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General Introduction

Atmospheric pollution is considered to have one of the most dangerous impacts on
human health, especially in large cities. In addition to gaseous compounds (volatile organic
compounds, sulfur dioxide, nitrogen oxides and ozone), suspended particles constitute the
most important atmospheric pollutants. This particulate matter, consistently present in the
atmosphere, can originate from natural sources (marine aerosols, soil erosion, volcanic
eruptions, biogenic particles...etc.) as well as from anthropogenic ones (road traffic, industrial
emissions...etc.) which are very significant in heavily populated regions.

Atmospheric suspended particles are suspected to have an impact on human health on
one hand and to influence the chemistry of the troposphere on the other. The human health
risks can be explained by the fact that the micrometer diameter of the particles, and sub-
micrometer in a lot of cases, cause irritations of the respiratory tract and organs after deep
penetration through inhalation. In addition, if the considered aerosol contains toxic
components (transition metals, metalloids, and polycyclic aromatic hydrocarbons), other
dangerous consequences will emerge in case these toxic species interact with respiratory
organs tissues.

Globally, the air quality was enhanced during the past decades in most industrialized
countries. The European directive 1999/30/CE of April 22" 1999 defines the annual average
limit values for PM, in ambient air, which has been 40 pg/m’ since January 1% 2005.

However, this directive indicated that all European states should take measures in order
to identify the principal sources of particles in the regions that exhibit above limit values, as
well as to take sufficient measures to decrease the particle diffusion in an attempt to secure a
cleaner ambient air, thus limiting health problems. Despite these efforts, many European
Union states like Italy, Austria, Greece, Spain, Belgium, France...etc, have exhibited episodes
of above limit concentrations of atmospheric particles since a couple of years ago.

The Nord-Pas-de-Calais region is included in the French zones exhibiting high PMg
levels frequently registered by official air quality monitoring stations of the “Réseau agréé de
Surveillance de Qualité de I’Air”, in particular during the winter season and the beginning of
spring, which is also reproduced in other French regions as well (Ile de France, Rhone Alpes).
For these reasons, at the beginning of 2011, the European Committee launched a litigation
procedure against France for the disrespect of the legislation. On the national level, there is an

urgent need to understand the reasons behind these high particulate levels as well as the need



to gather as much scientific data as possible in order to provide answers needed on the
national and European level.

In parallel, the legislation on PM; s limit values issued under directive 2008/50/EC have
evolved since 2010, and is defined to an annual limit value of 25 pg/m’ starting the 1% of
January 2015. In addition, we can also remind that a long term quality objective equals to 10
ug/m3 (annual average) is defined for a sufficient human health and environmental protection
all together.

Nowadays, few studies have been conducted on the exposure levels to fine particles in
cities of the Nord-Pas-de-Calais region. Other than the concentration measurements realized
by official monitoring networks, there are no additional knowledge on the chemical
composition of PM;s in the region, despite the fact that the exposition to road transport,
domestic activities and/or industrial activities emissions is between the highest.

Within the scope of this thesis, we propose the study of the chemical composition and
origin of PM; 5 in moderately sized cities, located near the littoral facade of the Nord-Pas-de-
Calais region (Dunkerque, Boulogne-sur-Mer and Saint-Omer). In fact, few studies have been
conducted in the urban-industrial zone of Dunkerque, and no study has revealed the chemical
composition of PM,s in other cities like Boulogne-sur-Mer (coastal city) and Saint-Omer
(inland: 40 km distance from the coastline).

The main objectives of this work aims at:

1. Acquiring a better knowledge on the chemical composition of PM,s (ionic
species, metallic major and trace elements, and total carbon).
ii.  Identifying the different sources of PM, s emission.
iii.  Conducting a geographical and chronological record of the composition of
particles, and compare the exposure level from one site to the other.
iv.  Evaluating the contributions of natural and anthropogenic sources separately to

the PM2.5 concentration.

Therefore, this thesis report is divided into five chapters.

The first chapter presents the generalities on atmospheric particles. It particularly aims
at exposing different aerosols sources and their physicochemical characteristics. The chapter
also focuses on the emissions of particles into the atmosphere on a global, European and
French scale, while highlighting the small size fractions of these particles. In addition, a

review on the international and French atmospheric particles limit values is realized, followed
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by the analysis of the evolution of this science with emphasis on the chemical composition
and anthropogenic sources of particles including the most important industrial emissions
composition which can be found in the literature. Afterwards, a section on air quality in the
Nord-Pas-de-Calais region and the exposition of the main objectives of this study will
conclude this chapter.

The second chapter describes in details the methodology that is used in order to achieve
the objectives mentioned at the end of the first chapter. It begins with a detailed description of
the sampling sites, which includes the geographical locations as well as the most important
nearby influences including natural and anthropogenic sources of emissions. Furthermore, the
equipments used in this study are also detailed in this chapter. It encloses the sampling
materials (filters and samplers) in addition to the analytical techniques used to determine the
chemical species concentrations in the atmosphere. These techniques are ICP-MS, ICP-AES
and CHNS-O micro analyzer for an important list of elements and total carbon analysis, and
ion chromatography for water soluble ions quantification. Finally, the chapter ends with a
meticulous description of the customized sampling protocol used for the collect of the
particles.

The third chapter begins with a description on the recorded meteorology during the
sampling campaigns, including temperatures, wind activities and precipitations. This step is
followed by the first presentation of the chemical analysis results. This latter is depicted in a
first step in a comparison of average concentrations of major elements, ions and total carbon.
These average concentrations are compared between the sampling sites as well as to other
studies in Europe. In addition, the chronological evolution of the different chemical species
was conducted, and included the same groups mentioned earlier. Another important section of
this chapter follows and revolves around the identification and detailed analysis of above limit
values episodes of PM;, 5. However, the chapter content at this stage includes an emphasis on
the evolution of each major chemical species by wind sector in a concentration rose analysis
section, which allowed the analysis of the concentration variation by wind sector and
concluded the chapter.

Following the third chapter, a deeper investigation on the trace elements chemical
trends constitutes the subject of chapter four. In this latter, the trace metals concentrations are
analyzed in the form of averages and compared between the sites for each campaign, but also
to other average concentrations found in European studies. However, in order to understand

the impact of anthropogenic sources, an industrial impact and crustal enrichment factor



analysis followed the comparison section. To this section is added another type of analysis
that includes a correlation study between some elements, which points at some possible
anthropogenic sources of emissions. The correlation analysis is followed by a study of
concentrations evolution by wind sector, which included two important subsections. The first
is a concentration rose analysis by campaign, which showed the principal sectors under which
we observed high concentrations. However, the second part included another correlation
study, using some selected samples that are under a specific anthropogenic influence. At the
end of this last section, elemental ratios are proposed to trace the influence of some industrial
PM,; 5 sources.

Finally, the collected information on the chemical composition of the PM; s samples are
modeled using a non-negative matrix factorization based method detailed in the fifth chapter.
A description of the modeling techniques begins the chapter, which is then followed by a
comparison between the modeling methods in order to attest our final choice. The latter relied
on a weighted non-negative matrix factorization (NMF) method developed with the
collaboration of the ‘“Laboratoire d’Informatique, Signal et Image de la Cote d’Opale”
(LISIC). The developed NMF is fed by the chemical data provided by the chemical analysis
in order to uncover the main emission profiles and their respective contributions in each
collected sample. The chapter contains details about the operating conditions of NMF
modeling used in this study as well as a detailed verification of the output reliability.
Afterwards, the calculated profiles and contributions are discussed extensively to uncover
many sources of particles emission in each site, as well as long distance influences between

some of the sampling sites.
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Chapter I: Literature and background studies

I.1.Introduction

In this chapter, we will restate the terminology used in the science of atmospheric
particles, starting by the basic definitions of particulate matter (PM). The origins, physical and
chemical characteristics, and the evolution of PM in the atmosphere will be discussed as well,
with emphasis on the fine particle fraction under study (diameter < 2.5 um). In addition,
European and French emissions of PM, the latest standards for particulate matter (PM)
pollution released by the European Parliament as well as those recommended by the World
Health Organization (WHO) and the United States Environmental Protection Agency
(USEPA) will be reviewed. On the other hand, emphasis will be laid upon the chemical
composition of PM and the link between this latter and the sources of emissions that was
found in some of the oldest scientific publications that we were able to acquire until the latest
in 2012. The importance of tracking PM sources, origins and chemical composition resides
within the health effects of PM inhalation, especially on the respiratory tract and organs;
therefore, this subject will be included in this section as well. Finally, the situation in the

region of the study will be investigated.

[.2. Atmospheric Particulate Matter - Aerosol

By definition, an aerosol is a general term that technically refers to a suspension of fine
solid particles or liquid droplets in a gas. This term refers to atmospheric particles and their
gaseous environment. It is commonly used by researchers who work in the fields of
atmospheric dynamics and climate. However, researchers who study atmospheric pollution
levels and their respective health impacts use the term “particulates” instead. This explains the
fact that the air associated to the particles when talking about aerosols is nothing but a
transport vector of these particles in the air and into the respiratory tract (Villenave, et al.,
2012).

These particles can be directly emitted into the atmosphere by natural and
anthropogenic sources, and are called “primary aerosols”. On the other hand, some particles
can be generated by gas-to-particle conversion processes, thus they are called “secondary
aerosols”. More definitions will come along as we move into subdivisions that can be related

to the size and to the chemical composition of atmospheric PM.
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1.2.1. Size classification of PM

The interest in PM is majorly related to its effect on the respiratory tract and organs, and
therefore is linked to the penetration capacity when inhaling. Consequently, smaller particle
diameter means deeper penetration. The importance of PM size doesn’t stop at health effects
only, but it also stretches to environmental pollution, effects on climate and visibility.
Therefore, studying the characteristics of the different size fractions of PM comes in first, in
order to understand the sources of emissions and level of impacts.

Before boarding the subject of size distribution, we should specify that the diameter of
the particles discussed herein will be the “equivalent aerodynamic diameter” (D,.) instead of
Stokes or volume equivalent diameters. The reason behind this differentiation is the facts that
we consider that atmospheric particles do not necessarily have well-defined spherical, cubic,
elliptical, or other shapes. Therefore we define the diameter of an atmospheric particle
(regardless of its shape) in the atmosphere as equal to the diameter of a spherical one that has
the same terminal velocity considering a density of 1 g/cm’, and hence is called “equivalent
aerodynamic diameter”. For example, an atmospheric particle with D, = 2.5 pm is defined as
a particle that have the same terminal velocity of a spherical shaped particle (density = 1
g/em’) with a 2.5 pm diameter. Generally, the size of atmospheric PM is strongly related to
their generation mode and atmospheric conditions. For that reason, the D, value range can
stretch from a few angstroms (A) up to a hundred micrometers.

Between inhalable PM, the size ranges that are mostly studied are the ones discussed
hereafter. Total suspended particles (or TSP) represent all atmospheric suspended particles
enclosing a D, range from few nano-meters to more than a hundred micrometers.

Within the TSP class, there are many subclasses of PM used in the literature. In general,
recent classification of particles is based on their D, only, when other methods link D, with
formation mechanisms (Whitby & Cantrell, 1976).

The first classification method, based on the size, divides atmospheric PM into three
subclasses:

e “Coarse” fraction with a diameter that exceeds 2.5 pm. The inhalable part of
this fraction includes a D, range between 2.5 and 10 pm (PM¢.25).

e “Fine” fraction particles with an aerodynamic diameter between 0.1 and 2.5
um (PM;s5.,1). Human activities are known to contribute in the largest part of
this fraction of PM that is characterized by its deep penetrating capacity when
inhaled.

13
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“Nano” fraction is the one having a D, that ranges between 0.03 and less than
0.1 um. It is either generated by anthropogenic activities (mostly combustion)
or by natural events (oxidation of natural terpenes emitting secondary organic
aerosol). This fraction is important from a public health point of view since it

gets into alveolar tissue and can diffuse rapidly in the blood stream.

The second classification method takes in consideration the formation mechanisms, and

also shows other ranges of PM that are illustrated in Figure 1. We notice that this distribution

is consisted from three ranges starting from:

1)

2)

3)

The Nucleation range or Aitken nuclei range that regroups all PM with an
aerodynamic diameter less or equal to approximately 0.1 pm. This class
represents particles formed by gas-to-particle conversion mechanisms or
coagulation of primary particles.

The Accumulation range that includes PM with a D, between 0.1 and 2.5 pm.
Particles of this class are formed in the beginning by vapor condensation on
Aitken particles, or a coagulation of this latter to form particles with greater
diameter.

The Coarse range regroups particles with an aerodynamic diameter exceeding

2.5 um. It regroups natural but also anthropogenic direct particles emissions.
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Figure 1: Schematic representation of aerosols size distribution
in relation with formation mechanisms (Whitby & Cantrell,
1976)

The Aitken nuclei range particles has a relatively short suspension time in the
atmosphere due to their rapid transformation to give larger particles. However, the
Accumulation range is characterized by the longest suspension time in the atmosphere when
compared to Aitken and Coarse, and it accounts for most of the aerosols surface area and
constitutes an important part of the aerosol mass. The last range is characterized by a rapid
sedimentation of particles due to its large size. In this project, the particle size under study
will include the Accumulation range and a part of the Aitken nuclei: D, between 0.03 and 2.5

pm (PMz.5.0.03).
[.2.2. Origins of PM

Generally atmospheric PM can be generated from natural sources (terrestrial dust,

volcanic action, sea spray, reactions between natural gaseous emissions), but also from human
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activities: industrial processes, fuel combustion, transportation and non-industrial fugitive

sources (roadway dust, construction, etc).
1.2.2.1.Naturally Emitted Aerosols

1.2.2.1.1. Mineral dust

Terrestrial dust (also known as soil dust) is naturally generated by Aeolian erosion of
soil surfaces, which generates and suspends dust, when wind speed exceeds 3 m/sec (Masclet
& Cachier, 1998). The main species found in soil dust are quartz, calcite, gypsum,
aluminosilicates and some iron oxides. The proportions of these components vary from one
study site to another, due to the difference in the soil chemical composition around the world
(Wedepohl, 1995). Gravitational settling and wet deposition are the major removal processes

for mineral dust from the atmosphere(Seinfeld & Pandis, 2006).

[.2.2.1.2. Sea salts

Sea salts are produced by oceanic spray (Blanchard & Woodcock, 1957). Waves
movement generates salt water droplets that are emitted into the atmosphere by the
“bubbling” phenomenon. These droplets are dried up in the atmosphere to give solid salts,
which chemical composition is very close to that of sea water, and is listed hereafter by order
of decreasing weight percentage (wt %): chlorine, sodium, sea salt-sulfates (ss-SO4>),
magnesium, calcium and potassium. Sea salt-sulfates represent the sulfate load in marine
aerosols. Sulfur is found majorly in the form of dimethylsulphide (DMS = (CH3),S) in sea
water and sulfates are generated by the oxidation of the latter which is emitted from algae. It
is important to distinguish between these sulfates and the ones emitted from different

anthropogenic sources in the atmosphere called non sea salt-sulfates (nss-SO4%).

[.2.2.1.3. Volcanic ash

Volcanic ash is emitted into the atmosphere occasionally with the occurrence of a
volcanic eruption (Hidy, 1984) and (Andrea, 1995), like the eruption of Eyjafjol (Iceland) in
2010. This type of PM can be found loaded with silicon, metals, and sulfates resulting from

gas to particle conversion mechanisms.

1.2.2.1.4. Biogenic aerosols
Biogenic organic aerosols can be directly emitted into the atmosphere as pollen, spores,
and plant fragments. These constituents are usually found concentrated in the coarse fraction

of PM (Seinfeld & Pandis, 2006). It can also be generated by atmospheric oxidation or

16



Chapter I: Literature and background studies

condensation of gaseous hydrocarbons emitted from plants such as terpenoids, like isoprene
and other species (Masclet & Cachier, 1998). In this case, these particles are included within

the secondary organic aerosol (SOA) group.

1.2.2.2. Anthropogenic Aerosols

Anthropogenic aerosols can be encountered as primary aerosols or/and secondary
aerosols, and are related to human activities (industrial and domestic). The chemical
composition includes a large variety of elements, like carbon in the form of “soot” and/or
debris from wheel abrasion, lead, iron, zinc, copper, vanadium, etc. In addition, these aerosols
can contain toxic and carcinogenic substances such as PAHs in small but significant

quantities.

[.2.2.2.1. Secondary anthropogenic aerosol

Secondary anthropogenic aerosols are produced with the condensation of vapors
emitted into the atmosphere on the surface of the particles coupled usually to a photochemical
oxidation. For that reason they are called “conversion aerosols”, and are characterized by their
relatively small size. Its chemical composition varies depending on the origins of emissions
and on the climatic conditions. However, these particles contain a substantial load of sulfates,

nitrates, organic matter, and a variety of metal oxides (Masclet & Cachier, 1998).

[.2.2.2.2. Carbonaceous particles

One of the most important primary anthropogenic aerosols is carbonaceous particles.
These particles contain black carbon “BC” (also known as elemental carbon “EC”), and
organic materials (Seinfeld & Pandis, 2006). Elemental carbon can be produced only by
combustion processes, and is solely primary, whereas organic compounds can be emitted
directly with the carbon rich particle in a primary fashion, or are adsorbed on the surface of
carbon particles, or transformed to particles in the atmosphere to form secondary particles.

The carbon content of both elemental carbon fraction and organic is called the “total carbon”.

[.2.2.2.3. Biomass burning

Another type of anthropogenic aerosols is the one produced by biomass burning, which
is defined here as the intentional burning of land, for example: tropical vegetation burning,
savanna burning in the dry season, etc. The quantity and type of emissions from this kind of
combustion is related to vegetation types, moisture content, ambient temperature, humidity,
and wind speed. However, CO,, CO, NOy, CHy4, organic PM, are the most important chemical

substances present in this type of emissions (Seinfeld & Pandis, 2006).
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1.2.2.2.4. Secondary Inorganic Aerosols (SIA)

This atmospheric PM profile is specifically important since it allows tracing local and
distant human activities. Figure 2 summarizes the chemical reactions that leads to the
chemical species encountered in SIA. These latter are majorly composed of ions, namely:
nitrates, sulfates, and ammonium; but still contains other chemical species including metals
(Figure 2). The origin of this type of aerosols is anthropogenic through sulfur and nitrogen
oxides emissions, interacting with natural emissions of ammonia and metals in a relatively
high humidity medium. Recent studies show that the industrial and land transportation sectors
are the main sources of SO, and NOy emissions respectively, whereas ammonia emission in

Europe is essentially linked to agricultural activities.
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Figure 2: Flow chart of possible formation reactions of different nitrates and sulfates
chemical species; taken from (Arruti, et al., 2011) who reproduced it from
(Matsumoto & Tanaka, 1996), (Alastuey, et al., 2004), (Pakkanen, 1996), and (Hewitt
& Jackson, 2005) which represent (a), (b), (¢), and (d) respectively.
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[.3.Emissions flux of PM in the atmosphere

[.3.1. Global situation

On a global scale, emissions for both primary and secondary particles can be estimated
in the atmosphere depending on their anthropogenic or natural sources. By looking at Table 1,
global natural emissions of PM account for about 90% of the total flux, whereas
anthropogenic PM account for the remaining 10% of the PM mass emitted yearly in the

atmosphere of the planet.

Table 1: Particles flux estimation in the atmosphere (Delmas, et al., 2007)

Flux (Mt.yr'l)
Origin Sources Averaged Min. & Max.
estimation estimation
Natural Primary  Mineral dust 1500 1000-3000
Sea salt 1300 1000-10000
Volcanic ash 33 4-10000
Biogenic debris 50 26-80
Secondary Biogenic sulfates 90 80-150
Volcanic sulfates 12 5-60
Secondary organic 55 40-200
aerosols
Nitrates 22 15-50
Total 3060 2170-23540
Anthropogenic  Primary Soot 20 5-20
Industrial dust 100 40-130
Secondary Biomass combustion 80 60-160
Anthropogenic sulfates 140 170-250
Anthropogenic nitrates 36 25-65
Organic aerosols 10 0,5-25
Total 390 300-710

(Mt=10° tonnes)

This difference between natural and human induced emissions is essentially caused by
the natural emissions of sea salts and mineral dust. However, the relatively small participation
of human activities in global PM emissions (~10%) should not be taken lightly, since it is
mainly in the fine particles range. It is persistent in the atmosphere of heavily populated areas
from which it was mostly emitted in the first place. In the case of large cities, the proportions
between natural and anthropogenic particles are strongly different, leading in some cases to an

inversion of the tendencies. Furthermore, its chemical composition can cause adverse health
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effects due to the organic component as well as the transition metals that can lay down many
risks on human health.

This discussion about the emission inventories for global PM emissions aimed to grasp
a general idea about the amount of PM emitted into the atmosphere. However, detailed study
of the emission trends of specific PM sizes such as PMjy and PM,s, as well as metals

emissions in Europe and in France will follow in the forthcoming part.

1.3.2. European anthropogenic emissions

The data used in this section is extracted from the European Environment Agency
(EEA(a), 2012). It will be used to discuss emission trends, from 1990 to 2010, around Europe
for TSP, PM,y, PM, s and some metals. This first analysis on global European emissions will
be followed by a detailed analysis on some chosen sectors emissions, all anthropogenic, for
the same period. The chosen sectors are: energy production and distribution, energy use in
industry, road transport, non-road transport, commercial/institutional and household,

industrial processes, agriculture, waste, and solvent/product use.

1.3.2.1. TSP, PM;y, and PM,; 5 emissions
Figure 3 shows the evolution of anthropogenic emissions in Europe for the major three

size classes of particles: TSP, PM;, and PM s.
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Figure 3: Anthropogenic emissions trends of TSP, PM,y, and PM, s in Europe from 1990 to 2010 in Kt
(EEA(a), 2012)

A reduction in the emissions can be observed for the three classes of PM from 1990 till
2010. However, TSP emissions decreased significantly between the 90’s and 2010 value

when compared to PM o and PM; s who conserved a moderate decrease for that same period.
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We can also notice that in all cases, PM,s accounted for more than 66% of PM;, which
proves the extent of human activities contribution in the load of these specific fine particles

on the European level.

1.3.2.2.Metals emissions

We emphasize on the importance of tracing these emissions specifically for As, Cd, Cr,
Ni, and Pb which all have limit values defined by the World Health Organization (WHO),
United States Environmental Protection Agency (US EPA), and the European Union (EU).
Metallic emissions in Europe were retrieved from EEA (EEA(a), 2012) for the following
metals: As, Cd, Cr, Se, Ni, Cu, Pb, and Zn. The trends are illustrated in Figure 4 and Figure 5.

25
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Figure 4: Anthropogenic emissions trends of Cu, Pb and Zn in Europe between 1990 and 2010 in Kt
(EEA(a), 2012)

By looking at Figure 4 we can conclude that Pb emissions decreased drastically
between 1990 and 2000 linked mainly to the introduction of unleaded gasoline, after which
Pb emissions conserved a constant emissions level in Europe, whereas Zn kept on decreasing
all the way till 2010. Cu emissions oscillated around 3.7 Kt from 1990 till 2010, with some
recent years (3.85 Kt in 2006) having higher values when compared to the 90’s.

As, Cd, Ni and Cr levels have decreased in that same time period (Figure 5). Se was
adopting almost the same pattern as Cu, with some recent values slightly exceeding older

levels for this metal.
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Figure 5: Anthropogenic emissions trends of As, Cd, Cr, Se, and Ni in Europe between 1990 and 2010 in
Kt (EEA(a), 2012)

Global anthropogenic emissions trends in Europe evolved with a descending pattern for
most of the studied metals. However, a closer look is essential to uncover which sector had a

high participation in the emissions of PM and metals, which will be discussed hereafter.

1.3.2.3. Anthropogenic emissions by sector

In this section, we will be analyzing the emissions trend from 1990 to 2010 for PM and
metals by activity sector. The sectors under study will be: energy production and distribution,
energy use in industry, road transport, non-road transport, commercial/institutional and
household, industrial processes, agriculture, waste, and solvent/product use. In each part of
the following analysis will include all sectors except the ‘“agriculture” and “Non road
transportation” sectors which will be detailed separately due to the difference in the scale of

emissions.

1.3.2.3.1. TSP emissions by sector

Emissions of TSP are found different from one sector to another. TSP emissions had
decreasing trends for all the studied sectors except “commercial / institutional and household”
and “solvent and product use” (Figure 6 and Figure 7). Furthermore, a remarkable decrease
was found in the case of “energy production and distribution” when it reached a value of
237.1 Kt in 2010, which is almost 1/8" the value of 1990.

As for the “waste” sector, the figures conserved certain stability in the emission loads of
TSP until 2005. After which, it was followed by a significant decrease that remained constant

till 2010.
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Figure 6: Emissions trends of TSP by sector in Europe between 1990 and 2010 in Kt (EEA(a), 2012)
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Figure 7: Emissions trends of TSP emitted from “waste” and “solvent and product use” sectors in Europe
between 1990 and 2010 in tonnes (EEA(a), 2012)

1.3.2.3.2. PM emissions by sector

In this part, PM;¢ anthropogenic emissions data by sector were illustrated in Figure 8
and Figure 9.

