concentration of WSOC was 0.7 ± 0.8 µg·m−3, and the average
concentration of HULIS-C was 0.4 ± 0.5 µg·m−3. The (min to max) ranges of concentra-
tions of these carbonaceous subfractions also exhibited large variability: 0.1–9.4 µg·m−3

for OC, 0.05–1.5 µg·m−3 for EC, 0.02–5.6 µg·m−3 for WSOC, and <D.L.−3.1 µg·m−3 for
HULIS-C. The average concentrations for both OC and EC were in the lower range of
values (0.5–4.5 µg·m−3 for OC and 0.04–1.5 µg·m−3 for EC) reported for different sites in Eu-
rope (France, Italy, Greece, Finland, Netherlands, Belgium, and Czech Republic) [47,65–68].
The higher OC and EC values obtained at some sites could be explained by the seasonal
variations as well as the typology of the sites. Several studies have shown that higher
concentrations of OC and EC were observed in winter compared to summer [68–71]. This
could be explained by PM emissions from combustion processes for domestic heating
in winter but also by adverse meteorological conditions leading to poorer dispersion of
pollutants in the atmosphere [68].

The mean concentrations of WSOC and HULIS-C were also lower than those ob-
tained in urban and suburban environments in Europe (0.5 to 1.8 µg·m−3 for WSOC
and 0.5 to 1.4 for HULIS-C) [31,32,36,38,50,72–74]. Higher concentrations of WSOC and
HULIS-C were measured in urban sites particularly affected by biomass burning [31,75].
Moreover, WSOC and HULIS-C concentrations also vary depending on the seasons, with
a higher influence of residential heating in winter and secondary formation processes en-
hanced by high temperatures in summer [31,32,76]. Thus, several papers have highlighted
that the lowest WSOC and HULIS-C concentrations have been reported in spring [8,77].

3.1.3. Concentrations of Inorganic Ions

The total concentration of inorganic ions was 4.9 µg·m−3, contributing to 38.8% of
the PM2.5 mass (Table 1). Secondary inorganic ions (NO3

−, NH4
+, and SO4

2−) were
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the dominant components of PM2.5, accounting for 17.9%, 9.1%, and 8.9%, respectively,
followed by Ca2+ (1.2%), Cl− (0.7%), Na+ (0.5%), K+ (0.3%), and Mg2+ (0.3%).

Secondary inorganic ions are formed by the gas–particle conversion processes of their
corresponding precursors (NOx, SO2, and NH3) in the atmosphere [78]. The neutralization
ratio between NH4

+ and the sum of NO3
− and SO4

2− was close to 1, suggesting that am-
monium is predominately found in the atmosphere as ammonium nitrate and ammonium
sulfate. The evaluation of the concentration ratios between SO4

2− and NH4
+ on one hand

and SO4
2− + NO3

− and NH4
+ on the other hand indicates that ammonium nitrate (66%) is

approximately twice as abundant as ammonium sulfate (34%). This trend has already been
observed at Cap Gris-Nez, a site in the north of France [79].

Na+ is used as a reference to determine sea-salt components in aerosol particles
and to assess the enrichment of some ions in the marine environment. In general, the
Cl−/Na+ ratio value in fresh marine aerosols is 1.79 [80,81]. In our study, the average
Cl−/Na+ ratio was equal to 0.98, which is indicative of chloride depletion and aged
sea-salt [81,82]. However, some of the samples exhibited a Cl−/Na+ ratio value higher
than 1.8, leading to the assumption that Cl− is not completely of marine origins and
might be also emitted from anthropogenic sources such as biomass burning and industrial
emissions [83]. According to the location of the study site, biomass burning could be
suggested as a potential source to explain the non-marine origins of Cl−, as well as the
emissions from the ISW located close to the sampling site [84].

Furthermore, the assessment of the concentration ratios involving Mg2+ (Mg2+/Na+ = 0.42),
K+ (K+/Na+ = 1.05), and Ca2+ (Ca2+/Na+ = 3.8) in comparison with Na+ showed values
higher than the ones encountered in fresh sea-salt (Mg2+/Na+ = 0.12, K+/Na+ = 0.04,
and Ca2+/Na+ = 0.04). These findings also highlighted the significant contribution of
non-marine origins for these ions which could be related to dust sources including both
natural crustal origins and industrial ones [85]. A study conducted by Hleis et al. [84]
investigated the chemical profiles of dust emissions from the integrated iron and steel plant
in Dunkerque. They found high levels of calcium in the sintering area, primarily in the
form of CaCO3, while emissions from the sintering stack were dominated by KCl content.

3.1.4. Concentrations of Major and Trace Elements

The average concentrations of the 25 analyzed elements in PM2.5 in the Dunkerque site
during the sampling period are summarized in Table 1. The sum of the studied elements
was 0.2 µg·m−3, corresponding approximately to 1.6% of the PM2.5 mass. The substantial
standard deviation of observed values suggested significant variability in concentrations,
which might be due to meteorological conditions. The highest concentrations were at-
tributed to Fe, Al, and Zn, accounting for 84% of elemental concentration. Moreover, other
elements, such as Mn, P, and Pb, contributed significantly to elemental concentrations.
Atmospheric concentrations of the remaining trace elements were below 5 ng·m−3. The
average concentrations of V and Ni were lower than the values (1.7 to 5.7 ng·m−3) usually
observed in the region [41,79,86]. The results were comparable to the findings reported
in the literature for other European cities [87] but lower than the values found in east-
Mediterranean sites (total elemental concentration higher than 2.6 µg·m−3) [49,88]. This
is mainly due to the fact that the east-Mediterranean sites were highly affected by road
traffic emissions as well as dust storm episodes from the Saharan and the Arabian deserts,
leading to higher concentrations in crustal elements.

3.1.5. Chemical Mass Closure of PM2.5

Chemical mass closure of PM2.5 was performed using the approach described in Section 2.4.2
in order to estimate the contribution of the different components to the total PM2.5 concen-
trations. The measured and reconstructed PM2.5 concentrations were strongly correlated
(r2 = 0.96) with a slope of 0.8 (Figure S1), indicating that the method used was able to accu-
rately reconstruct the PM2.5 concentrations based on its chemical characteristics. However,
during pollution episodes (5 March and 25 March), an overestimation of reconstructed
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PM2.5 was observed, which can be explained by higher NO3
− concentrations during these

days (28.5 and 32.9 µg·m−3, respectively).
The distribution of the concentrations of various PM2.5 chemical components during

each month of the sampling period is shown in Figure 2. During the total period, the recon-
structed PM2.5 mass included 46% of SIA, 20.3% of OM, 8% of crustal dust, 2.4% of EC, 1.4%
of sea-salts, and 0.8% of nss-ions (nss-K+, nss-Cl−, and nss-Mg2+). During the sampling
period, PM2.5 in Dunkerque was mainly composed of SIA and OM. This observation was
consistent with results obtained in the region and more generally in western Europe [74,89].

Figure 2. The reconstructed chemical composition of PM2.5 (expressed (a) in µg·m−3 and (b) in
% of PM2.5 concentration) during every sampling month (from March to June (full month) and
July (8 days)) and the total sampling period in Dunkerque.

When evaluating the monthly evolution of these components, SIA was the largest con-
tributor to PM2.5 during the spring months with a share of 69.3%, 39.3%, and 29.5% during
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March, April, and May, respectively. Nitrate displays the highest concentrations in spring,
especially in March, a period usually associated with PM pollution episodes in western
Europe and dominated by secondary inorganic aerosols [90]. According to Petit et al. [90],
atmospheric circulation favoring dry conditions during spring might enhance the risk of
pollution events. During pollution episodes in this month (March), the contribution of
nitrate to PM2.5 concentrations was high and varied between 35 and 60%.

OM was the second important contributor to PM2.5. However, large variations in
OM monthly average concentrations occurred between March (4.6 µg·m−3) and the other
months (about 2.0 µg·m−3). High OM concentrations in March are usually attributed to
enhanced emissions from the combustion process for domestic heating [46,69].