The emissions in this case showed decreasing trends except in the case of “commercial-
institutional and household” sector only. In this latter, a recent increase in the emissions can
be observed between 2007 and 2010. PM( emission trends are found having a similar pattern
with those for TSP in the case of the “waste” sector, whereas “solvent and product use”
emissions fluctuated between 20 and 25 Kt, with a recent decrease noticed in the 2007-2010
period.
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Figure 8: Emissions trends for PM,, by sector in Europe between 1990 and 2010 in Kt (EEA(a), 2012)
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Figure 9: Emissions trends of PM, emitted from “waste” and “solvent and product use” sectors in
Europe between 1990 and 2010 in tonnes (EEA(a), 2012)

1.3.2.3.3. PM, 5 emissions by sector

Data on the emissions of PM; s by sector are illustrated in Figure 10 and Figure 11. The
trends show a similar patter than the one observed in the case of PMj, in all the above
discussed sectors. This shows that these two size fractions are highly related to human
activities, as well as related to each other. By comparing PM;oto PM, 5 data, especially for the
“road transport” sector, we can notice that PM,s anthropogenic emissions constitute a
significant part of PM( emissions, which can be related to combustion emissions of fine

particles.
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Figure 10: Emissions trends for PM, 5 by sector in Europe between 1990 and 2010 in Kt (EEA(a), 2012)

40000

35000 -

30000 -

25000 -

20000 -

15000 -

10000

5000 -

PM2.5 emissions in tonnes (=1000kg)

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

B Waste Solvent and product use

Figure 11: Emissions trends of PM, 5 emitted from “waste” and “solvent and product use” sectors in
Europe between 1990 and 2010 in tonnes (EEA(a), 2012)

1.3.2.3.4. Anthropogenic emissions for “non-road transport” and “agriculture” sectors

TSP, PM,y, and PM; s anthropogenic emissions show similar patterns when studying
“non-road transport” emissions, with a relative decrease between 2008 and 2010 (Figure 12).
Furthermore, PM, 5 contributes significantly to PM;, (about 90%) and TSP (about 70%)
levels. This proves the extent of human activities, especially combustion processes (see
1.3.2.3.3), in the variations of these emissions. An opposite example can be found in the
“agriculture” sector emissions (Figure 13). In this case, TSP and PM,, were found to have an

increasing trend, whereas PM; s showed a relative decrease when approaching 2010.
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Figure 12: Emissions trends emitted from the “non-road transport” sector in Europe between 1990 and
2010 in tonnes (EEA(a), 2012)
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Figure 13: Emissions trends emitted from the “agriculture” sector in Europe between 1990 and 2010 in
tonnes (EEA(a), 2012)

[.3.3. French anthropogenic emissions

For this section, the data was extracted from the EEA (EEA(a), 2012). On the European
level, a decreasing pattern was adopted by most anthropogenic emissions in general, with
some exceptions in certain sectors. However, since this project is conducted in France, it is
necessary to study the evolution of the anthropogenic emissions on the national level, and
compare it to the European situation in order to uncover any changes on the local scale. The
same list of sectors that was previously studied will also be included in this following

analysis.

1.3.3.1. TSP, PM;y, and PM,; 5 emissions
The evolution of anthropogenic emissions for the three major classes of PM is similar to
that of the European situation for PM;y and PM; s emissions (Figure 14). On the other hand,

TSP decreased less severely in France when compared to Europe in general.
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Figure 14: Anthropogenic emissions trends of TSP, PM,, and PM, 5 in France from 1990 to 2010 in Kt
(EEA(a), 2012)

1.3.3.2.Metals emissions
Metals anthropogenic emissions in France are illustrated in Figure 15, Figure 16 and
Figure 17. Cu and Zn emissions decreased considerably to 1.9% and 11.7% in 2010

respectively.
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Figure 15: Anthropogenic emissions of Cu and Zn in France between 1990 and 2010 in Kt (EEA(a), 2012)
On the other hand, As, Cd, Cr emissions decreased in a moderated fashion, when

compared to Ni and Pb (Figure 16 and Figure 17). These latter decreased more gradually till
2010. Finally, Se emissions showed almost stable levels between 1990 and 2010 (Figure 17).
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Figure 16: Anthropogenic emissions of As, Cd, and Pb in France between 1990 and 2010 in Kt (EEA(a),
2012)
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Figure 17: Anthropogenic emissions of Cr, Se, and Ni in France between 1990 and 2010 in Kt (EEA(a),
2012)

1.3.3.3. Anthropogenic emissions by sector

1.3.3.3.1. TSP emissions by sector

Based on the difference in the scale of emissions, the sectors were divided into two
groups. The first group includes: road transport, commercial/institutional and household,
industrial processes, and agriculture. And the second regroups: energy production and
distribution, energy use in industry, non-road transportation, solvent and product use, and
finally the waste sector. All gathered data are illustrated in Figure 18 and Figure 19.

Recent TSP emissions in France are found low when compared to older values related

to all sectors except “agriculture” and “solvent and product use”. Agriculture emissions show
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that TSP levels increased in 2009 — 2010 to match 1998 and 1991 values (Figure 18), whereas

the “solvent and product use” TSP emissions increased above the 1990 value (Figure 19).
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Figure 18: Emissions trends for TSP emitted from: road transport, commercial/institutional and
household, industrial processes, and agriculture sectors; in France between 1990 and 2010 in tonnes
(EEA(a), 2012)
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Figure 19: Emissions trends for TSP emitted from: energy production and distribution, energy use in
industry, non-road transportation, solvent and product use, and waste sectors; in France between 1990
and 2010 in tonnes (EEA(a), 2012)

1.3.3.3.2. PM, emissions by sector

Emissions trends of PMj, in France show a moderate decrease in all analyzed sectors
(Figure 20 and Figure 21) except for “solvent and product use”. This latter emissions

exhibited a slight increase in 1990 to get to the highest (2701 tonnes) in 2010.
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Figure 20: Emissions trends for PM,, emitted from: energy production and distribution, commercial-
institutional and households, road transportation, industrial processes, and agriculture sectors; in France
between 1990 and 2010 in tonnes (EEA(a), 2012)
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Figure 21: Emissions trends for PM, emitted from: energy use in industry, non-road transportation,
solvent and product use, and waste sectors; in France between 1990 and 2010 in tonnes (EEA(a), 2012)

1.3.3.3.3. PM; 5 emissions by sector

Figure 22 and Figure 23 summarize the emissions trends of PM,s for all concerned
sectors from 1990 to 2010. The evolution of these emissions shows a decrease in all sectors
emissions since the 90’s except for the case of “solvent and product use” sector. This latters

trends revealed an increase in the emissions between 2008 (1361 tonnes) and 2010 (1382

tonnes).
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Figure 22: Emissions trends for PM, s emitted from: energy production and distribution, commercial-
institutional and households, road transportation, and industrial processes sectors; in France between
1990 and 2010 in tonnes (EEA(a), 2012)
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Figure 23: Emissions trends for PM, 5 emitted from: energy use in industry, non-road transportation,
solvent and product use, agriculture, and waste sectors; in France between 1990 and 2010 in tonnes
(EEA(a), 2012)

I.4.Review on international and national air quality standards

1.4.1.PM,, limit values

The limit values for this size fraction of atmospheric PM are defined at the European
level, but also by the US EPA and WHO. In this latter, PM;( limit was set at 20 ug/m3 as an
annual mean value, and 50 pg/m’® for the 24 hours mean value (WHO, 2006). On the other
hand, the US EPA has set PM limit values to 50 and 150 pg/m’ for the annual and daily (24
hours average) limits respectively.

PM,, limit values were also defined in Europe to 40 and 50 pg/m’ as annual and 24

hours average respectively without crossing the 35 daily exceedance limit. These regulations
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are already enforced since January 2005 (Directive-2005/0183) in Europe as well as in
France. However, the limit values set by the European directive for ambient air PM;, are
being exceeded in France to an extent where the European Union obligated France to face the
EU justice court for not respecting the limit values of PM;o in 2011 (Collet, 2011).

France is not the only country that exceeds these limits. In 2010, about 21% of the
urban population in the European Union was exposed to PMj, levels that exceed the limit
value. The frequency of exposure to above limit values varied between 18% and 41% in 2001.

These variations reflected the changes caused by meteorological conditions (EEA(b), 2012).

1.4.2.PM, 5 limit values

PM, s limit values are set and enforced in the USA. Historically, the determination of
limit values for this size range of PM evolved from high values to lower ones, after coupling
assessments on human health problems linked to the exposure to these particles. For example,
the United States National Ambient Air Quality Standards (NAAQS) changed the limit value
for PM, 5 (24 hour) from 65 ug/m3 (1997) to 35 ;,Lg/m3 (2006). However, their annual average
value was stabilized to 15 pg/m’ (USEPA, 2012).

The World Health Organization (WHO) followed the US EPA steps and had many
interim targets for PM, s annual mean concentrations (35, 25, and 15 ug/m3 ) as well as for the
24-hour concentrations (75, 50, and 37.5 pg/m’), before settling with 10 and 25 pg/m’ as
guideline values for PM; 5 annual and 24-hour concentrations respectively (WHO, 2006).

As for the European Union, the Directive “2008/50/EC” published the targets values
and limit values for PM; 5 (Directive-2008/50/EC, 2008). In the latter, PM, s annual average
limit values of 25 pg/m’ and 20 pg/m’ were defined as objectives to be met in January, 2015
and 2020 respectively.

In the year 2010, French legislation on suspended PM was modified to consider PM
sizes below 10 um. Hence, since 2010, PM, s levels are being monitored in regions populated
by more than 100 000 inhabitants. The monitoring sites in those regions are located in an
urban background location.

Many PM, s limit values were converted from the European to the French legislation
(Decree-n°2010-1250, 2010). Thus a target value was set at 25 ug/m’, which should be met in
2015. Meanwhile, the limit value will evolve yearly following a decreasing order. In 2010, the
value was set at 29 pg/m’, then 28 pug/m’ in 2011, 27 pg/m’ in 2012, and 26 pg/m’ for 2013
and 2014.
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Based on annual reports on air quality in France between 2007 and 2011, the annual
averages of PM,s is found to range between 15 and 25 pg/m’ in some French regions
(MEDDTL, 2010). Few exceeding limit values were identified in large cities such as Lyon
and Paris in 2009. Furthermore, a seasonal variation of the particles concentrations was
identified: the highest levels were recorded under dry anticyclone weather conditions that
usually favor pollutants accumulation. Such episodes are encountered particularly during
winter and the beginning of spring seasons.

More concerns about the respect of limit values of PM in the ambient air have been
raised in France in which limit values for PM are regularly being broken; therefore the
question remains: what about the levels and sources of PM;s in the NPdC region?
Furthermore, our project will deal with the chemical composition of PM;s, including an
extended list of metal species from which some have guidelines values. These guidelines will

be discussed in the forthcoming section.

[.4.3. Metals guideline values

Current atmospheric standards for metals are of a great importance to this work, since it
will be used to evaluate the results and compare them to international and national standards.
The WHO, EPA, EU, and the French government addressed the problem regarding the
concentrations of certain inorganic pollutants in the atmosphere, specifically some elements
that have observable adverse health effects and are emitted from anthropogenic activities.
Guidelines values were set for these elements: As, Cd, Cr, Pb, Mn, Ni, and V.

The adverse health effects of these metals are detailed in the Air quality guidelines for
Europe (WHO, 2000), in which “As” is found to increase incidence of lung cancer in
occupationally exposed groups, and therefore is considered carcinogenic. “Cd” and “Cd-
compounds” are classed as Group 1 human carcinogens. Its inhalation is found to cause renal
alterations as well. On the other hand, “Cr” represents a different case, where “Cr (III)” is an
essential element for humans and animals, so the problem resides in the load of “Cr (VI)” in
the environment. This latter is found to be toxic and carcinogenic.

Furthermore, “Pb” can cause nerve problems in adults, hearing impairment and disturb
Vitamin-D metabolism in children. Smaller age groups are found to be more sensitive to this
metal, like children whose cerebral system can be specifically affected. On the other hand,
some exposure tests on animals proved that Pb loads alters hearing functions and the ability to
comprehend. However, it is extremely difficult to prove that the same effects exist in humans.

Nevertheless, researches have proven through epidemiological studies on school children that

33



Chapter I: Literature and background studies

the exposition to Pb resulted in developmental (psychomotor system) or intellectual troubles
as well as behavioral problems. In this latter, the observed consequences were hyperactivity,
lack of concentration, and impulsivity (INSERM, 1999).

In the case of “Mn”, its accumulation can cause pneumonitis, pneumonia, reproductive
dysfunction, and even neurotoxicity (at a low-level exposure). However, “Ni” can increase the
risk of lung and nasal cancer. This was observed under exposure within Ni refining industries.
In the mean time, “V” contamination is found to be highly related to the inhaled dose. An
exposure to low doses can cause irritations of the upper respiratory tract, which is considered
as minor effects when compared to chronic bronchitis and pneumonitis that can result from
exposure to high concentrations (WHO, 2000).

As for the guidelines values, Table 2 summarizes the available data taken from different
sources. However, few terms need to be defined like “Exposure LV”, which means the
exposure limit value (measured per day) not to be exceeded. Another used term is “Target”,

which herein means the annual average objective to be attained for a better air quality.

Table 2: Guideline values for metals in the Atmosphere

Annual average *©  Exposure LV ® 3 months average ”  Target (>2012) ©©

As - - - 6 ng/m’
Cd - 5 ng/m’ - 5 ng/m’
Cr - - - -

Pb 500 ng/m’ © - 150 ng/m’ 250 ng/m’
Mn 150 ng/m* ® - - -

Ni - - - 20 ng/m’
\Y% - <1000 ng/m’ - -

¥ (WHO, 2000)
® (USEPA, 2012)
¢ (MEEDDAT, 2008)

A closer look at Table 2 shows that a large list of elements is missing as well as
implemented limit values for As, Cr, and V. This last case can be explained by the difficulties
that researchers encounter when defining thresholds for adverse health effects (WHO, 2000).

The remaining trace elements that are not on the list constitute a large list, and highlight
the importance of our work, in which we will be able to monitor elements concentration range

and their sources.
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I.5.Background on fine PM studies

In this section, we will inspect some of the works that we could find and that deal with
the subject of atmospheric PM pollution. The early studies on the fine fraction of PM were
mostly conducted to unfold the formation related to direct emissions or gas-to-particles
conversion processes. In the 90’s period, more focus was laid on the chemical composition in
relation with the formation mechanisms of fine PM. In the same period, a lot of attention was
given to the toxicology of fine PM and on the sources of emissions through biological and
chemical testing. The evolution of fine particles studies continued in the same upward
direction from 2000 till recently, with more emphasis on the chemical composition as a
source tracer, but also on the smaller fractions like: fine, ultra-fine, and nano particles.

Therefore in the following section, we will discuss the advancements in fine PM research.

[.5.1. Early studies

Between the 70°s and 80’s period, most research subjects concerning atmospheric PM
revolved around the formation mechanisms, penetration in the respiratory tract, industrial
emissions analysis, early toxicity studies and chemical composition. Within the research axis
of understanding the formation of PM, a lot of studies went to analyze the chemical
composition of fine and ultrafine particles.

Bricard et al, in 1977 worked on the formation of new ultrafine particles from gases in a
search to better understand the nucleation mode of particles considering the presence of SO,
and NO, (Bricard, et al., 1977). In the same period more work was conducted also on the
formation of particles through nucleation processes (Yue, 1979). On the other hand, the health
effects of the deposition of ultrafine PM in the lungs was being studied in that period by
(Boffa, et al., 1977) which is one of the oldest articles that we found on the inhalation effects
of particles, and emphasized the importance of studying the toxicity of PM.

Deeper chemical investigations can be found in the studies conducted in the 80’s,
especially some works conducted with the objective of tracing elements that are problematic
such as Mn (Davis, et al., 1988), and “Pb, V, Ni, Mn and Fe” ((Paul, et al., 1983) and (John
& George, 1983)). Toxicity issues had also been discussed in that period, such as the

carcinogenicity of atmospheric Benzo-a-Pyren studied by Perera (Perera, 1981).
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[.5.2. Chemical composition and sources of fine PM

Additional interests in the chemical composition of the fine fraction of PM started in the
90’s. The issues of formation and evolution of these PM in the atmosphere, the emissions
sources and toxicity were extensively studied during this period.

The formation of particles in the atmosphere was the subject of many studies ((Bigg,
1997);(James & Alan, 1999); and (Liisa, 1999)), when others worked on the changes in the
chemical composition of these particles (Veli-Matti, et al., 1998) with aging mechanisms
(Kotzick & Niessner, 1999). On the other hand, the use of mathematical modeling started to
emerge in that period in order to understand particles emissions using positive matrix
factorization (Kaarle, et al., 1996). Also, receptor modeling was used in Germany to
distinguish between three sources of PM,s emissions: road dust, secondary aerosols, and
vehicle combustion (Pohlmann, et al., 1999).

The sources of PM emissions were the subject of many studies, from which transport
related emissions were highlighted as an important source of particles ((Antonio, et al., 1998)
and (Lidia, et al., 1999)). Furthermore, wood combustion particles characteristics were
studied in (Gaegauf, et al., 1997), who found that combustion air supply plays an essential
role in the amount of PAHs emissions.

Studies on the inorganic chemical composition of fine PM fractions were also available
in that period. Some of these studies were conducted in big cities in the US (Huges & Cass,
1998) and in China (Guor-Cheng, et al., 1999). In this latter, PM;, bound heavy metals
concentrations were found higher during the day when compared to the night time. Also,
PM,s was found to be the major part of day time PM,(, and they were found in high
concentration in a suburban area compared to a rural one. On the other hand more
investigation on the metallic content of PM;, was conducted in the Los Angeles area (Huges
& Cass, 1998), in which Fe concentration was found to be most prominent, followed by K,
Na, Ti, Zn and Cr.

The analysis of a detailed chemical composition of fine PM is very important when
searching for sources and their impacts. Metals, ions, and carbon contents uncovered in recent
studies on fine PM will be detailed hereafter in order to explain the variety of anthropogenic

contribution in fine PM loads.

1.5.2.1.Sources of metals
Metallic compositions of fine PM is highly related to nearby as well as distant sources.

Metals cocktail within this fraction of aerosols can present a quantitative and mostly a
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qualitative variety. These fluctuations are mostly linked to the emissions of metals from
anthropogenic sources. Therefore, quantitative variations of elements in PM can be explained
once the source of emissions is identified. However, this last task is complicated, especially
when the studied region presents a mixture of many anthropogenic sources. The difficult
section in such studies is to be able to determine which metal or group of metals is resulting
from which activity, knowing that in most cases, different human activities enrich PM with
similar metals. Therefore, the variations in metals concentrations in PM, s based on their
origins of emissions will be discussed in this section using results from studies conducted

around Europe.

[.5.2.1.1. Crustal

Also known as mineral dust (see section 1.2.2.1.1), crustal particles can be emitted
directly with wind suspending soil minerals into the air, or from anthropogenic activities re-
suspending this sediment from the ground. Many elements can be considered as tracers of
mineral dust, from which: Al, Ca, Fe, Si, Ti and Mg were categorized as soil dust elements
(W, et al., 2007); (Ilacqua, et al., 2007). However, each study has to follow other sources
contributions, which might have common tracers with the previously mentioned elements. In
some studies, Al and Si oxides correlations pointed at this type of fine dust particles (Gotschi,
et al., 2005), but also Ti and Ca may be considered tracers if found correlated (Cyrys, et al.,
2003).

[.5.2.1.2. Traffic exhaust emissions

In traffic exhaust emissions, carbon content is always found important along with other
metals that are considered as tracers of direct exhaust emissions. Between these metals: Cu,
K, Mn, Zn, Pb, Ba, Sb, Br, As, V, and Cd are mostly used to trace traffic direct emissions
((Moloi, et al., 2002); (Mazzei, et al., 2008); (Beslic, et al., 2008); (Ilacqua, et al., 2007)). One
problem in determining the tracers for traffic emissions is the fact that one element can
correlate with many others, displaying different scenarios of anthropogenic contribution. In
some studies, long range transport (LRT) traffic emissions were identified in fine PM, in

which As, CL, K, S, and EC were well correlated (Ilacqua, et al., 2007).

[.5.2.1.3. Traffic non-exhaust emissions
Under this category we regroup brakes of vehicles and tyre road wear, and also re-
suspended dust particles (see section 1.5.2.1.1). In the first group, Cu — Cd correlations seems

to be a commonly used tracers for brakes of vehicles emissions ((Beslic, et al., 2008) and
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(Rajsic, et al., 2008)). However, Fe can also be considered as a tracer (Vallius, et al., 2003)
along with Ba and Mn (Birmili, et al., 2006) of brakes emissions. Furthermore, Sb — Cu
correlations were used to identify brake linings in Spain (Moreno, et al., 2006) and in the
United Kingdom (Gietl, et al., 2010), whereas Cr — Cu correlations were used for the same
purpose in a study conducted in Amsterdam (Boogaard, et al., 2011).

On the other hand, tyres road abrasion can be traced by following Zn correlations
(Vallius, et al., 2003), or Ba — Mn correlations (Moreno, et al., 2006). In fact, high Zn
concentrations in the tyres can be explained since the element is introduced in the
vulcanization process during tyres manufacturing.

Finally, traffic related re-suspended dust particles were traced using Zn to Mn and Al to
Fe correlations (Rajsic, et al., 2008). Another example can be found in (Vallius, et al., 2003),
in which a correlation between Fe and Mn concentrations was found to be a tracer of crustal
traffic re-suspended dust. Also Cu, Zn, and Fe correlations pointed at traffic emissions
(Vallius, et al., 2005) as well as Sb, Cu, Fe, and Zn correlations can be used as specific tracers
of traffic emissions ((Pakkanen, et al., 2001); (Strak, et al., 2011); and (Salvador, et al.,
2012)).

[.5.2.1.4. Oil-fuel combustion

For this source of emissions, studies seem to have some sort of a consensus on the
use of Ni — V correlations to uncover this contribution source ((Cyrys, et al., 2003); (Ilacqua,
et al., 2007) and (Mazzei, et al., 2008)). On the other hand, heavy oil combustion can be
identified by linking SO, emissions to Ni and V (Vallius, et al., 2003). In some cases
however, Ni was associated to Mo and Co in PM; 5 to point at oil combustion source of PM

emissions (Pakkanen, et al., 2001).

[.5.2.1.5. Coal combustion

Arsenic was found to be one common element that is mostly used to trace coal
combustion. It can also be correlated to Hg (Freitas, et al., 2005), to Se to trace residential
coal combustion (Salvador, et al., 2012), to Cd and Pb (Schleicher, et al., 2011), or even to a
list of metals: Cd, Bi, Tl, K, Zn, and Pb, to trace aged coal combustion aerosols (Pakkanen, et
al., 2001). In other studies, unique metals in PM can be used as tracers of coal combustion

process, like “S” (Cyrys, et al., 2003) and “Se” (Ilacqua, et al., 2007) for example.
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1.5.2.1.6. Long range transport (LRT)

Even though this origin of PM can be identified by studying ionic composition of the
particles, complementary methods can still be used to uncover this source. For example, a
combination of metals was studied by Ilacqua (Ilacqua, et al., 2007), in which LRT combined
with traffic sources was identified by the presence of As, Zn, Pb and K. Finally, a correlation

between Pb, Sb, and Cd was used to identify LRT sources in (Pakkanen, et al., 2001).

1.5.2.1.7. Biomass combustion

Tracing the biomass combustion emissions using metals concentrations is more difficult
since one major metal is used in order to identify biomass or wood combustion: K. The
problem reside within the use of this element to trace many other sources as well, especially
industrial combustions and works, which will be discussed later. Potassium was used as
marker of biomass combustion in Helsinki (Ilacqua, et al., 2007) and in Estonia (Orru, et al.,
2010) as well. Furthermore, it can be used also to trace wood combustion emissions (Vallius,
et al., 2003). Finally, to be able to better determine wood or biomass combustion sources, we
must consider organic species (like organic carbon “OC”) as well as the presence of high K
content in PM. Also, between the different organic components, levoglucosan has been

proved to be a suitable marker for biomass combustion in PM (Favez, et al., 2009).

1.5.2.1.8. Industry

Industrial emissions tracing can be one of the most challenging tasks when studying PM
sources in the environment. The problem is within the complexity of separating the many
different origins of industrial emissions. In an industrial complex, many activities may load
the atmosphere with PM that has a close chemical composition, especially heavy metals
combinations. For example, Pb and Cr correlations were used to trace industrial gasoline and
oil refinery sources ((Gotschi, et al., 2005) and (Rajsic, et al., 2008)). In Madrid, industrial
activities were identified by the presence of Cr, Ni, Pb, and Zn (Salvador, et al., 2012). In
some cases, a combination of many elements (Zn, Mn, K, and Fe) with gases measurements
(SO,) can be used to trace industrial and incineration activities (Vallius, et al., 2005).