The mean crustal dust concentrations were higher during May (1.4 µg·m−3),
June (1.1 µg·m−3), and July (1.1 µg·m−3) than in March (0.7 µg·m−3) and April (0.7 µg·m−3).
These higher concentrations during these months could be associated with dust resuspen-
sion [91]. However, we cannot exclude the industrial influence since some elements
(Al and Fe) used in the calculations of crustal dust could also be linked to anthropogenic
sources [41,84].

Sea-salt, EC, and nss-ions represented a minor fraction of the total PM2.5. About
80% of the PM2.5 mass was identified (Figure 2), which is in line with the literature
(50 to 80%) [92–94]. The unresolved mass could be explained by moisture content, non-
analyzed compounds, as well as the uncertainty resulting from approximate conversion
factor calculations [89].

3.2. Identifying Sources of Emissions
3.2.1. Diagnostic Ratios of Elements and Enrichment Factors

In order to identify possible anthropogenic emission sources of elements in PM2.5,
enrichment factors (EFs) were calculated using Ti as reference element (Figure 3). The EFs
obtained for Ce, Sr, Nb, Ba, La, K, and Mg were below 10, suggesting a predominance of
crustal origins (Figure 3).

Figure 3. Elemental enrichment factors represented as boxplots (median value, 25th and 75th percentiles,
and mean value (as a square)) in PM2.5 collected in Dunkerque using Ti as a reference element.
Elements with EF values close to 1 (red line) were mainly attributed to crustal origins while those
with an EF higher than 10 (blue line) have significant proportions coming from anthropogenic
emission sources.
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Moderate EFs (10 ≤ EF ≤ 100) were recorded for Fe, Sc, Co, Mn, P, Cr, V, Ti, and Ni.
V and Ni were commonly linked to heavy fuel oil combustion (HFO) either from industrial
or shipping activities [79,95]. The latter source can be identified by a concentration ratio
of V/Ni ranging from 2.3 to 4.5 as well as a V/EC ratio of less than 2 [96,97]. In this
study, the average V/Ni and V/EC concentration ratios were 2.3 and 0.1, respectively,
consistent with HFO combustion from shipping activities in Sulphur Emission Control
Areas (SECA). Moreover, the bivariate polar plots of these elements (Figure S2) were similar
with the highest concentrations recorded when the wind blew from the west-northwest
and north-northeast sectors. These results were consistent with the literature data and
the position of the study area near the North Sea, suggesting that these elements were
associated with HFO combustion from shipping activities in the region.

EFs between 100 and 1000 were observed for Cu, As, Zn, Pb, Sn, and Bi. As, Pb, and Zn
have previously been identified as emitted from the steel production activity in the
Dunkerque area [86]. On the other hand, Zn, Pb, Cu, and Sn could be associated with
non-exhaust road traffic emissions and more precisely from wear of vehicle tires and
brakes [98–100]. According to Alves et al. [98], As and Cu could also be emitted from met-
allurgical industries. Bi is mainly associated with fossil fuel combustion, ferromanganese
alloys, and aluminum production [101,102].

The highest EFs (>1000) were found for Cd and Sb. Antimony is used in the manu-
facture of brake linings (Sb2S3) to reduce vibration and improve friction stability, so it is
commonly used as a brake wear tracer [103,104]. Generally, the Cu/Sb ratio (ranging from
1.13 to 8.33) was used as a chemical tracer for brake wear-related emissions [105–107]. In this
study, a Cu/Sb ratio of 2.3 was obtained, indicating that brake wear most likely is a source
of these elements. Cd, in addition to other elements such as Fe, Al, Zn, Mn, Pb, and Rb, is
mainly linked to emissions from ISW [86]. Based on the bivariate polar plots of different el-
ements presented in Figure S2, the highest concentrations of these elements were observed
when the wind blew from the west-northwest sector. This sector likely represents the indus-
trial influence, suggesting that emissions from industrial activities contribute significantly
to the levels of these elements in the atmosphere. Similar observations were also made in
previous studies in Dunkerque where these elements were mainly emitted from iron and
steelwork facilities [41,84]. In order to further highlight the influence of the integrated steel-
works, a selection of samples collected under winds blowing from the ISW direction was
obtained (samples collected under the 250–320◦ wind sector) (Figure S3). The elemental ra-
tios calculated for these samples (Zn/Fe = 0.1, Zn/Mn = 1.2, Rb/Cr = 1.2, and Pb/Cr = 12.4)
were consistent with the ratios obtained in a previous study conducted in Dunkerque for
samples collected downwind of the industrial area (Zn/Fe = 0.1, Zn/Mn = 1.7, Rb/Cr = 0.9,
and Pb/Cr = 12) [41].