We will discuss hereafter examples about tracing some industrial activities that are

contributing significantly to PM loads:

1.5.2.1.8.i. Steel works
In tracing steel works emissions, (Oravisjarvi, et al., 2003) found that K can be used to

trace sintering works, Zn to trace smelting, and Cu for mechanical works. On the other hand:
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Pb, Zn, Mn, Cd, and As were found to constitute a signature for steel works activities in Spain
(Moreno, et al., 2006).

Also by combining the chemical composition of PM; s in the vicinity of a steel plant
along with Factor Analysis-Multiple Linear Regression model (FA-MLR), (Oravisjarvi, et al.,
2003) have found that Ca, Cd, K, Na, Pb and Cl were correlated. Therefore, they can be used
as tracers for sintering works. The same reasoning was used to trace the influence of
steelmaking plant emissions by using Co, Fe, Li, Mn, Zn and F as tracers.

On the other hand, (Dall'Osto, et al., 2008) studied the size distributions and the
chemical characterization of PM in a region affected by a large integrated steelworks. They
confirmed the presence of Fe, Pb, Zn and Ni when being under industrial influences, and the
concentration of these metals in the micron and sub-micron modes.

Furthermore, SEM-EDX technique was used to uncover iron-rich spherical particles
loads in blast furnaces and steel making plant emissions ((Moreno, et al., 2006) and (Hleis, et
al., 2013)). This feature can also be used to trace industrial activities as well.

Finally, coke plants emissions seems to be signed by OC, EC, SO42', As, and Se
((Weitkamp, et al., 2005) and (Jiun-Horng, et al., 2007)).

1.5.2.1.8.ii. Petro-chemistry

Nickel can be used to trace this source of PM (Freitas, et al., 2005). In addition to Ni,
other metals can be used together to trace petrochemical PM emissions, such as V, Pb, Zn, Cr,

and Co (Moreno, et al., 2006).

1.5.2.1.8.iii. Metallurgy and Pigment industry

Metallurgic activities were found to increase the concentrations of As, Cu, Pb, and Zn
in PM; 5 in Spain, whereas Cr, Mo, Ni, and Co along with As and Cu constituted a fingerprint
for pigment industry (Moreno, et al., 2006), as well as Ti which is concentrated in the primary

product of pigment industries.

1.5.2.1.8.iv. Cement industry

On the influence of the cement industry, Al, Si, Ca, SO42', K, Mg, and Sr can be
considered as highly associated in atmospheric PM originated from cement factories
(Santacatalina, et al., 2010). Nevertheless, the abundance of mineral species in this profile
makes the separation between cement production and re-suspended soil dust a very difficult
task. On the other hand, (Gutierrez-Cafias, et al., 2005) proceeded by studying emissions raw
feed enrichment factor, and found that Cd, Pb, As, Cu, Sb, and Tl were mostly enriched
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compared to clinker raw feed. The same study explained the existence of a difference in
metals emissions from this type of industrial activity related to solid fuel conversion

Processes.

1.5.2.1.8.v. Glassmaking industry

Particulate matter emissions from this type of industries contain numerous elements. A
first group includes Al, Ti, Ca, Mg, Fe, Mn, Sr, Rb and Ba, which are concentrated in the ore
used to produce glass ((Rampazzo, et al., 2008) and (Mantovan, et al., 2003)). Other elements
can also be emitted from other levels within the production line, especially after using specific
elements for product composition improvement and/or for coloring (Li, Zn, Ag, Se, Cd, Sb
and Pb). After Mantovan (Mantovan, et al., 2003), As, Se and Cd can serve as a “finger print”
of the glassmaking factory in Murano (Italy).

1.5.2.1.9. Ships, ship yards, and harbor

Up to our knowledge, few studies dealt with the emissions from shipping transportation
and/or harbor activities. Ship yard activities were traced by (Moloi, et al., 2002) using Ca — Ni
correlations. In Helsinki (Finland), a combination of black carbon (BC), Zn, K, Ni, and V
were used to identify oil combustion and ships emissions (Pakkanen, et al., 2001). It seems
that Ni and V are commonly used to trace heavy oil combustion and ships activities that might
include oil combustion emissions itself. Finally, Fe, Ni, V, Ca, and Ba were linked to use of

petrol and/or oils (Moldanova, et al., 2009).

1.5.2.2.Sources and contribution of ions in PM, 5

Ionic composition plays a major role in defining the anthropogenic contributions in the
load of fine PM, s, but also to the chemical composition of these particles. In many studies
around the world, soluble metals and other ions were analyzed to uncover natural and human
contributions in PM emissions. Between the different ions present in the aerosols, CI, Na',
Mg2+, SO42', NO5’, and NH," constitute the most important species in terms of abundance and

significance in tracing natural and pollution activities described hereafter.

1.5.2.2.1. Sea spray

As defined in section 1.2.2.1.2, sea salts are generated by oceanic spray, and therefore
are considered as natural aerosols. Many studies identified sea salt within sampled particles
by studying Na and CI correlations. Some studies added Mg ((Pakkanen, et al., 2001) and
(Salvador, et al., 2012)) or Mg and K (Ilacqua, et al., 2007).
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Within this category of aerosols we can distinguish between “fresh sea salt” and “aged
sea salt”. The first type is directly emitted from the sea, in which ions such as sea—SO42', Na’,
CI, Mg®", K" and Br are concentrated in the aerosol with proportions similar to the ones
found in sea water. However, once fresh sea salt passes over a polluted region, the relatively
acidic atmosphere created by the anthropogenic emissions (such as HNO3 and H,SOy) in the
atmosphere of the region will force a reaction between these acidic species and the sea salt.
This reaction results in the decrease in the concentrations of CI" and Br’, which will be
transformed into gaseous HCI and HBr (Delmas, et al., 2007). On the other hand, the reaction
will increase anions such as NOsz™ and SO42' in this secondary aerosol, also known in that

phase as “aged sea salt”.

1.5.2.2.2. Traffic related ions

In the use of ions to determine contributions, NO;™ ions were found to point at traffic
sources (Gotschi, et al., 2005). Ionic loads can also result from distant sources and get to
specific sites with LRT. Within this category, non-sea SO,” ions constitute a signature for
traffic-LRT (Oravisjarvi, et al., 2003). In another study, ion rich LRT aerosols were identified

in a rural environment with an important SO4* and NHy" load (Pakkanen, et al., 2001).

1.5.2.2.3. Secondary inorganic aerosols

Secondary inorganic aerosols were identified in Spain, where SO4>, NH,4", and V
constituted the secondary sulfates aerosols (Salvador, et al., 2012). In this same study,
secondary nitrates were found to be constituted mainly by NO; and NHy" ions. Also, within
the category of secondary sulfates, non-sea SO,4* are found abundant and can point at regional
sources of pollution (Vallius, et al., 2005).

Finally, the contribution of ions in fine PM;s mass can fluctuate depending on the
sources, but it is always found exceeding that of metals. For example, SO,* and NO;
combined to Na" and NH4 " was found to contribute in about 70% of PM, s (Yin & Harrison,
2008). On the other hand, a 47% contribution of SO42' /NO5/ NH," in PM; 5 was found to be
generated from diesel traffic emissions (Hitzenberger, et al., 2006). Also, many studies
proved that ionic loads in fine PM are not exclusively generated locally, but mostly on a
regional level. In some cases rural sites may have higher levels that distant light traffic sites in
the same region. Researchers have found that SO / NO;y / NH," proportion in fine PM had
increased from 36%, to 38%, and rose to 42% in “light-traffic”, “traffic-industrial”, and rural
site respectively (Pateraki, et al., 2012). The reason behind the elevation of ions levels at the

rural site was linked to regional pollution sources instead of the local sources. Furthermore,
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SO42', NH,", and K" ions were found to constitute over 85% of PM, s in Lecce, southern Italy
(Perrone, et al., 2011). Thus we can conclude the importance of surveying ionic species
concentrations in PM; s to be able to explain the load of particles as well as to trace local and
distant source emissions. Its importance doesn’t close down at this level, but it expands to the
fact that these chemical forms constitute a major part of fine PM, as discussed earlier in this
section, when compared to metals whose contribution in the PM mass is found relatively

smaller.

1.5.2.3.Sources of carbon

The carbon content is divided between two major types: organic carbon (OC) and
elemental carbon (EC). The latter is also known as black carbon or soot. The sum of OC and
EC content in PM gives the total carbon content (TC). EC and OC can be emitted directly and
simultaneously into the atmosphere from combustion sources, whereas OC can have other
origins such as photochemical reaction of gaseous precursors in the atmosphere. The
variations between TC, OC, and EC in relation to the influence of pollution sources will be
discussed hereafter.

TC content in PM, 5 fluctuates depending on nearby sources of pollution. It can vary
from 23% to 37% in some cases (Yin & Harrison, 2008). In Lecce, southern Italy, TC made
about 29% (with a max getting to 50% in some samples) of PM, 5 (Perrone, et al., 2011). In
this same study, OC and EC concentrations ranged between 2 - 13 pg/m’® and 0.4 - 5 pg/m’
respectively. Furthermore, EC and OC contents were investigated in 6 European cities in
2006 (Sillanpaa, et al., 2006) to find that these components constituted the major load of
chemicals in PM; s, with OC always having the highest contribution when compared to EC:
31% (OC) to 9% (EC) in Duisburg; 54% (OC) to 5.7% (EC) in Prague; 23% (OC) to 5.4%
(EC) in Amsterdam; 46% (OC) to 8.4% (EC) in Helsinki; 21% (OC) to 7.6% (EC) in
Barcelona; 35% (OC) to 6.6% (EC) in Athens (Sillanpaa, et al., 2006).

OC can be found more concentrated than EC in PM; s when sampling is located next to
a traffic site. This was verified in (Pateraki, et al., 2012), where three types of sites was
studied: light traffic, traffic and industry, and a distant control site. In this latter, OC and EC
contents were 11% and 4% respectively, showing that at the less influenced site OC was
higher than EC. However, at the light traffic site, OC and EC were found to constitute 18%
and 3%, which verifies the effect of traffic on OC concentrations. However, the second site

influenced by industrial emissions as well as traffic, EC concentrations rose to almost match
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the OC content (OC = 17% and EC = 15%) showing that traffic emissions contributed in OC
when industrial emissions raised EC concentrations.

In another study, a comparison between diesel and gasoline traffic was studied
(Hitzenberger, et al., 2006). Diesel traffic was found to increase EC/TC ratio when compared
to gasoline traffic ratio.

Finally, a mixture of combustion emissions can also be identified using carbon
concentrations. For example, good EC correlations with Zn, K, V, and Ni pointed at local

traffic and ships emissions contributions in Helsinki (Pakkanen, et al., 2001).

1.5.3. Health effects of fine PM inhalation

Studies about the health effects of PM inhalation focused on many adverse effects from
which asthma, increase in lung cell permeability, oxidative stress on DNA, and cardiovascular
/ respiratory / cerebrovascular diseases were the most important. Furthermore, and as
discussed earlier in section 1.4.3, the effects of inhalation can also lead to the appearance of
chronic diseases such as cancer. On the other hand, focus has also been given to the inhalation
mode of particles, mostly to outdoor and indoor exposure scenarios.

London smog in 1952 marked a starting point of the interest in the relationship between
pollution and health effects. Afterwards, researches on the health impacts of particles
inhalation increased significantly specially in the 90’s. Important associations were found
between PM, black smoke, and sulfate concentrations and the prevalence of symptoms of
the lower respiratory tract in children living in Netherlands (Saskia, et al., 1999). On the other
hand, severe inflammatory responses and extensive lung injuries were observed in mouse
lung as a response to the soluble fraction of collected ultrafine particles (Ian, et al., 1999).
Furthermore, investigations on the effect of traffic related emissions were conducted to find
that cough, wheeze, runny nose, and doctor diagnosed asthma were significantly reported for
children living within 100 m from a freeway (Patricia, et al., 1997). In addition, carbon black
particles toxicity on rodent lung epithelial cells was found increasing with the increase in the
total surface and the decrease in the size of carbon particles (Murphy, et al., 1999).

On the exposure to fine PM, outdoor personal exposure was linked to the transportation
mode in use. Passengers in cars and buses were found to be more exposed to high
concentrations of PM compared to cyclers and people walking on sidewalks (Kaur &
Nieuwenhuijsen, 2009), to conclude that the location and duration of exposure is a factor to
be considered. Furthermore, indoor versus outdoor exposure to PM was studied in

(Buonanno, et al., 2011). In this study, females were more exposed to PM while cooking,
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when men were exposed in working time, and finally children were mostly exposed to
emissions from transportation traffic.

Combustion related PM exposure were associated to respiratory mortality (PM; ), and
cardiovascular and cerebrovascular mortality (PM;). Furthermore, red-ox metals content of
this fine PM contributed in the oxidative stress of human cells (Perez, et al., 2009).

Traffic exposure and effects of traffic emitted particles were extensively studied. On
this subject, traffic exhaust was found to induce DNA oxidative stress, and was verified using
8-hydroxydesoxyguanosine (8-OHdQG) as a tracer for the effects of such emissions (Lai, et al.,
2005). Furthermore, emissions from combustion in vehicles were found to increase the risk of
asthma in children (up to 14 years of age). Concentrations of PM, s, EC and OC, and SO4*
increased the risk of asthma by 6%, 7.4%, and 2.1% respectively in that age group (Anderson,
et al., 2001). Also, Zn and S rich PM emitted with tire debris were found to alter the
morphology and proliferation of alveolar cell line A549, accumulate in human liver cell line
HepG2, and cause malformations in X. Laevis frog embryos (Gualtieri, et al., 2005).

Respiratory and cardiovascular diseases were found linearly linked to exposure of
elderly people to LRT — PM,,, whereas pediatric asthma was associated to the exposure to
NO and accumulation mode PM emitted mainly from traffic (Andersen, et al., 2008). Another
example on traffic effects can be observed in Spain, where a linear relationship was found
between PM, s, NO, circulatory problems, heart disease, and cardiovascular problems (Mat¢,
et al., 2010). Also, the inhalation of smoke was found to increase the levels of Clara Cell
protein CC16, which is an indicator of lung cell permeability (Timonen, et al., 2004).

On a global European level, a recent study on the effects of fine PM was conducted in
25 European cities. In its summary report (Aphekom, 2011), many results were illustrated on
the effects of reducing PM; 5 emissions, exposure to PM; s, and SO, emissions on population
health and the economy in Europe. This works outcome showed that a decrease to a level of
10 ;,Lg/m3 in PM; 5 concentration (WHO annual mean; see section 1.4.2) could add up to 22
months of life expectancy for adults older than 30 years of age, depending on the city in
which they are mostly exposed. On the other hand, exceeding the WHO guideline for this size
fraction will eventually lead to 19000 deaths, 15000 of which from cardiovascular diseases,
and about €31.5 billion in health and related costs. The study also showed the positive
feedback of sulfur reduction in fuels in 20 cities, in which 2200 premature deaths valued at
€192 million were prevented. And finally, the report summarized the effects of PM inhalation

on the human body (Figure 24).
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Figure 24: Summary of the major adverse health effects of PM inhalation on
the human body (Aphekom, 2011)

[.6.The situation in the Nord-Pas de Calais (NPdC) region

The NPAC region (12414 km?), which is concerned by this study is located on the
northern coastline border of France (Figure 25). The coastal side of the region stretches
between two regional seas: English Channel and North-Sea. The coastal side of this area is
called the “Littoral Cote d’Opale”, and the whole region is known for its high industrial and
agricultural activities, but also for the high urbanization characterized by a dense population
(ATMO, 2010). Its location close to the sea makes winter temperatures relatively acceptable,
with a high average of wind velocity. This climatic condition favors pollutants dispersion,

except when sea breeze occurs, during which pollutants accumulate above the coastal zone.
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Figure 25: Map of France (upper right corner) and the “Nord Pas de Calais” region; reproduced from
(CarteFrance, 2012) and (Dalet, 2012)

Furthermore, the region is considered to have one of the highest transportation activities
including on-road and maritime. This high urbanization, industrialization, and geo-strategic
trading location of the region lead to important loads of pollutants emitted by these different
activities, from which we are interested mostly in atmospheric PM. This upload resulted in the
submission of about 835 establishments to pollution taxes known as: Taxe générale sur les
Activités Polluantes (TGAP). Furthermore, 43 establishments were classified as having high
threshold and 34 as low threshold of pollution release, the majority of which are located in
Dunkerque (one of the most industrialized site in France), Calais, and an ancient mining basin
(ATMO, 2011).

Finally, transportation routes, high activity areas, and cities represent about 13% of the
NPdC terrain surface, which proportionally is the most urbanized region (8.3%) when

compared to the rest of France (ATMO, 2011).

[.6.1. Emissions of PM in NPdC

In this section we will discuss the emissions of particles from anthropogenic sources in
the NPdC region, with emphasis on recent data, as well as on the emissions in different cities

within the region, particularly: Dunkerque, Boulogne-sur-Mer and Saint-Omer. These three
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cities are the main focus of this study, and are subjected to different kinds of pollution
sources.

The declared total industrial dust emissions in the NPdC region represented in Figure 26
shows a gradual decrease in the scale of emissions between 2004 and 2009, after which we

can observe a light increase.
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Figure 26: Declared industrial PM emissions trend from 2004
till 2010 in the NPdC region (DREAL, 2011)

Dust emissions from different industrial sectors prove the magnitude of the industrial
emissions contributions in the NPdC, and specifically in the industrialized site of Dunkerque.
Figure 27 shows dust emissions evolution for each of the most important industries in NPdC.
By analyzing the chart, we notice that the emissions are relatively decreasing for
ArcelorMittal and EDF, when it is fluctuating around a stable level for SRD and Al Dk. In
addition, we should note that Arcelor Mittal, SRD, and Al Dk are all located in Dunkerque.

This proves the importance of Dunkerque’s site as a first choice for air quality study.
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Figure 27: Some of the industrial dust emissions in the NPdC department; SRD = Société de Raffinerie de
Dunkerque, Al Dk = Rio Tinto Dunkerque, EDF = Electricité De France (Bouchain), Cargill SAS
(Haubourdin), E.ON — Central (Hornaing), Arc International (Arques); source (DREAL, 2011)

1.6.2. Air quality in the NPdC region

1.6.2.1.PM level

Annual mean concentrations trend for some urban and industrial-urban cities within the
NPdC region were acquired (Ministére de 1’Ecologie, 2012) for a period stretching between
2002 and 2009, and were illustrated in Figure 28. Between the studied cities, we chose the
following: Dunkerque, Boulogne-sur-Mer, Saint-Omer, Bethune and Lille (see Figure 25).
The first three represent the sites that are the subject of this study, whereas “Bethune” is an
inland rural site less influenced by pollution sources and is similar to “Saint-Omer”, and
finally “Lille” is the most urbanized city between the others in the NPdC region.

Dunkerque is found to have the highest PM;y mean concentration between the other
cities except in 2009, when “Lille” and “Saint-Omer” had higher values. Dunkerque is a
highly industrialized site, which explains the elevation in the PM;y mean concentrations over
the years to pass over the levels at “Lille”, which is largely more urbanized than
“Dunkerque”. However, the decrease in 2009 might be related to world economic crisis that
highly affected the industrial sector. The lack of data in “Saint-Omer” before 2006 makes us
wonder about its comparison to “Bethune” and “Boulogne-sur-Mer”. However, the data
collected in 2007, 2008 and 2009 shows that the city is more concentrated in PM;, when
compared to the other two. Finally, Boulogne-sur-Mer annual mean decreased significantly

between 2007 and 2009.
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Figure 28: Annual mean concentration of PM;, in Dunkerque, Boulogne-sur-Mer, Saint-Omer, Bethune,
Lille, and in pg/m’; source (Ministére de I’Ecologie, 2012)

In January 2007, a new PM;y measuring methodology was adopted and installed in
different air monitoring networks. This modification aimed at adjusting the French monitoring
results to match the criteria defined in the European method by considering the amount of
volatile compounds for the concentration measurements. The change affected daily and
annual concentrations that were found higher. This increase stands behind the elevation

beyond limit values.

1.6.2.2.PM daily limit exceedance
In France, the daily PM, limit value (50 pg/m®) was the subject of intensive monitoring
in the past few years. It has been noticed that the 35 days of exceedance per year allowed

were exceeded in many French regions like Ile de France, Rhone-Alpes, Alsace, Provence

Alpes Cote d’Azur and Nord Pas de Calais (Figure 29).
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Figure 29: Map of the regions (in red) representing more than 35 days of PM, daily limit (50 pg/m°)
exceedance between 2007 and 2009 in France (Source: LCSQA)
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The situation was relatively alleviated in 2010, which can be partially explained by the
meteorological conditions that favored atmospheric particles dispersion.

However, exceedance episodes were identified on a regional level in NPdC, from which
14 days of particulate pollution have lead to raise the alarm of the “procédure d’information et
de recommendation (PIR)”. In 2011, a total of 35 days of PIR were detected during winter
and the beginning of spring.

1.6.2.3.Physicochemical characteristics of PM and its origins

The “Littoral Cote d’Opale” region is highly industrial as well as urbanized, therefore is
influenced by many atmospheric PM pollution sources. The emissions of these PM can
originate from different sectors such as residential, industrial, transport, natural... etc, but also
natural emissions which are mostly emitted by sea spray due to the coastal aspect of the
region. Many studies have been conducted in the region in order to uncover the chemical
composition of these emissions, but also to understand their possible toxicity on humans.

These studies were conducted majorly within the research strategy of the “Institut de
Recherches en Environnement Industriel” (IRENI), which constitutes a multidisciplinary
research program that is focused on the study of air quality by following three major research
axes:

— Air quality: metrology, modeling and remediation
— Health effects of atmospheric pollution
— Legislative and socio-economic impacts

All these actions are conducted by scientists related to many higher education
establishments of the NPdC region: Université de Lille 1, Université de Lille 2, Université
d’Artois, Université du Littoral Cote d’Opale and Ecole des Mines de Douai.

On the chemical composition of PM in the “Littoral Céte d’Opale” region, (Ledoux, et
al., 2002) and (Ledoux, et al., 2006) studied the chemical properties of paramagnetic Fe’" and
Mn®" in aerosols collected in Wimereux and Boulogne-sur-Mer respectively. The latest
showed that paramagnetic species concentrations increased with wind coming from the
continental sector. On the other hand, more focus was given to the city of Dunkerque due to
the multiple pollution sources present in and around the city. Hence, using Electronic
Paramagnetic Resonance (EPR), Fe’" ions were found in agglomerated form within aerosols
coming from the industrial wind sector. In the same time, the study evidenced that
agglomerated iron was found within the coarse PM fraction compared to the iron clusters

found in the fine fraction (Ledoux, et al., 2004). Atmospheric aerosols concentrations in
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Dunkerque were found higher in winter when compared to summer (Ledoux, et al., 2006).
Furthermore, metals such as Al, Ba, Fe, Pb, and Ti were found highly concentrated with
winds originating from the industrial sector in the summer and with urban wind sector in the
winter. In the same study, it was found that 27% of iron was mainly resulting from industrial
activities, whereas Zn high concentrations originated from a continental sector. Finally, LRT
aerosols were found to highly contribute in the loads of SO42', NO5, and NHy4".

Other studies were directed towards uncovering specific tracers of steelmaking
((Lamaison, 2006) and (Hleis, 2010)). Moreover, these studies focused on the
physicochemical characteristics of samples collected at the sources of emissions as well as in
the ambient air under the same sources sectors. In addition, the evaluation of the impacts of
these industrial emissions on ambient air levels of PM was evaluated using receptor modeling
namely: positive matrix factorization (Lamaison, 2006) and non-negative matrix factorization
(Hleis, 2010). These studies uncovered a moderate contribution of industrial sources in the
levels of PMjy. On the other hand, the modeling proved that the loads of certain metals (Fe,
Mn, Pb and Cd) are majorly resulting from industrial contributions.

In addition, (Cazier, et al., 2011) found that PM; 5 collected in Dunkerque were loaded
with Zn that is originated from nearby industries and tyre wear, but also with Mn from Fe-Mn
production site nearby, Ca in CaCO3 form, and Mg-K from crustal and marine sources.

The toxicity of airborne PM;s was studied in Dunkerque to find that industrial and
motor traffic related PM increased oxidative stress and inflammatory responses on L[132
epithelial lung cells (Gargon, et al., 2006). On the other hand, reactive oxygen species as well
as protein secretion of inflammatory mediators were increased due to the exposure of BEAS-
2B human bronchial cells to PM; s collected in Dunkerque. These reactive oxygen species
point at an increase in oxidative damage and bronchial inflammation respectively (Dergham,

etal., 2012).
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I.7.Hypothesis and objectives

The NPAC region is a section of the French zones exhibiting high levels of suspended
particles which are regularly recorded by official air monitoring network stations. On the
other hand, the recorded atmospheric levels of PMy show that concentrations increased above
the limit values many times since 2007, in particular during the winter season and at the
beginning of spring. This seasonal increase was also observed in other regions in France, such
as in Ile de France and Rhone-Alpes. For these reasons, at the beginning of 2011, the
European Committee ranked France in a contentious situation due to the disrespect of the
environmental legislation concerning the daily average limit value. In addition to the
European context, there is an increasing need to understand the reason behind these above
limit values levels on the French national level. Therefore, it is necessary to assemble enough
scientific data in order to provide answers for the questions raised on both national and
European levels.