3.2.2. Diagnostic Ratios and Correlations between Carbonaceous Species

The correlation between carbonaceous species was studied and the scatter plots are
presented in Figure S4. Concerning the correlation between OC and EC, two extreme corre-
lation trends with slopes of 2.9 and 7.8 can be distinguished alongside the average trend
with a slope of 5.5 (Figure S4a). This suggests that OC and EC may originate from multiple
sources. According to the literature, ratio values within the range of 0.3 and 1 have been at-
tributed to light- and heavy-duty vehicles running on diesel, values between 1.4 and 5 have
been ascribed to gasoline catalyst light-duty vehicles, while ratios between 1.1 and 14.5 to
biomass burning sources, and between 33 and 82 to cooking emissions [108–110]. In this
study, the range of the OC/EC concentration ratios found implied that traffic exhaust emis-
sions might not be the dominant emission source of carbonaceous matter at Dunkerque
during the sampling period.

The average OC/EC concentration ratio of 5.5 suggests the presence of biomass
burning sources in the study area, contributing to the PM2.5 concentrations. This hypothesis
is supported by the enrichment of K+, recognized as an inorganic tracer of biomass burning.
Moreover, the assessment of the nss-K+/EC ratio in this study (0.2) falls within the range
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identified in the literature for biomass burning (0.2–1.1) [111]. Furthermore, the polar plot
representation of K+ shows that higher concentrations were observed in the south-eastern
(SE) sector with low wind speed (Figure S5). This is in line with the representation of the
OC/EC ratio, where values between 5 and 6 were recorded in the SE sector (Figure 4).
Biomass burning sources related to the use of wood combustion for domestic heating is
an important contributor to PM during the cold season at urban sites in France [112,113].
Previous studies in Europe have observed a large contribution of wood burning such as
20% of the total PM2.5 in Paris (France) [114], up to 80% in Oslo (Norway) [115], 47% of all
Danish PM2.5 emissions [116], and 24% in Helsinki (Finland) [117].

Figure 4. Bivariate polar plots of the carbonaceous species concentrations (expressed in ng·m−3)
as well as concentration ratios in PM2.5 collected at Dunkerque during the sampling period
(5 March to 8 July 2022).

High concentrations of OC and EC were observed under south-easterly (SE) winds and
also under north-easterly (NE) winds for OC, consisting mainly of continental air masses.
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The OC/EC polar plot (Figure 4) shows that maximum values (higher than 7) were observed
in the north-east (NE) sector when wind speeds were higher than 10 m·s−1. The elevated
ratios observed in the NE sector were mainly due to the low EC concentrations in this wind
direction. Furthermore, the high OC/EC ratios under NE sector might be either due to the
accumulation of pollutants on the trajectory of the air mass under anticyclonic conditions or
the potential impact of the long-range transport of organic aerosols [66,118,119]. Conversely,
the polar plot representation of OC/EC indicated that the lowest OC/EC ratios were
recorded for winds originating from the south-western (SW) sector, with speeds exceeding
10 m·s−1. These winds consist mainly of marine winds passing over the Atlantic Ocean
and the English Channel (Figure 4).