In parallel, the legislation on the limit values of PM; 5 (Directive-2008/50/EC) evolved
since 2010 and will be roofed to 25 pg/m’ in January 1%, 2015. In addition, we remind that an
objective of 10 pg/m’ (annual mean) is under scope as a long term atmospheric level to be
attainted for an adequate protection of human health.

Until now, few studies had been conducted on the exposition level to fine PM in NPdC
cities. Furthermore, the continuous monitoring of PM, s concentration trends is not yet
matched by chemical analysis. Hence, a real deficiency in the knowledge on the chemical
composition of this fraction is factual, especially in the region where the exposition to regular
road traffic, domestic or industrial emissions is the most prominent.

In this study, we intend to study the chemical composition and origins of PM5s in
average sized cities located next to the littoral facade of the region (Dunkerque, Boulogne-
sur-Mer and Saint-Omer). In fact, up to our knowledge, no studies were conducted on the
chemical composition and origins of PM,s in this region especially in Boulogne-sur-Mer
(coastal) and in Saint-Omer (40 km inland) except some studies in Dunkerque.

There are many reasons standing behind our choice of these three cities:

— Dunkerque is an urban-industrial site that could be influenced by urban,
industrial and marine sectors.
— Boulogne-sur-Mer represents a urban background coastal city that is subjected

to a main marine influence, but does not include any industrial PM emitters.
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Saint-Omer is an urban center located inland and could be influenced by marine
wind intrusions similarly to the first two sites. The city encloses an industrial

site and is surrounded by vast agricultural lands.

The principal objectives of this work aim at:

Acquiring knowledge on the chemical composition of PM, s, like ionic species,
major metallic and trace elements and carbonic fraction.

Identifying different particles sources of emissions

Constructing spatial/chronological trends of PM composition and comparing the
levels of exposition from one city to another.

Evaluating the contribution of natural versus anthropogenic levels in the load of

atmospheric suspended PM, s.

In order to accomplish these objectives, this study was divided into three successive

actions performed following this sequence:

1))

2)

3)

Sampling of PM; s in three cities of the NPdC region: Dunkerque, Boulogne-
sur-Mer and Saint-Omer. In details, two mid-daily sampling campaigns (winter
and spring) will be realized, each of which in two sites simultaneously:

a. Winter campaign: will be achieved in Dunkerque and Boulogne-sur-Mer

b. Spring campaign: will be achieved in Dunkerque and Saint-Omer
Detailed chemical characterization of the samples, with a focus on ionic species,
major elements, trace elements and total carbon. The variations interpretations,
including spatial/chronological trends, will be achieved taking into account the
meteorological conditions as well as the air masses origins.
Identification of emissions sources by means of receptor modeling: a method
based on a non-negative matrix factorization principle. This latter was
developed by Dr G. Delmaire and Dr G. Roussel (LISIC, ULCO), who are
experts in signal analysis and with which the UCEIV laboratory collaborates to
offer its expertise in the environmental approach as well as the chemical tracing
of the sources. This type of models is widely used in source apportionment
studies. On one hand, it identifies emissions source profiles and quantifies the

contributions of these profiles.
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Chapter 11l Materials and Methods used for Sampling and Analysis

I1.1.Introduction

This chapter includes a detailed el planation of the materials and methods used in this
study in order to achieve the oblectives mentioned in chapter 1. It begins [Jith a description of
the Nord-Pas-de-Calais region as [lell as the chosen sampling sites for this study.

A second section [ill follo[], and includes e[ planations on the used sampling materials,
details on the functioning of the high volume sampler, the used sampling filters and the
acquisition of meteorological data.

The third section of this chapter revolves around the analysis materials and procedures
that [Jere used in order to determine the chemical composition of the collected PM; 5 samples.
In total, four different methods [lere used for the quantification of a large list of chemical
species in the collected samples. The chapter [lill be concluded by the sampling protocol

validation el periment.

I1.2.Sampling sites

Our prolect scope is to study PM; s levels and origins in the Nord-Pas-de-Calais (NPdC)
region. The logical choice [Jas to select a group of cities located at a certain distance from
each other and sublécted to a combination of pollution sources including similar and different
types.

The main site under focus in this [Jork is located in Dunkerque (about 222417
inhabitants), follo[Jed by another site in Boulogne-sur-Mer (about 118932 inhabitants) and a
third in Saint-Omer (about 64000 inhabitants), and finally all three sites can be found

illustrated in Figure 1.
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Cigure 17 Satellite imagery s o[ ling te t ree sampling sites cities locations

Our sampling strategy consists of a simultaneous sampling of PM; s at t[Jo sites for
comparison. Therefore, [le divided our sampling campaign into tlJo partsl the first one [las
conducted in [inter (from November 16™ to December 31* 2010) betl leen Dunkerque and
Boulogne-sur-Mer, [Then the second one [las realized in spring (from March 10™ to April 30™
2011) betlJeen Dunkerque and Saint-Omer. Further details on each site characteristics are

discussed hereafter.

I1.2.1. Dunkerque

This city is heavily industrialized and located on the coastline of the north of France,
and is limited by the French-Belgian border from the east. HolJever, the sampling site is
located [Jithin the city center, ne't to the “Lamartine” university building of the "niversit[du
Littoral Clte d’Opale (Lat.[151.03632311Lon.[12.379408). The sampling site [Jas chosen
specifically in a [Jay that allolJs us to sample under the effects of urban and industrial
emissions (Figure 2). In summary, depending on the TJind direction, this sampling site can be
sublécted to a possible influence of a milture of PM sources! the urban sector e[ tends on a
lide range (60[42900) in some sectors of [ hich appears an Electric steel plant (3004700) and
an integrated steel [lorks (260042900) influences. Finally, the northern sector represents the

marine sector influence.
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Ligure 2 Satellite imagery s o[ ling “[Jamartine” sampling site and the major [ M sources influences

Our sampling point [Jas located at 10m elevation from the ground level. It [Jas installed
on the rooftop of the “Lamartine” building to prevent sampling of any punctual events

localized at the street ground level.

I1.2.2. Boulogne-sur-Mer

The second sampling point is located in Boulogne-sur-Mer city and called “Musée”
(Lat.[150.723461[1Lon.[11.608783). Boulogne-sur-Mer is a coastal fishing and touristic site
located at about 70 to 80 km south-[Jest of Dunkerque (Figure 3).

The marine influence through sea salt emissions can affect the site from almost all
directions el cept the SE sector. Direct marine emissions can arrive to the sampling location
from the nearby marine sector (180[24570). In addition, seaport activities can also influence the
city from the [estern side (250733100). Hollever, emissions influence from Dunkerque’s
industrial-urban site is a possibility that cannot be discarded. Thus, NE air masses can hold
marine, urban-industrial and continental types of emissions. Furthermore, the 704180 Jsector

can be a source of continental air mass from inland Europe. Finally, the remaining 180042500
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sector [Jinds can hold urban-marine miled influences. The sampling point in Boulogne-sur-
Mer is located at 7m from the ground level to prevent the sampling of any promptly produced

local emissions.
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Ligure 3[ Satellite imagery showing “Musée” sampling site and the malor (M sources influences

I1.2.3. Saint-Omer

This site [las specifically chosen due to its inland position. It elhibits different
conditions than the first t[lo sites. The main influences are the urban-continental and urban-
marine miled types that can affect the site from the 30042200) and 220[4300] sectors
respectively, as illustrated in Figure 4. Dunkerque’s urban-industrial site might also affect the
city from the NE sector (10[4300) by a marine-industrial miled type of PM. Hollever, a local
light industrial source of PM emissions located in the city of Arques can be considered as an
additional source, [Thich did not elist in the first t[Jo sampling sites. The industry is
represented by a glass factory located in the south eastern side of the city (120721500). Our
sampling location [Jithin the city [Jas located in the city center (Lat.[150.747825(1Lon.[]
2.258617), on the top of a shed used by the French air quality monitoring group (Atmo), and
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is situated in the perimeter of “Lycée Ribot”. The sampler [Jas installed on the roof of the

shed at about 7 m from the ground nelt to a moderately busy street.
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Ligure 4: Satellite imagery showing “Ribot” sampling site and the malor [ M sources influences

I1.3.Materials used for sampling

I1.3.1. DIGITEL® High Volume Sampler DA-80

The sampling at each site [las realized using an automatic High-Volume Sampler
(HVS) made by DIGITEL®! the DA-80 (Figure 5-(A)). The sampler is equipped [lith field
housing for additional protection in the field, and is characterized by an automatic filter
changer, a precision flol] meter coupled to a photoelectric cell (flol] rate sensor) that
regulates the turbine suction poller by monitoring a floater in the flo[] meter. The sampler is
also equipped [ith thermal resistances to regulate the inside temperature of the machine as
Ulell as the sampling head in [Thich the separation of the PM sizes occurs. Heating is used in
the machine to prevent any possible malfunction resulting from freezing [hen temperatures

drop belol] zero.
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Cigure S[TATITIIS [JA8in its field [ousing[ [T/ longitudinal section of
tle [M, s sampling [ead used [lit[/t[ ‘e [JA[8[ for sampling tl e air passing
in t e bottom section ‘red arro [ olds [ M, 5 only.

During sampling, a PM, s impactor ( Figure 5-(B)) [Jas placed on the top of the vacuum
tract of the DA-80. The head has a cut-off diameter of 2.5 ['m, [hich allolls only PM; s (D,
< 2.5 um) to pass through the system into the filters under 30 m’H vacuum at 15[C, 1013
hPa. The receptacle of the head [Jas covered [lith a thin layer of Dol| Corning® high vacuum
grease to keep undesired larger particles from rebounding inside the tract.

Finally, the DAS8O is also capable of recording outside temperatures and atmospheric
pressure in addition to sampling data such as date, sampling start and end time, air flo[]
correction coefficients, pressure correction coefficients, and most importantly the real
sampling volume taking into account sampling temperature and pressure. Metallic grids [Jere
used to stabilize the DA-80 that [Jas firmly attached to. The grids held about 150 kg (15 [110
kg) of cement blocks made specifically to maintain a stable position [Then sublécted to heavy

Uinds (Figure 6).
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Cligure 6/ 1" oto of tle (A8 ig/Ivolume sampler location in [Tunker ue s o ling t[e stabili(ing metallic
grid on tle floor [olding about 151]kg of cement.

I1.3.2. Sampling filters

The choice of filters [las linked to the oblectives of the proléct. It is highly related to the
analytical procedure and the chemical species that are aimed at in this [lork [|hich include a
list of elements, [Jater soluble ions and total carbon. Therefore, [le [Jere forced to consider
t[Jo main filters matrices  cellulose and quartz fiber filters. The first type is used for elements
and ions analysis, [/hen the other is typically used for carbon quantification. Hol lever,
cellulose based samples cannot be used for carbon analysis since the carbon loaded matrillof
the filter [Jill bias our results. On the other hand, [Je found through chemical analysis that
unlJashed quartz fiber filters have high contents of metals incrusted [Jithin the fibers (see
Table 8 in section I1.5), and hence are not [ashable [ith acids. Therefore, (e [lere obliged to

use both types of filters simultaneously for sampling.

I1.3.2.1. Cellulose filters contamination reduction

"InlJashed [ hatman® 41 cellulose filters (150 mm) have significant concentrations of
many elements (up to 15 pglg in the case of Fe for el ample). These filters need to be [Jashed
before sampling and therefore [lere treated as described by (Ledoul] et al., 2006) for Fe
analysis. Filters are submerged in 0.5M HCI and 0.5M HNO; for 24h, then rinsed [Jith
ultrapure [Jater (MilliQ®, Millipore! resistivity[ 18.2 MQ.cm). Then, filters are dried under a
laminar flo'] hood (Class 100, [IS Federal Standard 209a), and hermetically kept in cleaned
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Petri dishes and stored in a freezer (-20°C). This treatment lo[ lers the Fe contamination under

0.1 pg per filter, and contents of all other metals are lower than the detection limits.

11.3.2.2. [Juart( fiber filters contamination reduction

T hatman® QMA quartz microfiber filters (150 mm) [Jere sealed inside handmade
aluminum foil pouches, one pouch for each filter. After opening one side of the pouches,
filters [Jere heated up to 450[C in a closed oven for 48 hours in order to decrease carbon
content to belol | the detection limit. After[Jards, each filter []as conserved inside its original

pouch until sampling.

I1.3.3. Meteorological, PM,, and PM, 5 data acquisition

Meteorological data included rainfall occurrence and quantity as [lell as [Jind
directions, speed and gusts [lere acquired from MI[t[o France (Convention [ILCOMItlo
France). The stations in [Thich the data [Jas recorded are located in Dunkerque (station n[]
59183001), Boulogne-sur-Mer (station n/162160001) and Radinghem (station n[162685001).
This latter is an inland station located nel t to our site in Saint-Omer.

As for the PM, 5 hourly average concentrations (in [gim®), the data [Jas retrieved from

Uebsite of Atmo-NPdC (http 1] [.atmo-npdc.fr), TThich can be found in the information

section on daily recording. ] e should note that PM, 5 data [Jas available only for Dunkerque,

[Jhereas PM, Llas retrieved for all three sites.

I1.3.4. Filters preparation before sampling

Our oblectives force us to consider [ hatman® 41 cellulose filters and [ hatman®
QMA quartz microfiber filters as substrates for PM sampling. Consequently, e found that
combining the tllo types in one filter can be used as a support for sampling. This filter is
constituted of half cellulose filter glued using an adhesive tape to a half quartz fiber filter.
This resolves the analytical problem by giving us one half of a filter as cellulose for elemental

and soluble ions analysis and the other as quartz fiber for carbon quantification (Figure 7).
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Ligure 7 lilter preparation using [uart[fiber filter (al glued using an ad[esive tape (b}
to a cellulose fiber filter [¢[]

This milture resolved the analytical issue but conversely created another problem that
concerns the volume of air flulIthrough each part of the filter. [Jsually, [Then sampling occurs
using a homogeneous filter (one type of fiber), PM deposition is considered to be uniform on
the filters surface because air is passing regularly through the surface. This fact could not be
adopted in our study since the filter is made from t[ o different matrices, and obviously one
side [ill have higher flullthan the other as can be clearly seen in one of our samples.
Furthermore, the collected particles are deposited on the surface of the quartz fiber filter, but

they penetrate deeply into the fibers of the cellulose filter (Figure 8).

Cigure 81 ample of a sample taken using t'e
[JA8[ Tt e darker side represents t[e [uart[]
semilfilter [ 1 en tl e ot er lig/ ter one is tl e
cellulose semilfilter ad[ esive tape can be seen
in tle middle.

One consequence of this difference in air flules is the accumulation of PM on one side
more than the other, [Thich [Jill eventually leads to an under- or over-estimation of the

concentrations depending on the analyzed chemical species.
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Finally, in order to filIthis problem, [le proposed a method that has been validated and

described in section IL.5.

I1.4.Analysis of inorganic components and total carbon

In this [Jork, an important list of chemical species [las analyzed [Jhich includes the
folloling elements[Ag, Al, As, Ba, Bi, TC, Ca, Cd, Co, Cr, Cu, Fe, [1, Mg, Mn, Na, Nb, Ni,
P, Pb, Rb, Sb, Sc, Sn, Sr, Te, Ti, TI, V and [n. In addition, the follo[Jing list of [later soluble
ions [Jas also analyzed[NHﬁ, CI', NO5™ and SO42'. The analysis of the elements [ las realized
using Inductively Coupled Plasma-Mass spectrometry (ICP-MS) and Inductively Coupled
Plasma Atomic Emission spectroscopy (ICP-AES), [hereas the analysis of total carbon [Jas
achieved using a CHNSIO microanalysis. Finally, the [Jater soluble ions [Jere quantified
using ion chromatography. These techniques, along [ith their respective analytical conditions

are detailed in the upcoming sections.

I1.4.1. Inductively Coupled Plasma-Mass Spectrometer (ICP-MS)

This method [las used in our study in order to quantify a list of elements that is usually
found in trace amounts in the atmosphere. It requires dissolution of the collected particles in

order to be introduced in the analyzer in liquid form.

I1.4.1.1. Samples preparations

Ising a scalpel blade, approlimately 250 mg (about 1[8th) of each sampled cellulose
and quartz fiber filter [Jere cut and placed into a PTFE flask, then digested [lith 5.5mL of
HNO;HFHCIO4 (401100.5 viviv, Suprapur®, Merck®) at 120[C for 4h. The acids [Jere then
evaporated at 170[C for 4h using heating [lells, and ultrapure [Jater [Jas added to the residue
and heated at 90[C for lh. In order to perform this digestion, [le used a DigiPREP MS®
digestion kit that allo[Is the digestion of 48 samples simultaneously.

Finally, the cooled solution [las diluted [Jith MilliQ® [Jater up to 10 mL added [Jith
0.20J of nitric acid and filtered on PTFE membrane (0.45 [m) prior to analysis.

I1.4.1.2. ICLIIMS principles and c[ aracteristics

Metals analysis [Jas realized using inductively coupled plasma-mass spectrometer (ICP-
MS) coupled [Jith a collision reaction cell to minimize polyatomic interferences during the
measurements. The analysis begins [Jith the sample inlection in the analyzer, and then the

solution containing the elements passes through a nebulizer [hich transforms it into fine
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droplets and inlects it in the plasma torch in a flullof argon gas. The argon gas is burned [Jith
the droplets at 8000°C [hich is sufficient to ionize all the atoms in the sample by eliminating
one peripheral electron from each. Inside the torch, the sample goes through different phases!(!
liquid, solid, gas, atom then ion. The latter enters a quadrupole unit that separates in a fraction
of a second the ions depending on their mass to charge ratio (m(z). Hence, each ion quits the
quadrupole at a certain specific time. Finally, the concentration relative to each element that
hits the detector is proportional to its quantity in the sample and is measured by the mass
spectrometer in counts per second.

Many polyatomic species such as ArC, ArO", NaAr, CaAr, and MgAr" can disrupt
the measurements due to the fact that they have the same m(z ratio than that of other analyzed
elements. For that reason, [Je usually break polyatomic species by using the follolling
collision gases[ helium, hydrogen and air. These gases are in/écted one at a time in a Collision
Reaction Cell (CRC) located betlleen the plasma torch and the mass spectrometer. This
section of the instrumentation is also knolIn as Collision Reaction Interface (CRI). The gas
collides [lith polyatomic species, breaks them and continues its path. Collision gases selection
is based on their efficiency from a thermodynamic point of vie[, and also on the atomic mass.
Smaller masses reduce the loss of sensitivity due to atoms dispersion during the collisions.

Table 1 illustrates the characteristics of our ICP-MS method.

[Jable 1 ist of t[e elements analy ed by IC[IIMS[t[eir calibration ranges and detection limits

[lement Atomic mass C[II gas Callbr%)t;:)nmrange Dete%lg; élmlt
Sc 45 Air 02-05-1-2-5-10 0.084
Ti 49 Air 02-05-1-2-5-10-20-50 0.055
v 51 Helium 02-05-1-2-5-10-20 0.005
Cr 52 Helium 02-05-1-2-5-10-20 0.006
Mn 55 Helium 02-05-1-2-5-10-20-50 0.006
Co 59 Air 02-05-1-2-5-10-20 0.059
Ni 60 Helium 02-05-1-2-5-10-20 0.032
Cu 65 Helium 02-05-1-2-5-10-20-50 0.039
As 75 Air 02-05-1-2-5-10 0.162
Se 77 Air 02-05-1-2-5 0.221
Rb 85 Air 02-05-1-2-5 0.059
Nb 93 Air 02-05-1-2-5 0.087
Ag 107 Air 02-05-1-2-5-10 0.077
Cd 110 Air 02-05-1-2-5-10 0.038
Sn 118 Air 02-05-1-2-5-10 0.105
Sb 121 Air 02-05-1-2-5-10 0.112
Te 128 Air 02-05-1-2-5-10 0.084
Tl 205 Air 02-05-1-2-5-10 0.121
Pb 208 Air 02-05-1-2-5-10-20-50 0.072
Bi 209 Air 02-05-1-2-5-10-20 0.145
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For the analysis [e used a Varian® 820-MS, [lith a Collision Reaction Interface (CRI)
in [Thich [Je used helium as collision gas in addition to air used to quantify elements [Jith
minimum polyatomic interferences. Data treatment [Jas realized using Varian® ICP-MS
elpert v2.1 b105 softlJare.

Standard solutions for ICP-MS calibration [Jere prepared from a multi-element solution
(10 ppm). The dilutions [Jere achieved using MilliQ® ultra pure [Jater, and the volumes [ lere
measured by [Jeighting the flasks at each addition to obtain higher precision. Calibration
solutions [Jere also acidified [Jith 0.2[1 HNO;3 Suprapur®.

The Detection Limits (DL) calculated for the studied elements given in Table 1 are
equal to three times the standard deviation value calculated from 10 blank solution
measurements. All the considered elements gave above DL concentration values, el cept Se

Chich [as allJays belol] DL.

I1.4.2. Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

ICP-AES [las used to quantify some elements that are usually found in moderate to
high concentrations in the atmosphere and hence do not require any additional sensitivity in
the detection procedure. Our ICP-AES instrument is the iCAP 6000 Series from Thermo
SCIENTIFIC®. The functioning mode of the instrument is similar to the ICP-MS Varian®
820-MS described above, but the chemical species detection is different.

The samples should be introduced in the analyzer in liquid form. Therefore, the same
solutions obtained after samples mineralization (see section 11.4.1.1) [lere analyzed [lith this
technique. Each sample is inlécted and then sprayed [lith a nebulizer inside a plasma torch
"here the elements of the sample change phases starting from liquid, passing through solid
and gas, and ending in an elcited atom form. Instantly after the transformation, the elcited
atom [ill return to its initial non-el cited status and emit a ray that is characteristically linked
to the atom. The group of rays emitted from the elcited atoms is transferred inside a
dispersive system and then diverged to separate each ray by its [Javelength. The diverged rays
are redirected to face a plate formed by photomultiplier that increase the [lavelengths
intensity and transform it into electric signals corresponding to each element. The electric
signals are captured and prolécted as peaks that are proportional to the corresponding
elements concentrations. The electric signal treatment [Jas realized by Thermo® iTEVA-
Control Center v 2.5.0.84.

One inconvenience can be encountered [ hen using this method is the presence of many

energy levels for atomic el citation/ /thus one atom can emit many rays (having different
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Cavelengths) [hile going back to non-e! cited status depending on [hich high energy level he
is found at after elcitation. The selection of rays [las based on the capacity of these latter to
give the highest intensity for each element and on the minimum interferences bet! leen them.
The list of elements quantified using this technique, along [lith the respective analytical
conditions are illustrated in (Table 2). In the case of Fe, Mg and Na, the concentration [Jas the
average concentration found betl leen the t[lo highest intensity rays. The instrument used for
the analysis can also detect emitted rays using t[lo modes! radial detection and direct alial
detection. The latter is the most sensible beteen the t[Jo methods, and hence it is selected for

our analysis.

Clable 2 1Llist of elements analyled by ICLTAISCtleir calibration ranges and detection limits

lement Wavelengt[ s Calibration range Cetection limit
m(] 'ppbC ppbt

Al 1670 50 - 100 - 250 - 500 - 1000 - 2000 - 5000 4
Ba 4554 05-1-25-5-10-20-50 0.4
Ca 3933 50 - 100 - 250 - 500 - 1000 - 2000 - 5000 29
Fe 2382 2599 50 -100 -250 - 500 - 1000 - 2000 - 5000 21

0 7698 50 - 100 - 250 - 500 - 1000 - 2000 - 5000 15
Mg 2795 (2802 50 - 100 - 250 - 500 - 1000 - 2000 - 5000 13
Na 5889 5895 50 - 100 - 250 - 500 - 1000 - 2000 - 5000 33

P 1782 5-10-25-50-100-200 - 500 3
Sr 4077 05-1-25-5-10-20-50 0.2
‘n 2138 5-10-25-50-100-200 - 500 2

I1.4.3. CHNS-O Analyzer

QMA quartz fiber filters [lere used for total carbon analysis. For this latter, [le used a
FLASH 2000 Organic Elemental Analyzer from Fisher Scientific®. The analyzer is equipped
ith tlo chromatography columnsone for C, H, N and S analysis, [|hereas the other is for O

detection.

11.4.3.1. Samples preparations

Approlimately 30 mg of each QMA quartz fiber filter [las [leighted using a Mettler
Toledo® microbalance [lith a 0.01 mg precision. This [leighted fraction of the filter is
enclosed in tllo (25 [125 mm) Thermo Scientific® tin foils using laboratory tlleezers. The
samples are then arranged in an automatic sampler that is piloted by the analyzer soft! Jare

(Thermo Scientific® Eager El[perience version 1.2).
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11.4.3.2. CUI[IS[T] Analyler principles and c[ aracteristics

The quartz reactive column is composed of a combustion area at the top, [hich is a fel
centimeters of empty space that is heated up to 900[C to allol] the combustion of the
introduced sample. After(lards, a 10 mm layer of quartz [Jool separates bet(leen the
combustion zone and a fel | centimeters layer of cooper olide granules. This latter is separated
from cooper metallic bars (up to 10 cm) by another 10 mm layer of quartz [lool. At the end of
the cooper bars, another 25 mm of quartz [Jool are laying on the bottom of the column. A
constant helium flullpasses through the column and plays the role of carrier gas.

The sample enclosed in tin foils is introduced into the heated combustion side of the
column [lere tin rapidly atomize, thus increasing the temperature around the sample up to
1800LC approlimately. This reaction occurs in the heated combustion area at the top of the
column. At this high temperature, all carbon content of the sample in the capsules is atomized.
Total released carbon is then olidized into CO; after passing through the olidation section
formed by cooper olide granules. The el cessive ol ygen is captured in the cooper bars [ Thich
are the reduction section of the column. Then CO; passes [lith helium gas vector into a gas
chromatography column (used for the separation of C, H, N, and S), to continue after( lards
into the detector[ a katharometer. The detection at this level is measured by the difference in
the thermal conductivity bet[Jeen the carrier gas and the formed CO,.

Calibration of the analyzer [Jas realized using soil (2.290] [1[1] carbon) and cystine
(C6H12NO4S,1130.0501 [1111] carbon) certified reference materials. The calibration details are
summarized in Table 3. The DL for TC analysis [Jas calculated using the standard deviation
(SD) equation applied on 10 measurements of Tin paper blanks TC content[IDL [13 [I1SD.
The DL of our analyzer [las 0.00367 mg of carbon, [lhich is verified to be loler than the

contents of all analyzed samples in this study.

[able 3 Calibration range for [/C analysis

Soil [IC content [T g[ ] Cystine LIC [Tigl]
Standard 1 4 Standard 1 19
Standard 2 8 Standard 2 60
Standard 3 14 Standard 3 138
Standard 4 20 Standard 4 155
Standard 5 23 Standard 5 256
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I1.4.4.Ton Chromatography (IC)

I1.4.4.1. Samples preparations

Anions and cations [ lere el tracted from a piece of the cellulose filter (about 1[6“’) that
is sliced using a scalpel blade, then [Jeighted and placed in the bottom of a beaker and
covered [Jith a small quantity of Milli-Q® ultrapure [Jater (2 to 3 mL). The beaker is placed
in an ultrasonic bath for 15 min, and the leachate containing the ions is filtered using a syringe
coupled to a Sartorius® cellulose acetate membrane (porosity 0.45 um). The leachate is then
placed in a polyethylene flask. The filter [Jas submerged again in fe[] milliliters of ultrapure
[later Milli-Q® before undergoing another ultrasonic bath and filtration. The same procedure
[las repeated three times successively. The final volume of the gathered el tracted solutions in
the flask is finally adusted up to 20 mL by adding ultrapure [Jater, and the resulting solution

is conserved in the fridge at 4°C until analysis.

11.4.4.2. Ton c[ romatograp! y principles and c[ aracteristics

Simultaneous analysis of [later soluble anions (F, CI, NOs, PO, and SO42') and
ammonium (NH, ) Cas realized using a Dione D[ 100® coupled to a Dione[JICS 900® ion
chromatography column, after [Jater leaching of a part of the collected cellulose filter.. The
information given by the conductivity meter [as treated using CHROMELEON® soft[Jare.

For anion analysis, a solution made from Na,CO; and NaHCO; (3.5 mM and 1 mM
respectively) is used as mobile phase. It passes in the chromatographic column in a 1.2
mLmin solution flull An electrochemical suppressor is used to decrease the mobile phase
signal. On the other hand, an initial anion stock solution of 500 mg[LL [Jas prepared using
EMSIRE® MERCII NaF, NaCl, NaNO;, Na3;PO4 and Na,SO, salts. The calibration range
covered a range betl Jeen 0.5 and 100 ppm including 1, 2.5, 5, 10, 25 and 50 ppm.

A solution of methane sulfonic acid (CH3SO;H, 20 mM) is used as mobile phase in the
soluble anions analysis, in a 1.2 mL[in eluent flull An electrochemical suppressor is also
used to neutralize the conductivity of this mobile phase. Calibration of the anion column [Jas
realized using a stock solution (500 mg(L) prepared from NH4Cl salt from EMSIIRE®
MERCI . The etalon covered the same concentration range used for anions analysis.

Finally, a succession of blanks analysis enabled us to estimate the detection limit of our
analyzers for both anions and cations. This detection limit [Jas calculated for each ion based
on the standard deviation of the results of 10 ultra pure [Jater Milli-Q® blank samples
follo[ing the same equation used for TC detection limit[IDL [13 [JSD. The results sholled
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that F~ and PO4> ions could not be detected, [lhereas for the rest of the ions the DL are

summarized in Table 4.

[Jable 4 [etection limits [T1[ 1 found for t"e analy ed ions

Tons 00" - Cl” 00, 004" S

DL (ppm) 0.00296 ND* 0.00296 0.00008 ND* 0.00009

*ND: not detected

I1.4.5. Analysis of certified standards

In order to validate our sample preparation procedure as [lell as the reliability of our
measuring technique, [le analyzed a certified urban particulate matter sample (NIST SRM-
1648) using ICP-MS, ICP-AES and Ion Chromatography, as [lell as soil (Thermo Scientific®
certificate 133317) and cystine (Thermo Scientific® certificate 134139) reference materials
using the CHNS-O analyzer.

Ising the same method described in section I1.4.1.1, our SRM-1648 certified dust
sample [las digested and prepared for elemental analysis for a selection of elements. Table 5
sholJs the details about this analysis, in [hich the recovered values proved to be highly

acceptable.

Clable SCSummary of [ISC SLIM[1648 analysis using ICL/IMS and ICLTATS

[Ibtained values Certified values [lecover
[lements Analyler ! v tHied vatd very

SD O SD [
Al ICP-AES 3437 +0,127 342 +0,11 101
Ba ICP-AES 0,071  +0,002 0,074 - 96
Ca ICP-AES 5,956  +0,190 - - -
Fe ICP-AES 3,894  +0,030 391 +0,10 100
O ICP-AES 1,032  +0,002 1,05 +0,01 98
Mg ICP-AES 0,781 +0,023 0,800 =+0,014 98
Na ICP-AES 0,406 +0,014 0,425 £0,002 96
Sr ICP-AES 0,021 +0,001 - - -
(h ICP-AES 0,436 +0,006 0,476 =£0,014 92
Cu ICP-MS 0,059 +0,001 0,061 - 97
Mn ICP-MS 0,081 0,003 0,079 - 103
Ti ICP-MS 0,392  +0,006 0,400 - 98
Pb ICP-MS 0,692 +0,007 0,655 =+0,008 106
\ ICP-MS 0.015 +0.002 0.014 +0.0003 104

On the other hand, TC certified soil and cystine samples [lere also analyzed using our

CHNS-O analyzer. Soil dust and cystine crystals [lere [leighted and enclosed in tin capsules
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before analysis, follolling the same protocol used for our samples analysis. The results
summarized in Table 6 sholl very good recovered values, [Thich prove that our analysis

conditions are optimal.

Cable 6 Summary of soil [¢ertificate 133317 iand cystine [¢ertificate 134139( total carbon analysis

Ueference Measured (mg| SD Certified 'mg/ |  [lecovered [ []
Soil TC 0.01092 +0.00026 0.01086 101
Cystine TC 0.06451 +0.00122 0.06437 100

Finally, the SRM-1648 [las also used to validate our [later soluble anions analysis
protocol. From the certified material, 2.2 mg of particles [Jere deposited on a cellulose filter.
The latter [as treated [Jith ultrapure [ater follolling the protocol described in section
I1.4.4.1. The solution [as analyzed for Cl" and SO42' contents, and the results are summarized
in Table 7. Nitrates and ammonium contents could not be analyzed because the SRM-1648

certifies a total nitrogen percentage only.

[Jable 7 Summary of [1IS'] STIM[1648 certified anions analysis

Ion Measured [ [] SD (%) Certified (1] [] Cecovered (1] []
Cr 0.47 +0.02 0.45 104
SO~ 14.1 +0.5 15 94

*Certified to 5% as “S”, converted to 15% as SO42'

I1.5.Sampling protocol validation

In the previous section, [le described the reasons behind the use of a dual type of filters
combined in one for our sampling campaign. The use of this montage [ill eventually leads to
a difference in PM deposition on each half of the filter. The turbine used in our DA-80 creates
a stable flulin the sampling system, [Jhich [ill be divided unequally bet!leen the cellulose

and quartz fiber part.

I1.5.1. Methodology

In order to correct for this PM deposition difference, [le [Jere obliged to find a method
that allo[’s us to calculate the eCact volume that passes through each half of the filter. The
idea [Jas to determine the mass of a reference element that has been collected on each of the

tllo parts of the filter (quartz fiber and cellulose)[ the collected mass is directly proportional
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to the volume of filtered air. The reference element must be present in lo[] quantities in both
Tlashed cellulose and glass fiber filters, but also relatively abundant in the PM in order to
better determine hol | the PM is distributed bet! leen the t[]o parts of the filter.

"Jashed cellulose filter blank values are found very loI[all trace metals contents are
belol | the DL (see section I1.3.2.1). This is not the case for the QMA quartz fiber filters [ /hich
contain a large variety of trace metals (Table 8). Among those, the choice of the reference
element is guided by considering its high abundance in the atmosphere compared to its filter
content. For eCample, Ag, Bi, Co and Nb sholed interesting lo[] contents in the filter but they
elist in trace concentrations in ambient air. Consequently, Cu [las selected as the reference

element.

Cable 80 Crace elements contents in
[IMA [uartlfiber filter [in ng(g of filter ]

[ lement nglg
Ag 34
As 261
Bi 119
Cd 128
Co 40
Cr 1050
Cu 162
Mn 724
Nb 53
Ni 302
Pb 375
Rb 409
Sb 458
Sc 798
Sn 211

After chemical analysis of each part of the filter, [le quantified the masses of Cu
sampled in the cellulose part (Cucenr) and in the quartz fiber part (Cugma) of the miled filters.
Thus, the total mass of collected Cu (Cuyoy) is the sum of Cuce [ Cugma, and is directly linked
to the total sampled air volume. In these conditions, the volume of air passing through the

cellulose part of the miled filter (V) is equal to

Cucell (ng)
——— XVt [l mation [1[]

cell =
Cutot (ng)
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Similarly, the volume of air passing through the QMA quartz fiber part is given by

Cuqma (ng)

Voma= *Viot O uation 20

Cutot (ng)

The calculated V. is used to determine elements and [Jater soluble ions atmospheric
concentrations quantified from the cellulose half of the filter, [hereas Vqoma is used to
determine the atmospheric TC concentrations [ hich are measured using the glass fiber half of

our miled filter.

I1.5.2. Results

In order to validate the proposed methodology, a sampling campaign [las realized using
tllo DA-80 samplers in parallel for a period of seven days, beginning from 051212010 till
0571912010. One of the samplers [Jas loaded [lith 15 [Jashed cellulose filters (see section
I1.3.2.1) and the second sampler [las loaded [lith 15 of our laboratory made miled quartz-
cellulose fiber filters (see section 11.3.4). The t[ o samplers [lere placed nelt to each other in
Dunkerque’s site and launched at the same time for the same sampling period. Two samples
of PM, s per day (12 hours each) [Jere collected for a total of 14 samples that can be used to
validate the protocol.

Atmospheric concentration values obtained using the miled quartz-cellulose filter
according to the previously described methodology, [ill be compared to the atmospheric
concentration values obtained using the [Thole cellulose filter considered as reference.

The quantification of the Cu masses in the cellulose and QMA parts of the miled filters
sholls different concentrations as illustrated in Table 9. This proves and confirms that the
volumes penetrating through each section of the filter are not equal. The application of
Equation (1) and Equation (2) allolJed the determination of the filtered air volume through
each partl Vi and Vgma (Table 9). This last result shols that Ve and Vgma are not only
different [lhen compared to each other, but also not equal betlleen the samples. The
difference can be el plained by the fact that the surface of each part of the miled filter is never
elactly equal to the other. Sometimes [e can have more cellulose surface than QMA in one

filter, [Then in contrary [Je can sometimes have larger QMA surface than cellulose in another.
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[able 9. Mass of Cu sampled on tle cellulose part and on t'e [uart[fiber part of t'e miled filter and
corresponding air volume passing t roug(’

ates Cuca Cu ma Dtgt Cuyy chu U MA

ng| ng| m’ ng'| ] m’
0511212010 (00-12) 56 122 333 178 105 228
0501212010 (12-24) 37 77 333 114 109 224
051312010 (00-12) 246 246 333 492 166 167
0501312010 (12-24) 181 244 329 425 140 189
05114722010 (00-12) 145 136 331 281 171 161
0511412010 (12-24) 101 101 327 201 164 163
0511512010 (00-12) 194 206 329 400 160 170
051522010 (12-24) 100 116 330 215 153 177
0511612010 (00-12) 58 73 332 131 147 186
0511612010 (12-24) 183 167 330 350 173 157
051722010 (00-12) 180 198 332 378 158 174
051722010 (12-24) 209 293 326 502 136 190
0511812010 (00-12) 211 236 326 447 154 172
051822010 (12-24) 124 147 325 271 149 176
0519722010 (00-12) 118 72 327 190 204 123

Finally, [le compared the atmospheric elemental concentrations (in ng'm®) determined
from the miled filter using V¢ [lith the ones found by analyzing a part of the complete
cellulose filter sample using V. Figure 9 illustrates this comparison for some of the less
abundant elements [hich quantification is the most problematic. The figure shols that the
atmospheric concentrations obtained using the miled filter are very close to those found using
the [Thole cellulose filter. The recovery appears to be betlJeen 891 for Bi and Sn and 106[]
for Ag, Thich is very acceptable considering that studied elements are present at very lo[
concentration values. Thus, [le can conclude that the methodology proposed here allolls a
precise estimation of the elemental atmospheric concentrations using mil ed quartz-cellulose

filters and Cu as reference element. The sampling protocol is then fully validated.
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Chapter II1[ Concentrations trends and statistical analysis of ME, SI and TC

II1.1.Introduction

Tracing metals, ions and total carbon sources is found to be of a great importance as
highlighted in Chapter I. Follol ling the detailed el planation about the sampling and analytical
method in chapter II, [Je present and discuss the results herein. The encountered
meteorological conditions [ill be detailed for each of the studied sites[ Dunkerque, Boulogne-
sur-Mer, and Saint-Omer. The result interpretations [lill incorporate four chemical species
groups!

— Malor Elements (ME) including[ Al, Ca, Fe, [], Mg and Nal

— Trace Elements (TE) [hich groupl/Ag, As, Ba, Bi, Cd, Co, Cr, Cu, Mn, Nb, Ni,
P, Pb, Rb, Sb, Sc, Sn, Sr, Te, Ti, Tl, V and [n[_

— Soluble Ions (SI) [ hich assemble [NH4[, CI', NOs and SO42']

— Total Carbon (TC) [hich includes both Organic “OC” and Elemental Carbon
“EC”.

Hollever, in this chapter, TE elements [lill be considered all together as a global trace
elements concentration. The detailed analysis of this group [ill be achieved in Chapter IV.

An inter-site comparison bet[leen the average concentrations found in each site of
simultaneous sampling [Jill be included in this chapter. Also the average concentrations found
for the above mentioned list of elements [Jill be compared to other results found in other
studies conducted in specific sites in Europe. Furthermore, a diurnal evolution of each
chemical species in ME, TC, and SI [ill be studied and compared [Jithin each site. And
finally, a study of chemical species enrichment in relation to [lind directions [lill be

conducted using concentration roses.

I11.2.Meteorology in the “Littoral C[ te d’Opale” coastline

The typical climate of this region is oceanic temperate, [lith modest seasonal variations
and almost regular precipitation at the end of the year, bet[Jeen mid autumn and till the end of
Cinter.

"lind flules can hit the region from all four sides, [Jith each direction presenting its
oln characteristics and can influence local [eather!’

— [Inder a [lestern flul] the region is found situated on the alis of atmospheric
depression circulation coming from the Atlantic Ocean. In this case, [ind speed

can be found high if not stormy, follol led by precipitation (high humidity).
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— [Inder a southern flul] air masses that pass over France can reach to the region.
These air masses are found to heat ambient air in [linter and can drastically
increase temperatures in summer causing heat [ Javes. In this case, the region can
sometimes be considered as one of the hottest spots in France, [ith temperatures
reaching 30([C, even on the coastline.

— Northern flul] [linds are usually coming from the North Sea. These flules
represent typical northern cold air masses. In this case, temperatures are found at
their lo[Jest levels, [Thich might lead to hail or snol! fallout in the region during
linter season.

— A dry and sunny [Jeather can be observed in spring and summer seasons under
eastern flul] but it can also lead to a glacial [Jeather during [linter [lith a
cloudless sky.

Furthermore, the dominant [Jinds are from the NE and S[] sector in general [lith
different properties. [lind blolling from the NE sector comes along [Jith anticyclone
conditions. Typically, the [Jeather is found to be stable, [Jithout precipitation, and [lith lo[!
"ind speed leading in most cases to the accumulation of pollutants in the atmosphere. On the
other hand, [inds from the S[I sector are linked to atmospheric depression conditions. They
are usually characterized by high [lind velocity and abundant precipitation that leads to a
rapid dispersion and rainout and[0r [Jashout of atmospheric pollutants respectively.

Monthly mean temperatures and rainfall accumulation data retrieved from

[l ].lameteo.org database for the past 30 years (1981-2010) are illustrated in Figure 1. Saint-

Omer data [ lere not available.
The trend sholls that the lolJest recorded temperature (about 5[C) occurs during
lanuary-February and the highest [las encountered during [uly-August (around 18[C).

Furthermore, rainfall monthly accumulations [lere the highest during October and November.
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This glimpse on the regional climate resumes only a generalized on the Littoral Cote
d’Opale weather, [Thich reflects the climatic situation of the NPdC region. Hollever, local
differences may be found [hen [le focus on a specific time period or on a specific site.
Therefore the follolling section [Jill e[pose the meteorology observed during the sampling

periods.

I11.3.Meteorology encountered during t/ e sampling campaigns

During the sampling periods, [lind velocity and direction, precipitation, and
temperature measurements [lere retrieved from M[tlo France and from our onsite [Jeather
stations, and used to dral! [Jind roses, precipitation trends and temperature trends for the

sampling sites. [ ind velocities [Tere divided into four malor classes illustrated in Table 1.

Cable 1[ Classification of t[ e encountered [ ind speeds during our sampling campaigns

Wind speed  [Jelocity [in m's/| [Jank in [Jeaufort scale [lescription

High 8 5t0 8 Fresh breeze to fresh gale
Moderate 4to8 3to4 Gentle to moderate breeze
Lol 2to4 2t03 Light to gentle breeze
Very lo[] (2 Otol Calm to light air
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For very lo[] speed [linds, [lind velocity is el tremely lo[] and therefore a specific [Jind
direction cannot be defined. As for precipitation, its accumulation (sum of precipitation
heights recorded in mm) [ill be discussed per [ind sector (45 leach).

Finally, temperature trends retrieved from the DAS80 automatic sampler [lill be
presented in the form of trend lines for each site per campaign. These graphs [lill display
temperature evolution during tllo daily periods(the first one from 00h to 12h (midnight —
noon) and the second from 12h - 24h (noon — midnight).

I11.3.1.Winter campaign

Sampling during the winter campaign was held in Dunkerque (from 11/18/2010 to
12/31/2010) and Boulogne-Sur-Mer (from 11/16/2010 to 12/28/2010) simultaneously. A total
of 81 and 86 samples were taken at Dunkerque and Boulogne-sur-Mer respectively.

This campaign was characterized by rainfall accumulation of 69 mm (Dunkerque) and
49 mm (Boulogne-sur-Mer) during the sampling period. When compared to the usual rainfall
recorded at these sites, the results are found below the historical averages calculated for the
same period, which were 98 and 123 mm for Dunkerque and Boulogne-sur-Mer respectively

(www.lameteo.org). Furthermore, the average temperatures were 1°C (Dunkerque) and 2°C

(Boulogne-sur-Mer) and are much lower than 7 °C which is usually found at these sites

(www.lameteo.org).

During this first sampling campaign, precipitation and temperature were found different
than the usual averages of the region: the climate was colder and dryer. Therefore, in the

following sections we will detail our recorded meteorological conditions at the sampling sites.

I11.3.1.1.Wind, precipitation and temperature conditions in Dunkerque

A closer look at Dunkerque’s winter wind rose (Figure 2) shows that most frequent
wind directions were E, followed by S, NE and NW. An examination of wind velocity shows
that high speed wind came from all previously mentioned sectors with a frequency of 22%.
Furthermore, moderate speed wind (4 to 8 m/s) was recorded coming from E, S and NW
sectors (48% frequency). Finally, low speed wind was found coming from S and E directions
(25% frequency), when very low speed wind was almost absent in Dunkerque during this
campaign (5% frequency). We should note that the recording shows only NE winds, which

does not accord with the usually expected NE and SW dominant wind tendencies.
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"In the other hand, total precipitation in Dunkerque during this period was 69 mm.
Figure 3 illustrates in details the evolution of precipitation in relation to wind direction. We
can distinguish that rain was poured heavily with winds coming from directions between W
and NE (270° — 0° — 45°). Furthermore, winds from the S to W (180° — 270°) directions
contributed in less rainfall than the previously described sectors. The lowest rainfall quantity
can be observed with E to S winds (90° — 180°).

“Jowever, a comparison between wind speed and rainfall concludes that high speed

winds are not necessarily related to precipitation in this period.
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Temperature fluctuations in Dunkerque in this period were ranging from 8 to -8°C
(Figure 4). These trends prove that our campaign was conducted under real winter weather
conditions. In addition, snow episodes were recorded for this period between November 26™ -
December 2™ and December 17" - 19™ of 2010. These dates are marked by subzero

temperatures.
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"local variations show slightly higher temperatures in the 12h-24h period when
compared to 00h-12h ones. Normally, higher differences should be expressed between the
two periods, but the observed small differences can be explained by the proximity of the
coastal city to the sea, which moderate extreme temperatures variations in the 24 hours

period.

I11.3.1.['Wind, precipitation and temperature conditions in [lou(o[ ne(sur [ er
Boulogne-sur-Mer wind rose (Figure 5) shows that wind originated malorly form the
NE-E, SE-S and NW-N sectors. [Jigh speed wind (7% frequency) comes mainly from the N
and W directions, whereas moderate speed wind originates from the E-NE (52%), S-SE and
N-NW sectors. [low speed wind was also recorded coming from the E-NE and S-SE sectors in
much smaller frequencies (31%). Finally, very low speed (stagnant) wind was encountered in

10% of the period.
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Cilure [TWind rose in [lou/o[nelsur(l! er durin[/t(e [Jinter campailn [data
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"recipitation recordings show that rainy weather was not linked to a specific wind speed
at this site (Figure 6). Furthermore, rainfall quantity was found higher when associated to
winds between N and E sectors (0° — 90°) from one side, and between SW and W sectors

(225° — 270°) on the other. For the rest of the wind sectors, fluctuations in rainfall ranged
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between 4 and 6 mm, except for the E-SE sector in which precipitation levels are negligible.

Finally, rainfall trend in Boulogne-sur-Mer is found slightly different than in Dunkerque.

12 8

[Jainfall (in mm)

~
Average wind speed (in m/s)

0-45 45-90 90-135 135-180 180-225 225-270 270-315 315-0
Wind direction

E(Jainfall -*- Wind speed

Lilure [ [ ]ariation o[ precipitation [in mm( | [![lind sector o[ I [lin relation to "lind
speed at [Joulo[ nelsur([] er durin//t[e [Jinter campail n [data source[ ] [t[0 [rancel]

Temperature fluctuations at Boulogne-sur-Mer were found similar to those found in
Dunkerque for this period (Figure 7). The range was limited to a maximum of [8°C and a
minimum of -6°C and constant slightly higher temperatures were also observed in the 12h-
24h period when compared to 00h-12h ones. As found for Dunkerque, snow episodes were
observed at Boulogne-sur-Mer between November 29" _ December 4™ and December 16™ —

25" 6£2010.
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To resume all, we found that the winter campaign (11/18/2010 —12/31/2010) is
characterized by:
— [ow temperatures: the values were 1°C in Dunkerque and 2°C in Boulogne-sur-
Mer, which are much less than the 7°C average found at these sites for the past
30 years.
— Dominating wind directions of NW, NE and S were recorded instead of the
usually dominating NE and SW sectors.
— [recipitation levels were also below the usual seasonal trend, but also marked

with snowing events.