A strong positive correlation between WSOC and OC (r2 = 0.88) may indicate that WSOC
and OC have a similar source (Figure S4b) [8,120]. The average value of the WSOC/OC ratio
(0.42) was consistent with other studies conducted in urban areas (WSOC/OC ratio value
varying between 0.2 and 0.5) and indicated the influence of biomass burning [8,36,121].
In addition, the WSOC/OC ratio could also be used as an indicator of the formation of
secondary organic aerosols (SOA) [8,26]. The increase in this ratio value could be due to
the photochemical transformation of primary organic aerosols (POA) to WSOC and/or the
formation of water-soluble secondary organic aerosols via gas-to-particle conversion. In
our case, the WSOC/OC ratio value decreased from 0.6 to 0.2 from March to July, which
means that WSOC was mainly of secondary origins during winter and early spring [122].
The WSOC/OC polar plot presented in Figure 4 revealed that the highest values of the
ratio (between 0.8 and 0.95) were observed for winds originating from the SW sector with
high wind speeds (higher than 10 m·s−1). Upon closer examination of the PM2.5 samples
collected under these specific conditions (three samples), it was noted that they exhibited
the lowest concentrations of OC, which could explain the high value of the ratio. On
the other hand, and in the same wind sector and for wind speeds lower than 10 m·s−1,
moderate (0.5–0.6) to low (0.2–0.3) WSOC/OC concentration ratios were recorded. When
considering samples with OC concentrations higher than 1 µg·m−3, the WSOC/OC repre-
sentation showed that the highest ratios were observed in the NE and SE wind directions.

The strong correlation between OC and HULIS-C (r2 = 0.76) (Figure S4c), as well as
WSOC and HULIS-C (r2 = 0.83) (Figure S4d), suggested that these species share common
sources such as biomass burning and secondary formation to the carbonaceous species
in PM2.5 [30]. The fraction of HULIS-C in WSOC was 48.2%. This result is in agreement
with other studies worldwide showing that HULIS-C accounted for about half of WSOC
in urban areas [24,29,31,35,37,123]. The HULIS-C/PM2.5 (2.9%) and HULIS-C/OC ratio
(22.2%) values were slightly lower than those obtained in some previous studies in urban
sites [24,27]. It is interesting to note that the HULIS-C/OC polar plot (Figure 4) showed
two spots under northeasterly and southeasterly sectors (such as the HULIS-C polar plot),
corresponding to a ratio value of 0.6 approximately. This latter value is consistent with the
ratio observed in biomass burning-influenced ambient aerosol samples (close to 0.6), which
is higher than the one observed for fresh biomass burning emissions (0.34 ± 0.05) [124].

To determine the influence of secondary formation, the concentrations of secondary
organic carbon (SOC) were calculated based on Equation (6). Figure 5 shows the con-
centrations of SOC and POC (Figure 5a) and their contributions to the concentration
of OC (Figure 5b). The mean concentration of SOC was 0.8 µg·m−3, varying between
0.01 and 5.7 µg·m−3 (Figure 5a). Therefore, SOC accounted on average for 52% of OC and
7% of PM2.5. The temporal variation showed that the highest proportion of SOC to OC
was observed in early June (Figure 5b). Our results were quite similar with other find-
ings, showing that SOC accounted for approximately 56% of OC and 10% of PM2.5 in
the urban atmosphere [120,125]. Additionally, the average SOC/POC concentration ratio
value during the study period was 1.2 and varied between 0.1 and 4.7. For the whole
period, the partitioning of POC and SOC varied without following any particular seasonal
trend. However, the upward trend in average temperatures between March and July
(14 to 22 ◦C) would suggest an increase in the SOC/POC ratio during the transition from
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late winter (early March) to early summer (July), as observed in other studies [120,126,127].
Indeed, this is explained by the effect of the increase in temperature and intensity of solar
radiation, which favors the formation of SOC [20,120]. Furthermore, it is interesting to
note an increase in the SOC/POC concentration ratio value for winds coming from the
north-east sector (Figure 4). The rise in OC content was also observed under northeasterly
winds which corresponds to anticyclonic conditions in the region. This scenario appears to
correspond to meteorological conditions suitable for favoring the conversion of primary
organic compounds into secondary ones.