[11.3.2.Spring campaign

Sampling during the spring campaign was conducted simultaneously at Dunkerque
(from 03/12/2011 to 04/30/2011) and at Saint-['mer (from 03/10/2011 to 04/30/2011), to
collect a total of 97 and 104 samples respectively. [ocal recorded rainfall during this period
was 19 and 28 mm for Dunkerque and Saint-[ /mer respectively, which are much below the 67
mm average found for the N[ dC region for the same period (between 1981 and 2010).

"In the other hand, average temperatures during this campaign were 11°C in Dunkerque
and Saint-[Imer, which are higher than the 8°C found as an average for the N[.dC region in
previous years. In addition, no snowing events are usually recorded during this period of the
year, which was also the case during our sampling period. Finally, we conclude that during

our spring sampling campaign, the climate was dryer and warmer than the usual.
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I11.3.11.Wind, precipitation and temperature conditions in Dunkerque

Dunkerque was mostly sublécted to wind coming from directions ranging between N-
NE and E-NE, and few winds coming from the S and SW sectors (Figure 8). These winds
were mostly of moderate speed (46%) followed by low speed (30%), very low speed (15%),
and high speed type (9%). This latter was frequently blowing from the NE direction.
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Cilure [I'Wind rose at Dunkerque durint[e sprinJcampailn [data
source[ || [t[o [rancel.

An illustration of the variations in rainfall and wind speed by sector of 45° can be found
in Figure 9, in which we can notice that rainfall occurred mostly with winds from the NW to
NE sectors (315° — 0° — 45°). In the rest of the sectors, precipitation was very low and did not
increase much beyond 2 mm with 180° — 225° winds, proving that we were sampling under a

relatively dry weather.
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"In the other hand, temperatures were found to be extremely fluctuating in this period
(Figure 10), from low levels at the beginning, to higher ones before the end of the campaign.
Clobally, temperatures measured at the sampling site ranged between 0°C and 23°C, with an
average found to be close to 10°C. These fluctuations show that we were able to sample under
different weather conditions: winter to spring conditions in the beginning, typical spring
weather, and summer weather (between 04/19 and 04/22/2011). The difference between the
cold (00h-12h) and the warm (12h-24h) period of the day were clearly expressed in the

recordings when compared to the winter campaign daily temperature fluctuations.
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II1.3.L1['Wind, precipitation and temperature conditions in [aint [ /mer

In Saint-[Imer, the dominant wind was blowing essentially from the NE and SW
directions (Figure 11). The highest frequency (38%) was found for low speed, followed by
moderate speed (32%), very low (27%) and finally high speed (3%). [lowever, the difference
between Saint-/ imer and the rest of the sites is found in the frequency of very low speed
winds: 27% versus 5% to 15% respectively. This last observation emphasizes the fact that in

Saint-"imer we sampled for a significant amount of time under malor stagnant atmospheric

condition.
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“In the other hand, precipitation is found to be highly associated to winds coming from
the S-W quarter (180° — 270°), whereas N sector winds did not carry the same load of rain
(about 3.5 mm). The rest of the sectors rainfall was found negligible (Figure 12).
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Finally, temperatures at Saint-[mer are found to be relatively higher than those
recorded at Dunkerque for the same period (Figure 13). The 12h-24h temperatures fluctuated
between [6°C and [24°C, and in the same time the 00h-12h temperatures were fluctuating
between [R2°C and [116°C. [n the other hand, a resemblance between Saint-TImer and
Dunkerque temperature trends can be noticed at the level of the separation between cold (00h-
12h) and warm period (12h-24h) of the day, during which the separation was amplified at
Saint-Umer. This difference can be related to the fact that Saint-{Imer is an inland site, and

cannot benefit from the effect of the sea in moderating the variations of daily temperatures.
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To resume all, we found that the spring campaign (03/10/2011 — 04/30/2011) is
characterized by:

— [ligh temperatures: 10°C in Dunkerque and 11°C in Saint-[Imer, which are
higher than the average found for these sites for the past 30 years (8°C).
Furthermore, temperatures higher than 20°C were recorded during the second
half of the campaign, which occurred under clear sky sunny days.

— A NE dominant wind direction associated with dry atmosphere, but also SW
winds sometimes accompanied by some rainfall. These situations are almost in

accordance with the usual seasonal observations.

105



Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

III.[[[ ][ erale concentrations and contri utions to [I[]

Ambient air [ M, s samples taken from Dunkerque, Boulogne-sur-Mer and Saint-[ Imer
during winter and spring campaigns were analyzed for ME, SI and TC content following the
analytical methodology described in Chapter II. After the gathering of analytical data, a
comparison between the results of sites will be realized as a first step to understand the trends
of the analyzed chemical species within the region. Furthermore, in order to understand the
difference in the level of our ions and elements concentrations with those found in nearby
countries, a comparison with other sites chosen from the European continent will take place in

the forthcoming section.

II1.4.1.Winter campaign averages comparison

The results of the chemical analysis of the collected samples in Dunkerque and
Boulogne-sur-Mer are illustrated in Table 2. We should note that between the TE group, Tl
concentration in Dunkerque’s winter campaign from the first sample until 12/13/2012 (44
samples) could not be acquired due to technical reasons.

"M, s mass fluctuations recorded by the air quality surveillance network of Atmo were

retrieved from the “bulletin quotidien” page within the network web site (http://www.atmo-

npdc.fr). A [M,s average concentration of 24860 ng/m’ was calculated for Dunkerque’s
winter campaign using Atmo data. It is found close to the limit value of 25 [g/m’ (24 hours
average) defined by the W1 (WL, 2006) and the European [nion (target value for 2015).
In the case of Atmo, the measurements were taken by weighting procedures. [lowever, our
total analyzed [ M, s average concentration is lower than the one found with Atmo data. [lur
total is the sum of all the analyzed chemical species and doesn’t consider other elements like
oxygen concentrations, knowing that a lot of elements are found in oxide forms in the
particles. Therefore, the difference between the two resides within the measurement and
calculation method. We should also note that [ M, s monitoring stations are not installed at
Boulogne-sur-Mer and Saint- /mer[ instead Atmo monitors [ M at those sites.

"n the other hand, total [ M, s chemical species average concentration is found higher
for Dunkerque than Boulogne-sur-Mer. ME average concentration in Dunkerque shows
different levels, ranging from low values like 17.8 ng/m’ found in the case of Al to very high
ones such as TC concentration of 6198 ng/m’. Cowever, Na is found to have the highest

average between malor metals, followed by [, Fe, Ca, Mg and Al.
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Calle [T Cerale concentrations o [] [, (I, [1, and [JJ [ound in [[] ; colécted in Dunkerque
and Cou'o ne(sur(l er durin[/te [Jinter campai n [in n[Im’ ]

Dunkerque [loulo[ nelsur(l]er

PM; 5 (our study) 0 SD O 0 SD 0

Al 178 £12 0.1 13.1 +7.1 0.1
Ca 49.5 +33.3 0.3 43.5 +26.8 0.3
Fe 929 +96.1 0.5 52.6 £50.5 0.3
O 132 +£734 0.8 123 +75 0.7
Mg 342 +£382 0.2 245 +£255 0.1
Na 237 +£267 1.3 202 +179 1.2
TE 84.9 +102 0.5 503 +47 0.3
N, 1914 + 1008 10.9 1706 + 892 10.2
Cr 580 +309 33 558 +279 3.3
N3 5707 +£4734 32.5 5872 +£4338 35.1
Si> 2521 1779 14.3 2449 £ 1726 14.6
TC 6198 +£4175 353 5625 £3688 33.6
Lotalana(lled 17568 100 16719 100
PM; s (Atmo)* 24860 -

*Source: hitp://www.atmo-npdc.fr

The total contribution of ME in the total average accounted for about 3.2% compared to
the 3.3% contribution coming from CI” only. The latter is the less concentrated ion within the
SI group, proving the extent of ions contribution (61.1%) compared to the remaining elements
in the load of [ M;s. [In the other hand, average TC accounted for 35.3% of total analyzed
M, s, and represents the highest average when compared individually to the other analyzed
components.

As for Boulogne-sur-Mer, the results show that ME represent the same tendencies as the
ones found in Dunkerque, with Na levels being higher than [, followed by Fe, Ca, Mg and
Al. In the case of SI, the contribution in the total analyzed M, s average was also high
(63.2%), when in the same time TC contribution decreased to 33.6% when compared to
Dunkerque, leaving N[I3° with the highest contribution (35.1%). Also, TE average in
Boulogne-sur-Mer is found to be low when compared to Dunkerque’s average.

The average concentrations of SI, TC, ME and TE between Dunkerque and Boulogne-
sur-Mer are compared herein (Figure 14 and Figure 10) in order to examine the variations in

the chemical composition from one sampling site to another in the region.
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For SI and TC, the values representing Dunkerque are found slightly higher than the
ones representing Boulogne-sur-Mer for all the compared species except N[15™ (Figure 14).

Furthermore, the comparison of ME and TE averages illustrated in Figure 15 shows a
similarity with the ones observed above. Dunkerque’s values for all malor metals were always
found higher than in Boulogne-sur-Mer except Fe. We can also notice that in Dunkerque, Fe
and TE levels were almost 2 and 1.5 fold higher than their respective levels in Boulogne-sur-

Mer.
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For the winter campaign, the comparison between the concentrations of malor
components of [M; s in Dunkerque and Boulogne-sur-Mer showed that:
— ME concentrations were comparable between the two sites with few exceptions.
— [lighest concentrations were reserved to TC (5625-6198 ng/m3) and N3 (5707-
5872 ng/m’), followed by S[1,~ (2449-2521 ng/m’) and N[, (1706-1914
ng/m’). The sum of these four species accounted for about 93% of the total
analyzed species in [ M s.
— Fe, Ca, Al and Mg elements tend to be in higher concentrations in Dunkerque

than in Boulogne-sur-Mer.

[11.4.2.Spring campaign averages comparison

Table 3 summarizes the average concentrations of the analyzed chemical species in the
samples taken from Dunkerque and Saint-['mer during the spring campaign. We notice that
total [ M, s chemical species average concentration is found slightly higher at Saint-[ 'mer.

When compared to the winter campaign, Dunkerque’s spring values for ME show a
decrease in the levels of [ from 136 to 98.9 ng/m’. The succession during the spring
campaign in decreasing order of metals average concentrations in Dunkerque becomes: Na,
Fe, [, Ca, Mg and Al. Furthermore, SI contribution in fine "M, s at Dunkerque was found to
be 75.6%, with major nitrate (= 50%) content. As for TE, the atmospheric average
concentration is found higher than during the winter season, whereas TC values decreased
from 6198 ng/m’ in winter to 4727 ng/m’ in spring. These differences will be extensively
discussed in section II1.6.

In the case of Saint-[Imer, average concentrations between ME elements have similar
trends than the ones observed in Boulogne-sur-Mer during winter, with (Nal [ [T1[1[] [Fell[]
[Calll] Mgl TAlL In addition, SI accounted for 74.6% of [ M, s load on average, which is
comparable to the value found in Dunkerque (75.6%) for the same period. TC exhibited a
different scenario in this campaign since its average contribution in fine [ M rose to 23% in
Saint-'mer when compared to the 21.3% found in Dunkerque. It can be recalled that average
contributions values for TC in the winter campaign were 33.6% (5625 ng/m’) and 35.3%

(6198 ng/m’) in Boulogne-sur-Mer and Dunkerque respectively.
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Calle 30 OCerale concentrations o] [ [, 0, (I, and JO [ound in 0O , coleécted in
Dunkerque and [aint[['mer durin (]t e sprin[ campailn [in n[Im’

Dunkerque _aint[[/mer

PM; 5 (our study) 0 SD O 0 SD 0
Al 27.8 +18.0 0.1 21.8 +14.7 0.1
Ca 65.1 +£42.1 0.3 51.0 +£29.3 0.2
Fe 101 +174 0.5 52.1 +£41.8 0.2
O 98.9 +68.6 0.4 107 +67 0.5
Mg 422 +56.9 0.2 252 +£31.5 0.1
Na 240 +362 1.1 186 =+ 265 0.8
TE 100 + 160 0.5 76 +75 0.3
N, 2306 +1261 10.4 4466 +2943 19.8
Cr 543 +£351 24 508 +405 2.2
N5 11064 + 9470 499 9066 =+7598 40.1
Si> 2854 +£1528 129 2826 +1751 12.5
TC 4727 +£2363 213 5205 +£2733 23.0
Clotalanallled 22169 100.0 22591 100.0
PM; 5 (Atmo)* 33125 -

*Source: hitp://www.atmo-npdc.fr

Finally, [ist like in the case of the first campaign, a significant difference was found
between our total analyzed [ M, s and the measured [ M, s mass by Atmo. This latter exceeds
the daily limit value of 25 [g/m’ defined by the W[ (W1, 2006) and 28 "g/m’ defined as
limit value for 2011 in France.

Further investigations on the trends of Atmo [M,s (for Dunkerque) and M, (for
Dunkerque, Boulogne-sur-Mer and Saint-[/mer) during the two sampling periods will be
detailed later in this chapter.

The comparison of SI and TC between the two sites exhibited a different scene than the
one we observed in the winter campaign (Figure 16). Some ions were found at the same level
in the two sites (CI" and S[14>), whereas N[J4 and TC were higher at the inland site of Saint-

UImer, and only N[3” was found higher in Dunkerque.
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The comparison of ME concentrations between the two sites of the spring campaign
revealed higher values for Dunkerque except in the case of [1, for which Saint-[Jmer average
concentration was found higher (Figure 17). In particular, Fe levels were doubled at the
coastal industrialized site, where in the same time TE value was about 25% higher in

Dunkerque.
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Finally, for this spring campaign SI, ME, and TC concentrations comparison in
Dunkerque and Saint-[imer showed:
— Llelatively higher values for malor elements in Dunkerque.
— The highest concentration was observed in the case of N[5", followed by TC,
N, and SC4*. The cumulative value of these species represented about 95%
of the total "M, s analyzed species.

— All ME except [ are more concentrated in Dunkerque than in Saint-[Jmer.

III.[[[lerale concentrations comparison at a [ luropean scale

II1.5.1.Cocation and characteristics of the comparison sites

The average concentrations are compared to other values found in similar studies
accomplished at different sites in Europe (Figure 18). These sites were chosen depending on
the pollution sources that affects them and the climate. All the selected studies focused on the
M, chemical composition in relation to different emission sources (direct and indirect

traffic, natural (sea salt), industrial ...etc).
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Lilure 11 Jomparison sites [0cation on t[ e [luropean map [modilied [rom
Dalet, (1111

_leographically, the sites are distributed between northern Europe (Finland, Sweden,
Belgium, Netherlands and the [Inited [Jingdom), middle Europe (Switzerland and [Tungary)
and southern Europe (Spain, Italy and [reece).

Meteorological conditions play an important role in the chemical composition of fine
"M (Seinfeld [1 [andis, 2006). Therefore, within the chosen list of cities for comparison some
are located in areas exhibiting similar climatic conditions when compared to our region like:
West Midlands, [lotterdam and [Thent. [ther sites represent relatively colder climate: [Jaahe,
Callila, Celsinki and [loteborg. Basel, [urich and Budapest are inland sites, geographically
positioned in the middle of Europe and can be sublécted to intermediate climates between
typical northern European and slightly warmer. To this category we add the Cantabria region
that exhibits warmer climate fluctuations, but is located at a coastal site facing the Atlantic
Clcean. Finally, the remaining sites: Madrid, [Inda, Barcelona, [lenice, Milan, Salento and

Athens, are mostly sublécted to warmer climates and are located in southern Europe.
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In addition to the climate characteristics, we also explain the urban distinctiveness of
the comparison sites as well as the malor anthropogenic influences affecting them in Table 4.
Some cities are located within regions that represent an urban density and population similar
to those encountered in megacities ([ 1 million inhabitants). [thers are found less dense with
a population ranging between a hundred thousand and one million inhabitants.

As for our sites: Dunkerque region (city and agglomeration) hosts about 223000

inhabitants, compared to 119000 inhabitants in Boulogne-sur-Mer and 64000 inhabitants in

Saint-Imer.

[alle [T aracteristics o[ t[ e comparison sites c[ osen [fom dillérent [jluropean [dcations

[ountr!] Uit [ite cl aracteristics [Jelérences
Finland [elsinki [rban (Ti-Tuomi, et al., 2005)
O [laahe [rban [1Industrial (steelworks) (Cravislarvi, et al., 2003)
N [allila [rban (Takkanen, et al., 2001)
Sweden [oteborg Urban [1Industrial (Moloi, et al., 2002)
[nited [Jingdom West Midlands [rban background ([arrison [ [in, 2010)
Netherlands [otterdam [rban (Mooibroek, et al., 2011)
Belgium [hent [rban [1Industrial (steelworks) ([iana, et al., 2007)
Switzerland Basel [rban (Ilacqua, et al., 2007)
0 [urich Urban ([ueglin, et al., 2005)
[Jungary Budapest Urban (Szigeti, et al., 2012)
Italy Salento [Irban background (distant traffic) ([errone, et al., 2011)
[ [lenice Urban ([Jsea traffic) [] [light industry (Stortini, et al., 2009)
| Milan [Irban (city center) ([onati, et al., 2005)
Spain Cantabria region  [Irban [JIndustry (Arruti, et al., 2011)
[ Barcelona Urban background [lIndustrial ([iana, et al., 2007)
0 Madrid Urban (Salvador, et al., 2012)
O [nda [rban background [1Industrial (Chuerol, et al., 2001)
[reece Athens [rban []Industrial ([ateraki, et al., 2012)
N Athens [rban (Iacqua, et al., 2007)
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[11.5.2.Comparison of ME, SI, and TC average concentrations

Table 5 illustrates arithmetic average concentrations of ME, SI and TC found in our
study as well as those found at the comparison sites. The values found in our study ranged
between low, comparable and high when compared to those found all around Europe. In this
section, we grouped the compared chemical species by aerosol type. [lence Na, Cl" and Mg
will be grouped under “Marine malor elements”. Also, “SIA major ions” will group: N,
N[5 and S[l4%. Finally, the TC group will be represented by carbon and the last group will

enclose the rest of the malor elements: Al, Ca, Fe and .
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[JalTe [ 11 rit metic a eral e concentrations [in n| Im* comparison [ et/ ‘een our relion and [ urope
[ther ME metals Marine malor elements SIA malor ions

City Al Ca Fe [ |Mg Na CI' | NJy S~ Nu”| TC Ceferences
Dunkerque [inter 10 [mE] 3 1300 | 30 30 [EEE| [EEEN N | 1010 arn [ur study
Cou'one(s[ er [linter 13 m 3 13 M RN (RN [EREN EEEN 10011 RN O
Dunkerque sprin’| [ [ 101 [ I [mnn} 13 11000 1] B [T17 O
[t[TImer sprin[] [mE| 1 [ 10 e 1001 (RN [EREN EEEN [EREN RN

Dallila (M, 5) 59 71 96 85 25 170 43 1600 2500 1100 - (Cakkanen, et al., 2001)
Cotterdam 36 83 206 130 | 51 251 400 3500 2600 1600 5700 (Mooibroek, et al., 2011)
[urich 48 54 124 223 17 96 72 3500 3500 2100 6500 ([ueglin, et al., 2005)
Cantabria - 600 30 100 | 100 800 800 800 1800 200 3100 (Arruti, et al., 2011)
West Midlands 544 82 102 152 | 170 2474 470 1600 2200 - 4300 (Darrison [I in, 2010)
['nda - 800 300 500 [ 100 300 200 500 6200 1800 1200 (Iuerol, et al., 2001)
[laahe 38 116 473 268 | 26 185 - - - - - (Uravislarvi, et al., 2003)
[loteborg - 41 71 120 - - - - - - - (Moloi, et al., 2002)
[hent (cold) - - - - - - - 5000 3000 2600 6400 (Ciana, et al., 2007)
[hent (warm) - - - - - - - 1500 2200 1000 3000 [

Barcelona (cold period) - - - - - - - 3800 3600 2300 7900 [

Barcelona (warm period) - - - - - - - 300 4200 1200 4500 l

Athens - - - - - - 800 1330 5190 1300 6260 (Cateraki, et al., 2012)
[lelsinki 163 174 752 118 - - - - - - - ([li-Tuomi, et al., 2005)
Basel 502 102 97 332 | 471 2437 - - - - - (Tlacqua, et al., 2007)
Budapest - - 214 - - - 110 2500 2300 1270 9180 (Szigeti, et al., 2012)
[Jenice 634 - 98 229 - 1555 - - - - - (Stortini, et al., 2009)
Madrid - - - - - - - 1490 2400 1480 9800 (Salvador, et al., 2012)
Milan (cold) - - - - - - 600 20200 5800 5200 15000 (Lonati, et al., 2005)
Milan (warm) - - - - - - 90 4600 4000 2200 6300 [

Athens 789 471 13 368 | 1045 5413 - - - - - (Tlacqua, et al., 2007)
Salento - - - - - - 100 200 5590 2100 7100 (! errone, et al., 2011)
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II.[IL1.[) arine malor e/éments

In this section, Na, CI" and Mg will be considered as sea salt elements. The average
concentrations for Na and CI” found in our study were similar from one site to another, except
for Mg which is found higher in Dunkerque when compared to Boulogne-sur-Mer and Saint-
Umer.

The Na values are found comparable to geographically close sites like [Jaahe, [Jallila
and [Jotterdam. [Jigher Na concentrations can be found in south European sites: [ Inda, [ lenice
and Athens, but also in Cantabria region. This is probably due to the proximity of these sites
to the sea and therefore they are sublected to higher wind circulation originating from the sea
and loaded with marine particulates.

Within this type of comparison, we could not pass by the conclusions of a study that
compiled sodium concentration data in 89 European sites to trace sea (Manders, et al., 2010).
This work focused on [Mj, sea salts emitted in high concentrations from the sea, which
highlights this latter as a malor source of suspended particles. [ence, stretching along the
facade of the North Sea, average concentration was about 5 [g/m’, whereas lower
concentrations were found for inland European sites. Concentrations ranged between 2 and 5
Cg/m’ in inland sites, almost 300 km away from the sea, and decreased furthermore when
moving deeper inland.

Curich Na concentration is found lower than our results, and can be explained by the
location of the city in the middle of Europe and away from the coastline. West Midlands and
Basel represented exceptionally higher Na levels compared to our sites even though the first
site is geographically close, and the second is located further inland in Europe. West Midland
is located within the island of the [Inited [lingdom and can be hit by winds carrying sea salts
from all directions. As for Basel, the high atmospheric salt content might be linked to the use
of salt to defreeze road pavements in winter. This is probably the only logical explanation to
this high salt content, since Basel is an inland site in middle Europe. During dry periods,
crystal salt will be found in dust form on the ground. This salt is probably re-suspended into
the atmosphere by traffic activities. The dates during which sampling occurred in that study
(Ilacqua, et al., 2007) confirm our suggestion on the origins of the atmospheric salt, since
sampling was conducted between winter 1997 and spring 1998.

"In the other hand, CI" average concentrations are also found similar from one site to
another in our study, but when compared to the other sites, it was found to be comparable to

the averages of Athens and Cantabria region and higher than the rest. The low values found in
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coastal sites around Europe can be explained by chloride depletion phenomenon that is
frequently encountered after sea Cl reaction with acidic emissions from anthropogenic
sources. Actually, freshly emitted sea salts carry a certain Cl” load that is related to Na
concentration ([CI'[J11.789 Nall1.789 is the mass ratio Cl/Na in sea water). When the fresh
sea salt aerosol passes over an atmosphere loaded with anthropogenic emissions (such as N[y
and S[,) that transform into acidic species, a reaction between these species and sea salts will
occur which leads to replacing CI” with sulfates or nitrates. This will eventually lead to a
decrease in the amount of Cl in fresh sea aerosol which is also called “chloride depletion”
described also in (Seinfeld [ [andis, 2006). The aerosols referred to as “sea salt” at the
beginning will be known as “aged sea salt” after these chemical changes.

“lowever, in our study we noticed that Cl/Na ratios ranged between 2.3 and 2.7 from
one site to another. This observation pushes us to consider other sources of CI™ than the
marine one, a point that was also raised in a previous work conducted in our laboratory
("edoux, et al., 2006). [atios of CI/Na in the particles were compared between different
granulometric sizes of particles collected using a cascade impactor, to conclude that the ratio
tend to be higher in smaller sized particles (< 2.5 pm). This conclusion was explained by
considering additional sources of CI” other than marine. In fact, ratios rose up to 10 with
winds blowing from the East sector, whereas the air mass originated from continental Europe.
CI ions can be generated by many anthropogenic activities in this case like combustion
related emissions (biomass and incineration), or sintering in industrial emissions ([leis, et al.,
2013). Furthermore, [ledoux in 2006 demonstrated that a part of Cl ions could be neutralized
by ammonium ions ([edoux, et al., 2006).

Finally, Mg average concentrations were doubled at Dunkerque when compared to the
two remaining sites of our study. Mg values found in [lallila, [Jaahe and [lurich are
comparable to those found for Boulogne-sur-Mer and Saint-[Imer, and low when compared to
Dunkerque’s values. The latter was found comparable to the averages found in Rotterdam,
and low when compared to the rest of the comparison studies, most of which are located in

southern Europe.

HLCOCCTD malor ions
Secondary inorganic components appear to be predominant in [M; s in the three studied

sites. This observation is also verified on the European scale as well (['utaud, et al., 2010).
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111.5.2.2. 1. Nitrates

Comparable nitrates average concentrations were found between Dunkerque and
Boulogne-sur-Mer during the winter season, whereas during the spring campaign,
Dunkerque’s average was found much higher than Saint-Omer’s. Furthermore, the levels
encountered in our samples are higher than all the comparison sites except for Milan in the

cold season, in which N[5 levels peaked to slightly cross the 20 [g/m’ barrier.

Sulfates average concentrations are found comparable between our sites during the
sampling campaigns. The average concentrations are also comparable to [lallila, West
Midlands, [lotterdam, [Thent, Budapest and Madrid. With the exception of [lallila, the rest of
these comparison cities are much more urbanized than our studied ones, including Dunkerque.
“lowever, sulfate levels in Cantabria region exhibited relatively lower levels than the ones
found in our sites for both winter and spring periods. Finally, higher sulfate levels were found

mostly in the studies in the Mediterranean zone, especially Spain, Italy and [ reece.

111.5.2.2.3. Ammonium

The highest average concentration for N[J,~ was found at Saint-_mer, which is an
inland city, followed by Dunkerque and Boulogne-sur-Mer. The spring period showed higher
concentrations than the winter one in our samples. Furthermore, the results are comparable to
most of the comparison sites after omitting Saint-[mer high value during the spring period.
The latter was only comparable to Milan high average concentration.

For the remainder of our sites, the values are found similar to the geographically close
studies like [lotterdam, [hent and [lurich. Finally, lower values are noticed in northern
Europe ([Jallila), but also in big cities towards the south such as Madrid, Budapest and
Athens.

1.3 Cotal T arCon (T[]

The winter period samples are characterized by the highest TC concentrations, with a
maximum average reached at Dunkerque. This latter was found comparable to the values
found in [urich, [Thent (during the cold period) and Athens. For the rest of our sites, the
values for TC are found comparable to [otterdam, West Midlands and Barcelona.

“ligher averages are found in big cities like Barcelona, Budapest, Madrid, Salento and

Milan. In the latter, a high peak of TC concentration is reached, in the warm period, which
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makes more than the double of Dunkerque winter season high value. These cities exhibit
higher traffic densities than the rest of the sites, including ours.
Finally, relatively low TC averages are encountered in Cantabria, [Inda and [’hent

(warm period) when compared to our study results.

HIL.COC O tler [ [ metals

The average concentrations for Al are found comparable to [lotterdam and [Jaahe
values, and lower than in the rest of the comparison sites. [eaks of Al can be noticed in
Athens, West Midlands, Basel and [Tenice in decreasing order. At these sites, Al levels can be
associated to locally resuspended dust caused by high traffic density.

“lowever, Ca levels are comparable to those found in [lallila, [‘urich and [Joteborg.
When in the same time, higher Ca values are found in the close [lotterdam study, West
Midlands, [Jaahe, [Jelsinki and Basel. The Ca average concentration observed in Cantabria,
‘Inda and Athens were the highest between the studies used for comparison including our
own results. The reason behind these levels was linked to crustal sources in [Inda, and to
traffic resuspended road dust in Athens.

Furthermore, Fe levels are twice higher in Dunkerque when compared to the rest of our
study sites during both winter and spring periods. But when compared to the other European
sites, the high values encountered at Dunkerque are found comparable to those found in
Callila, [urich, West Midlands, [Joteborg, Basel and [enice. Much higher Fe concentrations
were observed in northern Europe ([lotterdam, [Jaahe, and [Jelsinki) as well as in southern
Europe ([ 'nda and Budapest). Traffic sources are found to probably cause the Fe elevation in
Cotterdam, [elsinki and in Budapest. Crustal enrichment was found to be behind the high Fe
levels at [Inda, whereas steelworks were possibly behind the high Fe concentration at [Jaahe.

"11s found to fluctuate depending on the seasons. It is found higher in winter compared
to spring. This correlates well with the fact that (] is an indicator for biomass combustion, but
also for other sources as well. Therefore, when compared to other sites, our values are found
to be comparable to the values found for [lallila, [lotterdam, Cantabria, West Midlands,
"loteborg and [lelsinki. [ligher values in [urich and Basel were linked to biomass
combustion. In the same time, high crustal enrichment was found responsible of [ increase in
‘Inda and [Jenice. As for [laahe, high [ levels were linked to the waste gas dust in the steel
works sintering plant.

Finally, we can conclude that the elemental average concentrations measured in the

atmosphere of the three sites in the N['dC region are comparable to those measured in other
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European sites. [lowever, observed differences could be explained by the specific
geographical position and/or the difference in population densities between the reference

sites.

II1.C.Diurnaleloution o]l [], [ 1, and [

In this section we will discuss the daily evolution of ME, SI, and TC concentrations in
M, s samples during both the winter and spring campaigns. Some elements and ionic species
were separated in groups, for which the concentration is calculated by the sum of each
element or ions concentration included within the group. The evolution of these groups will
be compared and will include: sea salts, secondary inorganic aerosols (SIA), TC, and the rest
of the ME group.

Sea salts concentrations in our sampled [ M are evaluated by adding the concentrations
of the analyzed typical sea elements and ions. To accomplish this goal, we calculated the sea
salt concentration of ME elements using Na concentration as a reference with respect to sea
water composition. Na is considered here as totally generated by sea spray, and therefore its
presence is considered as a marker of sea originated aerosols. Following this principle, the sea
salt (ss-) and non sea salt (Nss-) elemental concentrations, expressed in ng/m’, are calculated
as follows:

From (Seinfeld [] [‘andis, 2006):

- [8s-CI'lJ11.789Nal‘and (Nss-CI'TI[] [CI'+ [8s-CI'[]
- [8s-Mg® [170.1205Naand (Nss-Mg[I[] Mg+ [§s-Mg” [(the maximum values
of [§s-Mg” [was forced to equalize total [Mg[instead of exceeding it).

From (Wang '] Shooter, 2001):

—  [8s-Ca”11710.0385Na and Nss-Cal] | [Cal* [ss-Ca® []
—  [8s-[11170.037 Nal‘and Nss-[1[J1 117k [§s-[1 [
—  [85-S[1471100.2516/Naland (Nss-S[1,> (1 (S[1;" [+ [8s-S[14* (]

Following this method, sea salt concentration for each sample is calculated by summing
the sea salt components of each sample:

— [Sea salt[1] Na I [8s-Cl 17 [8s-Mg® [ [§s-Ca” 17 [§s-[1 1171 (8s-S 14>

Furthermore, SIA form another interesting group which concentrations are calculated
following this method:

—  [STALI Ny [0 N3 00 (INss-S 4> (]
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Finally, the rest of the elements including: Fe, Al, Nss-Ca, Nss-[], Nss-Mg and TC are
also included in this section for temporal evolution study. Fe and Al evolutions will be
compared with the evolution of Nss-Ca and Nss-Mg respectively, because these elements
usually points at a crustal source of M but also can point at industrial sources in the region.
We lay this possibility as we acquired information in previously conducted studies about our
regional air quality, especially in Dunkerque (([/leis, 2010) and ([_edoux, et al., 2006)). Also,
TC and Nss-[] variations will be studied together as they are considered as important tracers

for combustion processes.

[I1.6.1.Winter campaign

III.[11.1.ea salts diurnal el olution
Table 6 compares the mean distributions of some selected species (Ca, Mg, [1, Cl', and
S[147) between sea salt and non sea salt fractions for both Dunkerque qnd Boulogne-sur-Mer

during the winter campaign.

Calle [Tl ercental e o al eral e sea salt and non sea sa(t [ractions [it[in sea salt components in [Jinter

Dunkerque ('] [[Jinter![] Coulonelsur([]er [0  [Minter[]
Sea salt % Non sea salt % | Sea salt % Non sea salt %
ss-Ca” 18.4 Nss-Ca 81.6 | ss-Ca’" 17.9 Nss-Ca 82.1
ss-Mg”'  79.5 Nss-Mg 20.5 | ss-Mg”  94.1 Nss-Mg 5.9
ss-[1" 6.6 Nss-I] 93.4 | ss-[1" 6.1 Nss-[] 93.9
ss-CI 73.4 Nss-CI' 26.6 | ss-CI’ 65.1 Nss-CI’ 34.9
ss-S[4% 2.4 Nss-S[,*~ 97.6 | ss-S[l4™ 2.1 Nss-S[,* 97.9

In Dunkerque for example, 79.5% from total Mg average concentration is ss-Mg” .
Similarly, 73.4% of total CI’, 18.4% of Ca, 6.6% of [, and 2.4% of Si,* average
concentrations was sea salt.

Boulogne-sur-Mer samples follow similar patterns for the percentage of contribution of
each element total concentration. About 94.1% of Mg concentrations is found as sea salts,
while 65.1, 17.9, 6.1, and 2.1% constitute ss-CI’, ss—Cazu, ss- 1", and ss-S 042 respectively
from their corresponding totals. These calculations confirm that Cl" ions are not only related
to a marine origin as suggested earlier (26.6% and 34.9% of CI" is in Nss- CI” form).

As for the diurnal evolution, we can notice a resemblance in the temporal evolution of
calculated sea salt concentrations between the two sites (Figure 19), with a ground level

constantly below 300 ng/m’ interrupted with peaks reaching 3500 ng/m’. This similarity
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proves the presence of regional influence of sea spray in this coastal region. For example,
some peaks of sea salt concentrations were observed in both sites and occurring
simultaneously with sea sector winds (N-W winds in 12/12/2010 and N-E winds in 12/23-
25/2010). [owever, sea salt peaks were not chronologically synchronized all the time
between the two sites. Some peaks were observed in Dunkerque (11/22-26/2010 and 12/16-
17/2010) and were not matched by others in Boulogne-sur-Mer. The latter exhibited similar
peaks also in 12/14 and 12/15/2010. This shows that punctual differences are present between
the two sites, which refer to the presence of local influences linked to the position of the site
on the coast, as well as regional influences, found on a lower frequency. Therefore, we can
conclude that sea salt concentrations during the winter campaign exhibited temporal

variability instead of geographical.
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II.C11.[00e and [Iss/[a diurnal el olution

Total Fe and Nss-Ca diurnal evolution are illustrated in Figure 20. The evolution of Fe
concentrations shows globally higher levels in Dunkerque, in addition to high peaks found
frequently during the sampling period that are not matched at Boulogne-sur-Mer. [Jowever,
Fe peaks identified at Boulogne-sur-Mer are limited to 5 samples that presented slightly
higher Fe concentrations than the corresponding samples in Dunkerque. The difference in this
trend between these two sites proves that local sources of emissions are affecting Fe levels
instead of regional ones, with higher local contribution found in Dunkerque compared to

Boulogne-sur-Mer.
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Nss-Ca concentrations followed to a certain extent the style of Fe evolution, suggesting
that local sources play a malor role in Nss-Ca fluctuations. Moreover, the highest
concentration peak value of Nss-Ca at Boulogne-sur-Mer is found to be close to the maximum
peak reached at Dunkerque, which proves the extent of local pollution sources contribution in

the two sites.
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If we analyze Fe to Nss-Ca evolution at Dunkerque, we can notice that for almost every
Fe peak there is a Nss-Ca increase. This link, which is missing at this frequency in the case of
Boulogne-sur-Mer, points at a combined source of Fe and Nss-Ca in Dunkerque.

For Dunkerque’s site, these observations can be partially related to steelmaking type of
emissions. In fact, a previous study demonstrated that Fe and Ca were largely used for the
production of iron. Emitted particulates from the different installations are therefore
constituted from these elements ([ lleis, et al., 2013) and have an impact on the chemical

composition of atmospheric [M. In our study, it is essential to determine if these Fe and Ca
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peaks can be related to the steel-making industry. An answer to this question will be

developed in chapter 117 and .

II.1.3.00 and [ss[1] [Jdiurnal el olution

Following the same logic used in the case of Fe and Nss-Ca, we compared Al and Nss-
Mg concentrations evolution during our winter sampling period (Figure 21). The diurnal
variation of Al concentrations in Dunkerque and Boulogne-sur-Mer is not similar, which
suggests the influence of a local phenomenon. In general, Al is known to be generated by
different sources of [M emissions, but many scientists classify this element as originating
from soil dust. In this case, its presence in the atmosphere can be related to dust re-
suspension. Furthermore, in urban environments, these dust emissions can be encountered
mainly in the vicinity of transportation related traffic and/or in certain areas exhibiting
particular wind turbulences. These phenomena can partially explain the temporal Al
fluctuations at both sites.

“lowever, the identification of higher Al concentrations peaks frequency in Dunkerque
when compared to Boulogne-sur-Mer shows the participation of local Al emissions at the first
site. The same observation can be noted for Fe and Ca, which high concentrations can be
related to the emissions from the steelmaking industry in Dunkerque.

For Nss-Mg concentrations, we noticed that some values remains at the zero level,
which proves that in these cases ss-Mg concentration was equal to the total Mg content. This
also shows that Mg loads are resulting mainly from marine origins. In addition, independent
peaks also appears in Dunkerque and Boulogne-sur-Mer, which suggest local sources of Mg
enrichment, especially in the case of Dunkerque where Nss-Mg peaks are found higher and

more frequent than in Boulogne-sur-Mer.
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NI and Css[1 diurnal el olution

In this section we will discuss the evolution of TC and Nss-[J, which can both be tracers
of combustion processes ((Sillanpaa, et al., 2006) ([ ateraki, et al., 2012)), during the sampling
period. Figure 22 illustrates these variations, and shows that TC patterns are similar to a
certain extent between Dunkerque and Boulogne-sur-Mer. The maximum values reached at
the two sites proves that the emission source impact is similar, which leads to the possibility
of having a same source of TC emissions located at both sites.

[n the other hand, and under a much smaller scale, diurnal Nss-[J fluctuations followed
a hilly pattern, close to TC. Similar high Nss-[1 values at both sites point toward a similarity

between the types of local emission sources.
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By comparing TC and Nss-[| concentrations evolution at each site, we can notice that it
is homogeneous with some rare exceptions. This observation indicates that these species
concentrations evolution represent mainly a regional tendency. [ocal specificity can be
responsible for some differences rarely observed between the two sites (peaks occurring
between 12/26 and 12/28/2010 at Boulogne-sur-Mer).

Finally, it is important to mention that high TC and [J concentrations were observed
during a very cold period of the campaign stretching from 11/27/2010 to 12/4/2010. This
phenomenon was also observed at the end of the sampling campaign but in less intense peaks,
but during which low temperatures were coupled to snowing events. These high levels of TC
and [J could be partially due to residential heating emissions that increased during these

episodes.
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HLU1.LCT diurnal el o ution

SIA as well as ND4D, N[J;" and SD42' concentrations evolution during the winter
campaign at the two sampling sites are illustrated in Figure 23. We can notice that SIA
followed a globally similar pattern between the two sites, indicating the presence of regional
background pollution of SIA. [ocal differences are restricted to few samples at both sites as
well, which suggest the presence of local low contributions.

SIA is calculated by adding the concentrations found for N4, N[5~ and S, in the
samples. These ions evolution, next to SIA in Figure 23, shows that N, and ST, are
fluctuating under 5000 ng/m’ level, with few exceptions for S[14* punctual peaks that rose to
almost 10000 ng/m’. Jowever, N[5~ peaks elevated to 20000 ng/m’ and 25000 ng/m’ in
Dunkerque and Boulogne-sur-Mer respectively. The trends for these species show that

between the ions, the malor contributor of the SIA content is actually N[J5".

40000
=o-SIA (Dunkerque) - N[, - N[ * S[,>

35000
o ?

30000
£
)
£ 25000
<
: A / \ A \
= 20000 « " UA\
g \ 1 / /\ \ \ A
g R [
S 15000 ¢
S V/ \

10000

5000

0

40000

35000
—~ 30000
&
£
2 25000
=)
&
= 20000
13
=
g
£ 15000
[}
Q
=]
S 10000
@]

5000 |

0
=1 (=

Cilure (3 Diurnal e omtion ol T, (/[ , [I[]3 and (1] ' concentrations in Dunkerque and [lou/o[ne[’
sur(l er durin[]t(e [linter campailn

128



Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

I11.6.2.Spring campaign

HI.[.1[1. ea salts diurnal e[ oution
The percentages of sea salt and non sea salt contents for some ME and SI are found

fluctuating between high and low values in the samples of the spring campaign (Table 7).

Calle [T ercentale o alerale sea salt and non sea salt (ractions [Jit[ in sea sat components in sprin']

Dunkerque [} [sprin[ [ Caint[[mer [ [sprin[ 1]
Sea salt % Non sea salt % | Sea salt % Non sea salt %
ss-Ca’ 142 Nss-Ca 85.8 | ss-Ca’ 14.1 Nss-Ca 85.9
ss-Mg®>  67.3 Nss-Mg 32.7 | ss-Mg®  86.3 Nss-Mg 13.7
ss-[1- 9.0 Nss-[J 91.0 | ss-[1" 6.5 Nss-[ 93.5
ss-CI’ 75.2 Nss-CI 24.8 | ss-CI’ 66.0 Nss-CI 34.0
ss-S[1% 2.1 Nss-S[l4” 97.9 | ss-Sl14* 1.7 Nss-S[l,* 98.3

In Dunkerque ss-CI” constituted about 75.2% of total C1” average concentration. The rest
of the values were 67.3, 14.2, 9, and 2.1% for ss—Mng, ss-CaZE, ss-[1, and ss-S 04
respectively. [n the other hand, Saint- /mer results showed different percentages, in the sense
that Mg had the highest sea salt fraction with an 86.3% of its total average concentration in
the form of ss—Mgzu. As for the rest of the chemical species, we found 66, 14.1, 6.5, and 1.7 %
for ss-CI, ss—CazL, ss-[1°, and ss-S O4% respectively.

The diurnal evolution of the calculated sea salt concentrations was similar between the
coastal (Dunkerque) and inland (Saint-[Imer) sites (Figure 24). This observation proves the
presence of significant amounts of sea salts in Saint-[ /mer despite the distance between the
site and the marine facade. Individual peaks of sea salts can be identified at both sites, but at
higher frequency in Dunkerque. In each case, an examination of the meteorological conditions
showed that the increase in sea salts concentration is related to high wind activity (> 7m/s),

mostly under the SW or N-NE sectors and sometimes accompanied with wind gusts.
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IO e and [ss[[a diurnal e[ oution

The diurnal evolutions of Fe and Nss-Ca in Dunkerque and Saint-[Imer are illustrated in
Figure 25. Some Fe peaks are noticed exclusively at the coastal industrialized site, which
points at a local source of Fe emissions. When compared to the winter variations, the results
emphasize on the local sources of Fe instead of the global regional ones. Nss-Ca follows the
path of Fe in the heterogeneity of the diurnal evolution between the two sites. Furthermore,
the similarity between the two patterns creates a link between the source of Fe and Nss-Ca at

Dunkerque. With a resemblance to the first campaign, the high levels of Fe and Ca can be

explained by steelmaking activities.
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The evolution of Al and Nss-Mg concentrations is studied following the same resolution
used in section (II1.6.1.3). The evolution of Al concentrations is different between Dunkerque
and Saint-[imer (Figure 26). The tendencies are found to fluctuate independently between the
two sites, proving that Al concentrations in the atmosphere of these areas are linked to local
sources. Furthermore, higher peaks of Al can be identified at the Dunkerque sampling site
when compared to the peaks found at Saint-[Imer.

"In the other hand, Nss-Mg concentrations were found extremely low to almost absent
in the malority of the samples in both sites, suggesting that Mg have mainly marine origins.
Clowever, high peaks of Nss-Mg can be observed in many cases at Dunkerque, whereas it was
found in only two successive samples at Saint-[Imer. This means that local sources of Mg are

more frequently present in Dunkerque.
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The diurnal evolution of these combustion processes tracers is displayed in Figure 27.
The trend of TC shows slightly higher values for Saint-[ /mer in general when compared to
Dunkerque. The global trend at the two sites is highly similar with only few disruptions
pointing at local carbon emissions.

The same observation can be noticed in the case of Nss-[1. [Jigh peaks found at Saint-
CJmer where matched on a smaller scale at Dunkerque. [Jowever, other Nss-[1 peaks were
found in isolated cases at Dunkerque, which are probably generated by local sources at the
site. Another high peak can be observed in both the coastal and inland site before the end of

the sampling campaign, proving that at these dates a regional Nss-[1 pollution phenomenon

occurred.
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SIA diurnal evolution in Figure 28 shows a general homogeneous variation between
Dunkerque and Saint-[Imer. This proves the influence of regional emissions of this type of
aerosols. Between the samples, Dunkerque peaks topped those of Saint-[mer in some cases,
when in others the levels at Saint-[Jmer were found higher. Deeper investigations are needed

in order to uncover the possible reasons behind these peaks.
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II.[ [ nalllsis o[ al oe [imit peaks o [ []

I11.7.1.Identification of above limit-value peaks of [ M, 5

To be able to identify above limit peaks of fine "M episodes that occurred during our
winter and spring campaign, we turned to Atmo air monitoring network data for the daily
evolution of M55 and [M;o. Atmo sites for the measurements of (M, s and [ M, mass in
Dunkerque are located in Malo-les-bains (East side) and Saint-[ ol-sur-Mer (West side)
respectively, whereas in Boulogne-sur-Mer and Saint-[/mer, Atmo installed only one

automatic [ Mo measuring station per site. Data on [ M, s and [ My mass were acquired from

Atmo web site (http://www.atmo-npdc.fr), which allowed drawing their daily evolution and
hence identifying the daily peaks of [ M levels at our sites. In the following segment we will
discuss the method for selecting the dates during which episodes of [ M pollution occurred, as

well as explain the main chemical species contribution in the total analyzed [M;s
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concentration which is defined here as the sum of all analyzed chemical species concentration

in each sample.

III.[11.1.Winter campai' n al o[ e [imit[[aue peaks

The evolution of M5 and M, at Dunkerque and Boulogne-sur-Mer during the
winter campaign period is illustrated in Figure 29.

A closer look at the trends shows that above limit peaks of [ M, s recorded by Atmo
follow the same pattern of our total analyzed fine particles. Atmo-[ M, s values are found
sometimes higher than those for [M;y in Dunkerque. This can be explained by the fact that
the measurements were taken at two different sites: in Malo-les-Bains (East) and Saint-[ol-
sur-Mer (West) respectively. Malo-les-Bains is probably more exposed to [ M than Saint-[ ol-
sur-Mer. [n the other hand, the evolution of both [M classes in Dunkerque is also found
similar to the one measured at Boulogne-sur-Mer for [ M;,. This shows a global regional
trend that controls the daily variations of [M levels. Furthermore, in Boulogne-sur-Mer, a
high similarity between the trends of Atmo-[ M,y and our total analyzed [ M, 5 can be clearly
seen in Figure 29. These correlations allow us to rely on these trends for the selection of
above limit peaks of (M. [Jowever, we have noticed that total [M;s was higher than total
M, for certain dates. This is abnormal and could not be explained at this level, but we
suspect that the cause of this difference is related to the fact that (M, s and [ M;¢ monitoring
stations are located at two different sites.

The limit values for both [ M classes, 50 [g/m3 for [ Mo and 25 Dg/rn3 for [ M, s, were
exceeded many times in Dunkerque as well as in Boulogne (Figure 29). In parallel, similar

variations occurred in other measuring stations in the region (www.atmo-npdc.fr). This proves

that the load of [M is increasing regionally. [lence, we were able to identify high fine [M
loaded samples individually at Dunkerque and Boulogne-sur-Mer, which are consisted of 44
samples (22 days): 21, 22, 27, 28 — 30 for November, in addition to 1 — 4, 6, 7, 19 — 22 and 26
— 31 during December 2010. We will be investigating the chemical composition of these

selected samples later in this chapter.
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

ML CCprinl lcampailn al ol e [imit/['aue peaks

The variations of "M, s and [ Mo at Dunkerque and Saint-[mer during this period are
illustrated in Figure 30. A comparison between the trends acquired from Atmo surveillance
network and our study result for Dunkerque shows that Atmo-["M, 5, Atmo-[ M, and the total
analyzed M, s values have similar trends, with almost synchronized increases exceeding the
limit values for both classes of [ M.

A similarity can be noticed in the case of Atmo-[M;, and our "M, s collected in Saint-
Cimer. The two trends follow each other especially in high M episodes, during which limit
values were exceeded. These above limit peaks correspond to specific [ M;s samples taken
from Saint-[ imer. These samples were identified as in the case of Dunkerque to find that they
match in Dunkerque and in Saint-"mer.