Figure 5. Temporal variations of (a) the concentrations of SOC and POC (expressed in ng·m−3) and
(b) their relative contribution to OC concentrations during the sampling period in Dunkerque.

WSOC and HULIS-C constituted an important part of secondary organic carbon (SOC).
The correlations between SOC and WSOC (r2 = 0.86), as well as SOC and HULIS-C (r2 = 0.71)
concentrations (Figure S6), indicated that the formation of SOA was a major factor deter-
mining the WSOC and HULIS-C concentrations in the study area. Thus, the proportion of
secondary WSOCsec and HULIS-Csec as well as primary WSOCpri and HULIS-Cpri has been
determined (Section 2.4.4). WSOCsec and HULISsec represent 89% and 93% of WSOC and
HULIS-C, respectively. The highest concentration of WSOCsec (3.9 µg·m−3) and HULISsec



Atmosphere 2024, 15, 603 16 of 24

(0.7 µg·m−3) was observed in March. The bivariate polar plot of SOC (Figure 4) shows that
high levels of secondary compounds were observed mainly for NE and SE winds.

3.3. Back Trajectories Analysis

72 h backward trajectories of air masses ending at the Dunkerque site every three hours
were established using the HYSPLIT model [56] and subsequently clustered (eight back
trajectories per sampling date). The air mass back trajectories observed during the sampling
period can be decomposed into five clusters (Figure 6): 28% of back trajectories originated
from north-eastern Europe (cluster 1), 18% from the French continental sector (cluster 2),
19% from the Atlantic Ocean and English Channel (cluster 3), 18% from the Atlantic Ocean
and crossing the United Kingdom (cluster 4), and 16% from the North Sea (Cluster 5). In
order to associate PM2.5 concentrations and their constituents to the different clusters, the
choice was made to only consider PM2.5 samples having eight back trajectories, covering
the 24 h sampling time, associated with the same cluster. A total of 65 PM2.5 samples
among the 120 ones collected met the criteria and were distributed into the five different
clusters. The average concentrations of PM2.5, its main components (sea-salt, crustal dust,
SIA, EC, OM, WSOC, and HULIS-C), as well as different concentration ratios (OC/EC,
WSOC/OC, and SOC/POC) were calculated for each cluster and are presented in Table 2
in order to evaluate their long-range origins. The highest concentration levels of PM2.5 and
SIA (22.2 µg·m−3 and 10.3 µg·m−3 respectively) were attributed to cluster 1 and mainly
associated with continental air masses that come from north-eastern Europe. Additionally,
the highest PM2.5 concentrations, associated with pollution episodes, were also found in
this cluster.

Figure 6. HYSPLIT cluster analysis for the sampling days from March to July 2022.

The large contribution of SIA in cluster 1 as well as cluster 2 indicated either their
regional origins or that of their gas precursors. They were associated with long-range and
continental transport of anthropogenic sources [79,90]. These findings align with the works
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of Potier et al. [128], in which receptor-based models and chemistry transport modeling
highlighted the important and recurrent impact of the “Near-East” regions (including
Belgium, Netherlands, and Germany, etc.) on PM concentrations in the north of France. For
the carbonaceous matter, important concentrations of EC and OC (including SOC, WSOC,
and HULIS-C) were recorded for PM2.5 associated with cluster 1 mass trajectories and
also cluster 2 (French continental sector). In western Europe, it has been estimated that
about 70% of OC concentrations originate from long-range transport [129]. Moreover, the
high OC/EC concentration ratio value as well as the SOC/POC ratio and the WSOC/OC
ratio found for PM2.5 samples associated with clusters 1 and 2 highlighted once again the
impact of biomass combustion in south-western France and north-eastern Europe [116]
as well as the influence of secondary formation processes on the carbonaceous fraction.
These findings were also underscored in the polar plot representations of the concentration
ratios of OC/EC and WSOC/OC, indicating a clear prevailing direction in the NE and SE
sectors, respectively, with high winds (Figure 4). According to Waked et al. [113], higher
OC/EC concentration ratios were found during exceedance days, which could be partly
related to secondary formation. These photochemical processes are enhanced by high-
pressure systems, which in western Europe correspond to air masses originating from the
continental sector.

Table 2. Average concentrations in µg·m−3 of PM2.5, OM, WSOC, HULIS-C, SOC, EC, SIA, sea-salt,
and crustal dust as well as the concentration ratios of OC/EC, WSOC/OC, and SOC/POC for PM2.5

samples according to their origin defined by the cluster number (values in bold might be indicative
of long-range transport).

Clusters 1 2 3 4 5

PM2.5 22.2 13.0 6.9 8.3 12.0
OM 4.4 3.0 1.5 2.1 1.8

WSOC 1.6 0.9 0.2 0.5 0.5
HULIS-C 0.8 0.5 0.1 0.4 0.3

SOC 1.8 0.9 0.3 0.6 0.6
EC 0.4 0.4 0.3 0.3 0.2
SIA 10.3 4.2 1.5 2.0 3.8

Sea-salt 0.1 0.1 0.5 0.2 0.2
Crustal dust 0.9 0.7 1.5 1.3 0.7

OC/EC 7.1 5.2 3.3 4.8 5.2
WSOC/OC 0.6 0.5 0.2 0.4 0.5
SOC/POC 1.8 1.0 0.6 0.9 0.7

Meanwhile, clusters 3, 4, and 5, characterized by a strong marine influence, correspond
to the lowest PM2.5 concentrations (C3: 6.9 µg·m−3, C4: 8.3 µg·m−3, C5: 12 µg·m−3). In
addition to that, the lowest SOC/POC ratios were observed for clusters 3 and 5 and might
be attributed to the contribution of shipping activities over the English Channel and the
North Sea.

4. Conclusions

The main objective of this work was to identify phenomena that can affect the com-
position of PM2.5 in an urban site, located in northern France. In order to achieve that,
PM2.5 was sampled at Dunkerque, from March to July 2022. The chemical composition of
PM2.5 was determined, focusing mainly on carbonaceous, elemental, and ionic fractions.
Throughout the sampling period, the site was affected by several pollution episodes charac-
terized by elevated concentrations of PM2.5 as well as secondary inorganic aerosols. These
episodes, predominantly observed in March, were attributed to the long-range transport of
pollutants originating from north-eastern European countries as well as from the French
continental sector. The influence of industrial activities on PM2.5 concentration has also
been revealed. Indeed, the highest concentration levels of Fe, Zn, Mn, Cd, and Rb were
recorded downwind of the emissions from a local integrated steelworks and manganese
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alloys plant. The elemental ratios calculated (Zn/Fe = 0.1, Zn/Mn = 1.2, Rb/Cr = 1.2, and
Pb/Cr = 12.4) also confirmed the impact of the integrated steelworks emissions. On the
other hand, the diagnostic concentration ratios of OC/EC (5.5) and WSOC/OC (0.4), as
well as K+/EC (0.2), revealed the influence of biomass burning on PM2.5 concentrations.
Secondary organic carbon accounted for 52% of OC and 7% of PM2.5. Additionally, 89% of
WSOC and 93% of HULIS-C were of secondary origins. These results revealed also that the
secondary formation processes were significant contributors to PM2.5 and its major com-
ponents such as OC, WSOC, and HULIS-C. Finally, back trajectories analysis showed that
the north-eastern Europe (28%) and the French continental (18%) sectors were important
hotspots for PM2.5 concentrations, especially for SIA, EC, and OC (including SOC, WSOC,
and HULIS-C), showing the potential influence of long-range transport on the air quality
in Dunkerque. Overall, this study highlighted the main sources of PM2.5 in Dunkerque,
showing the complexity between local and regional influences. Future studies should focus
on a longer sampling campaign in order to further exploit the seasonal effect, in addition to
quantifying the contribution of these sources to ambient PM2.5 concentrations in order to
develop effective mitigation policies.
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