A total of 29 days (58 samples) is chosen for chemical species contribution analysis.
During March the dates are: 12, 14, 15 — 17, 19 — 22 and 24 — 28. As for April we identified
the following dates of [ M,s peaks: 7, 15 — 25 and 28 — 30. The detailed analysis of the

chemical composition of these selected samples will be realized in the following section.
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

I11.7.2.Detailed analysis of above limit peaks of (M, 5

HL.CCL.D ) Dinter campail n episodes

111.7.2.1.1.General observation

Figure 31 shows the chemical composition of the selected [M,s samples from
Dunkerque qnd Boulogne-sur-Mer, except for the day of 7/12/2010, during which we faced a
technical problem and sampling was not realized. TC is found to fluctuate independently
when compared to the elevation of the total analyzed [M,s concentration in the
corresponding sample. Cowever, S[14%, N3  and N4~ seem to contribute the most in the
total [ M, s concentration during the episodes. The rest of the analyzed species contribution is
found to be negligible when compared to the above discussed ones.

The contribution in the total [M,s for certain species at Boulogne-sur-Mer had a
different aspect when compared to the respective case observed in Dunkerque (Figure 31).
For example, TC is found linked to the increase in total analyzed [M;s except during
11/29/2010 and 12/7/2010 in Dunkerque and Boulogne-sur-Mer respectively. N[ 3" and N ("
contribution to the load can be evidenced in almost all the peaks. Finally, ST1,> was found
increasing with the total analyzed M, s. The rest of the analyzed metals followed the same
pattern as the one observed in Dunkerque as their contribution was insignificant compared to
the previously discussed ones. Finally, we note that we could not compare the contributions
for the 29™, 30™ and 31* samples because the sampling campaign in Boulogne-sur-Mer ended

on the 28",
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

“lur oblectives in this section are to examine under which conditions these above limit
episodes are occurring, and establish a link between these episodes and wind directions and/or
temperatures in the studied sites. In order to backup our analysis, we have regrouped in Figure
32 the diurnal evolutions of the recorded temperatures, [ M, s levels recorded by Atmo, TC,
SIA and Al corresponding to each of the previously selected samples. In addition, Figure 33
regroups some air mass backward traléctories drew using [/[ISLIIT transport and dispersion
model from the N[TAA-Air [Jesources [aboratory (Draxler [ [Jolph, 2012) online server, to
illustrate some examples that can uncover some M origins, especially during long range

transport mechanisms.
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Chapter III: Concentrations trends and statistical analysis of ME, SI and TC
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

[11.7.2.1.2.i.Episodes on the 21% and 22" of November 2010

The episodes occurred in a dry climate period during which temperatures tend to drop,
but always staying above 0°C. Wind directions analysis show that wind blowing initially from
the S-SE sector since November 19", changed directions to N-E during the time of the
episode. The chemical composition of the collected particles in both Dunkerque and
Boulogne-sur-Mer sites, it is mainly composed of secondary inorganic aerosols (SIA) which
rose in those samples along with a smaller scale contribution of TC. The episode ends on
November 23" following a wind direction inversion towards the N-W sector accompanied by

rainfall.

111.7.2.1.2.ii.Episodes from November 27™ to December 4" 2010

The event takes place during an episode of dry climate, and starts when daylight and
nightfall temperatures drops below 0°C, all the way to a minimum of -7°C encountered in the
2" of December 2010. At the beginning of this episode, we can notice the inversion in wind
direction: initially under NW direction, the air masses changed direction to pass over East of
France before returning to the N['dC region (Figure 33).

The region in that period kept being sublécted to S-E winds, but [ M, 5 levels dropped
significantly in the middle of this episode (November 30", 2010). Associated to this
phenomenon is some temporary wind reinforcement from the East sector (between 9 and 10
m/s).

In both Dunkerque and Boulogne-sur-Mer, the episodes could be explained by the
concentrations in inorganic secondary aerosols and total carbon. [Jowever, it is important to
mention that the evolution of these species is not the same: SIA concentrations increased
more than TC at the beginning, followed by an increase in TC concentrations (reaching 15
Cg/m’ in December o 2010) but remaining under SIA high loads. This observation is found
occurring with the minimum recorded ambient temperature. Therefore, heating activities
could be a source of TC emissions during this event and could also contribute to the above
limits peaks. Furthermore, this suggestion can be backed up by the increase in potassium
levels, which is considered as a tracer of biomass combustion.

The episode ends by the end of the 4™ of December, marked by a large increase in

temperature and rainfall occurrence.
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

111.7.2.1.2.111.Episodes on the 6™ and 7" of December 2010

This episode is shorter and less intense than the one observed between the 27" of
November and the 4™ of December 2010. Meteorological conditions during these two days
exhibited average temperatures of 0°C, sometimes lightly negative, and an N-E sector winds.
The backward tralectory shows slow inland air mass movement that is directed towards
Belgium and [olland. Then it returns to our regions under the influence of NE winds. This
behavior is found similar for our two sites (Dunkerque and Boulogne-sur-Mer).

The episode terminates at the beginning of high speed wind event, followed by a shift in

wind direction to the N-W sector and an increase in the temperature.

111.7.2.1.2.iv.Episodes from December 19" till 21

An increase in [ M concentrations can be observed also synchronized with a decrease of
temperatures to negative values for a couple of days. The difference with previous
observations resides within wind directions that are under the S-E sector, which is a rare event
in our studied region. Same as in the case of N-E winds, the NI dC region is sublécted to
continental air masses, which probably crossed over European neighboring countries as well
as other French regions.

The episode ends in the evening of December 21*, after an increase in wind speed (110

m/s) coupled to an increase in temperature.

111.7.2.1.2.v.Episodes from December 26" till 30"

This episode is also observed under a cold dry weather conditions, whereas winds were
originating from the S-E sector. In a similarity between this episode and the one of the 2™ of
December, TC concentrations increased noticeably (December 26™ and 27™), and can be
attributed to the increase in domestic heating activities. We can also notice that the air mass is
originating from the South of France and crosses the region of “Ile de France” before settling
in ours.

From all the previous episodes analysis we can conclude that each one from the winter
campaign was characterized by similar meteorological conditions. The exceedance of the
limit value was encountered under dry weather, with cold winds blowing from N-E to S-E
continental sectors. Another interpretation can be applied herein considering the [long [lange
Transport of particles also evidenced by air mass back traléctories.

The analysis of the chemical composition proves that these episodes can be explained

by the increase in SIA and TC concentrations. SIA are well known to be associated with long

145



Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

range transport particles, whereas TC is mostly originated by local sources. Furthermore,
when the weather exhibits low temperature weather conditions, the high concentrations of TC
could be due to an important use of domestic heating, which can contribute significantly to

[M,; 5 loads.
HLCOGOE o sprinlcampail n episodes

111.7.2.2.1.General observations

Figure 34 resumes the chemical composition of the above limit selected samples for
Dunkerque and Saint-[imer. The illustration shows that N[I3~ and N[, are the main
contributors in [M;s load during peak episodes. [In the other hand, TC concentrations
followed a pattern that is not related to the fluctuations in total analyzed "M, s: for example,
when comparing 03/12 to 03/20/2010 samples taken from Dunkerque, we find that total
analyzed [ M, s increases while TC remains relatively constant. [lowever, we can notice that
the contribution of TC in the load of fine [ M in spring is smaller when compared to the one
found in winter, which is probably due to a decrease in heating related combustion emissions.
Furthermore, S[1,> did not fluctuate significantly between the selected samples. Finally, TE,
ME and CI had relatively negligible contribution in the total analyzed M, s concentration

during these episodes.
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

"Ising the same strategy used for the winter campaign, we examined the meteorological
conditions encountered during the spring episodes, which raised the level of [ M, s to reach
high values between 60 and 70 [g/m’. Figure 35 illustrates the diurnal evolution of the
temperatures, Atmo-[ M, s levels, TC, SIA and Al in Dunkerque and Saint-[mer sites during
the spring campaign. Six air mass backward traléctories are also given in Figure 36 that
confirms the global meteorological situation occurring during some of the above limit

samples.

148



671

Cupdsurmp 0
UL K] W] SUONRIUdIU0Y | [] pue [ “[J[](3191 -~ [ ‘damperadurd) 371310 Uonn|o 3 jeuwIni( [ ¢ a4 1

Concentration in ng/m? Concentration in ng/m? Concentration in ng/m? Concentration in ng/m? Temperature in °C

00007
000T1
0000S
0000

0000L
00006

—_ [ ) P wn D ~ > — — I3 8 [
(=] f=} (=} (=] (=3 f=J (=} (=} (== (=1 (=] £ =) 8 [=2) (=] ~ o)
I I

- 00001
- 0000C
0000€
0000%
0000s
00009
- 00001
- 0000T
- 0000€
- 0000

[} > (=N x©

[=3 (=3 (=3 (=3

(=3 (=3 (=3 (=3

=] (=} (=} (=}
I I

3/12/2011 |
3/13/2011 |
3/14/2011 |
3/15/2011 |
3/16/2011 |
3/17/2011 |
3/18/2011 |
3/19/2011 |
3/20/2011 |
3/21/2011 |
3/22/2011 |
3/23/2011 |
3/24/2011 |
3/25/2011 |
3/26/2011 |
3/27/2011 |
3/28/2011 |
3/29/2011 |
3/30/2011 |
3/31/2011 |

4/1/2011 |

4/2/2011 |

4/3/2011 |

4/4/2011 |

4/5/2011 |
4/6/2011 |

\
\

\/
'

\/
ye
NV

4/7/2011

4/8/2011

4/9/2011 |
4/10/2011 |
4/11/2011 |
4/12/2011 |
4/13/2011 |
4/14/2011 |
4/15/2011 |

4/16/2011
4/17/2011
4/18/2011 |
4/19/2011 |
4/20/2011 |
4/21/2011 |
4/22/2011 |
4/23/2011 |
4/24/2011 |
4/25/2011 |
4/26/2011 |
4/27/2011 |
4/28/2011 |
4/29/2011 |
4/30/2011 |

|
M

\

\/

|
|

(10U J-JUIES) [V —m—
(onbiayuN(]) [V e
(IOUI[-JUIES) VS il
(anb1oyUN(Y) VS et
(fow [ -jutes) D —m=

UpZ OV (T WOL Do Lt |
YZI 03 400 WOLf Do [ enflll }

(anbioyun(q) DL =g
\
\
’ ST -ouny —m- |

|

DL Pue [S “TIA JO SISAJeue [BO1ISI)BIS PUB SPUSI) SUONBIUIOUO)) [ Jordey)




Chapter III: Concentrations trends and statistical analysis of ME, SI and TC
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

111.7.2.2.2.1.Episodes succession between 12 and 28 March 2011

The increase of fine [ M above limit value is found associated to a dry climate and low
average daily temperatures which did not increase above 10°C. Succeeding high [M;s
concentrations (till March 22"%) were observed under N-E winds. The decrease of [M levels
detected in 18 March is synchronized to a sudden shift in wind direction towards the S-W
sector. During the first episode of this period we can observe that air masses have crossed
over the continent (East of France and [Jermany) resulting in an important increase in [M; s
records. Meanwhile, and as illustrated for 03/15/2010 in Figure 36, we had a comeback of the
air mass with N-E wind flux towards the NI dC region. [lowever, on the 18" of March, a
break was noticed during which a temporary shift of S-W winds had occurred.

The situation is found different between the 24" and the 28™ of the same month, since
wind activities were almost absent.

The episode terminates after a shift of wind directions to the S-W sector. The chemical
composition of the samples during this episode shows that the elevations in [ M loads are due
primarily to SIA and TC. The remaining malor elements, especially Al, Fe and Ca

concentrations do not increase remarkably during this period.

111.7.2.2.2.ii.Episode starting the 15" to 25" of April 2011

In this episode, the limit threshold was crossed when wind direction shifted to the N-E
sector in 14 April. Backward traléctories show the arrival of air masses to our sites that had
already crossed over [Jolland and Belgium before that (Figure 36).

The following days were marked by a gradual decrease in wind speed to get to stagnant
conditions, especially at Saint-['mer. Furthermore, we observed that temperatures increased
to reach summer values between 18 and 14 April. During these days, daylight average
temperatures were around 20°C, which is an unusual episode since these temperatures are
above the seasonal averages that are encountered in the region.

As for the concentration evolution, a particular phenomenon was observed and deserves
a detailed explanation. In fact, diurnal fine [ M evolution shows three successive peaks: 15, 20
and 23 April. The chemical species evolution shows that SIA concentrations increase is well
synchronized with the elevation of fine [M; s loads, [ust like the previous cases. [Jowever, it
seems that TC, Al, Ca and Fe presented similar evolutions characterized by a progressive
augmentation. This increase got to a maximum during April 21 then the levels decreased in

the following days. The aspect of the trends for Al, Ca and Fe points at an accumulation
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Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

phenomenon in the air, which is not totally surprising if we consider the stagnant
meteorological conditions recorded during this period (dry weather, almost complete absence
of wind and above normal seasonal average temperatures).

This accumulation could not explain the SIA evolution during this episode due to the
degree of stability of SIA, and mostly ammonium compounds which are temperature
dependant. The stability of suspended N[I4N[J; particulates in a gas is governed by the
direction of the chemical equilibrium (Seinfeld [ [andis, 2006):

ND4ND3(S) ] Nj3(g) ]N]D3(g) ArEO [1-92.67 k[/mol

In this reaction, A;[1° corresponds to the [libbs function (free enthalpy) of the reaction
in standard conditions and under 25°C. If we consider the link between the equilibrium
constant K and A;[1°, it is possible to demonstrate that [ decreases by a factor of 1000 when
temperature increases from 0°C to 25°C. This proves that ammonium nitrate is less stable
under high temperatures, and thus tends to decompose into its primary gaseous species.

The SIA concentration increases dramatically to reach its maximum under N-E sector
winds, when in the mean time temperatures remain under 20°C. [lowever, despite the stable
meteorological conditions, we observe a decrease in SIA accompanied by an increase of
temperatures beyond 20°C. This decrease can be explained by ammonium nitrate
decomposition as previously explained.

Clur explanation can be backed up by the fact that SIA levels in Saint-[imer were lower
than those of Dunkerque during April 21 and 22™, even though average temperatures were
higher in the first site than the second.

Equally, we observed at the end of the episode another temperature increase (in April
24th) followed by an important atmospheric cooling during the following days. This
temperature gradient can also have an effect on SIA concentration evolution. In this case, we
can consider that SIA precursors exist in the air, but the relatively high temperatures kept the
precursors from transforming into particulate form, especially particulate ammonium nitrate.
[In the opposite, when temperatures started to drop gradually (in April 24" under N to N-E
sector winds), the conditions for the transformation of precursors into particulate ammonium
nitrate became favorable, thus the increase in its concentration was observed. In parallel, we
observed an entrance of continental air mass which was located over northern [Nermany 48

hours earlier.
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“ower levels of fine (M were again encountered as of April 25™ 2011, with wind origin
maintained from the N to N-NE sectors and speed between 6 to 9 m/s.
To resume the spring campaign [ M, 5 above limit value increases, we noticed that there
are two conditions linked to these episodes:
— N-E sector winds, corresponding to inland air masses, under which the increase
in [M loads is related to higher SIA and TC concentrations.
- Extremely low wind activities leading to accumulation of fine particles in the
atmosphere.
— [ligh atmospheric temperatures decreased the contribution of ammonium

nitrates in the [M concentrations.

II1. [ Joncentration el olution [ [ ][ Jind sector

After the diurnal evolution which helped in determining regional versus local pollution
sources in the sampled sites, another possible analysis is discussed hereafter. It analyzes the
relationship between wind sectors and chemical species concentrations at the studied sites of
each campaign. Therefore, wind roses are drawn for each ME, SI, and for TC as well, which
determine concentration variations in relation to wind directions.

For each sample, we were able to associate an average wind direction and sector:

— The average wind direction represents the average of recorded wind directions
in the 12 hours sampling period that corresponds to one sample.

— The defined wind sector is the sector (in degrees) in which the recorded wind
directions fluctuated for the same 12 hours as above for each sample. For
example, in the case of a sample for which the recorded wind directions ranged
between 40° and 80° has a defined wind sector of 40°-80°.

In addition, certain samples were excluded from the calculations especially:

— The samples for which wind directions were extremely variable (sector range
increased beyond 90°). For these samples we could define neither a wind sector
nor direction.

— The samples for which no wind direction could be recorded (stagnant winds
having 0 m/s speed).

"lence, the concentration roses were drawn based on the following principle:

— The wind rose was decomposed in sectors of 10° each, which define 36 possible

wind directions: 0°, 10°, 20°... 340°, 350°.
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— The wind sector of each analyzed species that ranges between D,-Dy is divided
into wind directions as follows: Dy, D4[10, D4+20..., Dy, to each of which is
associated the concentration of the analyzed species in the considered sample.

— After applying the same method to all the collected samples, we can then find
for each wind direction the concentrations of the chemical species found when
wind was blowing from that same direction but for the whole campaign.

— The geometric averages of these concentrations for each of the 36 wind
directions will serve then to draw a “radar” chart type that represents the
concentration rose.

The following example (Table 8) summarizes our used method for Al, considering 4
samples only:
—  Sample 1: 20°-40° sector["Al concentration: 100 ng/m’
—  Sample 2: 0°-20° sector[ Al concentration: 40 ng/m’
—  Sample 3: 20°-50° sector Al concentration: 70 ng/m’

—  Sample 4: 50°-90° sector Al concentration: 30 ng/m’

Calle [T ample o[ concentration roses calculations

Wind Direction [amplél [ample([] [ample3 [ample ] [Jlerale T[T 1]

DL 00 00 00 00 D(Lin nllm’
1 40 40
100 40 40
minin 100 40 70 70
300 100 70 85
minin 100 70 85
000 70 30 50
minin 30 30
000 30 30
000 30 30
000 30 30
3000 Mean (350°)

This method was applied to all the analyzed chemical species in our study, which
allowed us to draw the concentration roses for all these species and for the two sampling
campaigns. This also helped us to identify which wind directions were contributing in the

increase of certain species.
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Finally, after drawing the concentration roses we were able to notice that wind activities
in Dunkerque (winter) and Boulogne-sur-Mer from the S to E sector were at very low
frequencies, which forces us to consider this fact in the analysis of the roses especially for the

SE quarter sector.

I11.8.1.Winter campaign

II1.[[1.1.[7 alor marine e/ément orilins

Na, CI', and Mg are considered to have a predominant marine origin in this section.
Concentration roses of our sites during the winter campaign show that Na, CI" and Mg are
malorly observed under the N sector in Dunkerque, and under NE and SW sectors in
Boulogne-sur-Mer (Figure 37). These wind directions originated from the sea put in evidence
that these elements are indeed in sea salt form. Sea salts are expected to be linked to SW
sector winds for both sites ([Jedoux, 2003). In this winter campaign, we must recall that
meteorological conditions shifted than the normal seasonal variations, and specifically with a

much less SW sector winds.
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(Boulogne-sur-Mer winter campaign)

Cilure 3117 alor marine e/éments concentration roses [or Dunkerque and
Coulo nelsur(T] er durin[JtCe Jinter campai’ n
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HLL1.L0T0 malor ions orilins

The highest concentration of the different SIA components are found associated to a
malor SE and SW wind directions in Dunkerque, and E direction in the case of Boulogne-sur-
Mer (Figure 38). These directions represent the continental sector influence, as discussed in
the previous part in which the E-SE wind directions were associated to inland air masses
holding [T particles. [n the opposite side, species like N[5, S(4% and N[ exhibited the

lowest contributions when sublécted to marine sector winds.

(Boulogne-sur-Mer winter campaign)

[ilure 3( 7' T[] malor ions concentration roses [or Dunkerque and [ou/o[ nel]
sur(l] er durin//t[ e [linter campail n

I1.[11.3.0Jom[ ustion e[éments orilins [ /[ and [

Total carbon and total potassium are considered as malor tracer for combustion
processes. At Dunkerque site, the origin of these elements is malorly under the E-SW sector
showed by the concentration roses and points at the city area as well as other possible

continental sources (Figure 39).
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(Boulogne-sur-Merwinter campaign)

Lilure 3[1]01[) and [ concentration roses [or
Dunkerque and [Joulo nelsur(l] er durin[/tle [Jinter
campailn

The origins of these elements in Boulogne-sur-Mer are found similar to Dunkerque, in
the sense that the malor wind direction under which an elevation in TC and [ concentrations
are recorded was urban and/or continental. Clowever, we also noticed two sectors of TC
concentrations coming with N-NW and W-NW winds, which is the westerly sector of

Boulogne-sur-Mer.

II.[1.[l e, [1a, and [ orilins

The remaining ME elements concentration roses are illustrated in Figure 40. The roses
show important differences between the sources sectors of elements but also between the
sites. Fe, Ca and Al at Dunkerque are relatively linked and enriched when winds are blowing
from the industrial sector, with particularly high Fe levels to which is added another source
from the SW and E sectors possibly linked to urban sources. The latter also contributed in Ca
and Al high concentrations. It is important to mention that the samples that demonstrate the
industrial sector influence correspond to high Fe loads identified in Figure 20. We can also
notice that high Al concentrations are originated from the SE and S-SW sectors, which
correspond to continental influences without excluding the local urban ones nonetheless.

The sectors enriching in these elements are different at Boulogne-sur-Mer, where Ca

origin was malorly coming from the SW urban and marine mixed sectors. This observation
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should be considered with prudence as explained in section II1.8. Fe, partial Ca, and Al were
observed under E winds which can be generated from Boulogne-sur-Mer urban influences

and/or Dunkerque’s industrial site emissions.
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(Boulogne-sur-Mer winter campaign)

Lilure [ 111 e, [Ja, and [ concentration roses [or Dunkerque and [loulo[nelsur(]
[J er durin[Jt e [linter campail n

I11.8.2.Spring campaign

IIL.[IC.C) alor marine e/ément orilins

Malor marine elements concentrations are originated from the nearby sea sector during
this campaign, which can be observed in Figure 41.

Concentration roses show that Na, CI’, and Mg are presented in high concentrations
when winds blow from the W sector in Dunkerque. The latter is a source of dominant winds
usually loaded with sea salts, which is mentioned in section I11.8.1.4.

“lowever, sea salt aerosols are also found in Saint-[Jmer atmosphere despite the inland
geographic position of this site. Marine components are found to be coming from the large
SW to N sector which encloses the coastline of the region including Boulogne and

Dunkerque’s sea fronts.
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(Saint-Omer spring campaign)

Lilure [1[[ea salt eléments concentration roses [or Dunkerque and [aint(l' mer
durint[e sprinlicampailn

ML malor ions orilins
The concentration roses for SIA ions (Figure 42) demonstrate the participation of the
SE sector in the levels of these ions in Dunkerque. In Saint-['mer, wind directions are able to

carry highest concentrations which are originated from the eastern side.
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(Saint-Omer spring campaign)

Cilure [T TICIC] species concentration roses [or Dunkerque and [aint [I/mer durin’]
tle sprinlcampailn

“lowever, in Dunkerque, contributions to these ions can also be identified coming from
the NW side that includes the ISW site as well as the seafront.

“In the other hand, in addition to the urban sector participation in the loads of SIA in
Saint-[Imer, we can notice a high peak pointing at the N and a lower one from the SE
direction, particularly in the case of S{14* ions. The first one indicates a possible contribution
from Dunkerque’s industrial site whereas the second sets the possibility of a nearby glass

factory participation in Saint-[Imer.

II.[IL3. Jom[ ustion e/ements orilins/ [ ][] and [
Combustion tracers concentration roses show similar aspects between TC and [ at both
coastal and inland site (Figure 43). This observation is in accordance with a previously

demonstrated link between these two chemical species.
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(Saint-Omer spring campaign)

[ilare 3] and [] concentration roses [or
Dunkerque and [aintT'mer durin(/t[e sprin]
campailn

In Dunkerque however, TC and [ maximum concentrations were linked to winds
blowing from the SE sector, which points at an urban origin, but also from the NW sector that
encloses the industrial site. In particular, high [ concentrations are recorded when wind was
blowing from the 270-290° direction and could be linked to the ISW sintering unit emissions
as it was found to be in a published work realized by D. [leis ([leis, et al., 2013). Whereas at
Saint-[/mer, the concentrations of TC and [ were both linked to many wind directions,
mainly SE, W-NW, and E-NE. [lowever, some [] increase can be noticed also coming with N

winds.

L. e, [a, and [T orilins

The 260° to 290° wind sector is found to highly influence the concentrations of Fe, Ca,
and Al in Dunkerque as it is demonstrated in Figure 44. This examination agrees with the Fe —
Ca relation suggested in section I11.6.1.2, and proves that the ISW activities may influence Fe,
Ca and in a less extent Al atmospheric concentrations when wind blows from the western
directions. Smaller concentrations of these elements are also found related to the both SE and
SW urban sectors.

In addition to the urban sector moderate participation, Fe, Ca and Al also had a common

enriching SE sector in Saint-[mer, from which the industrial influence of the nearby glass
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factory might be the reason behind it. [lowever, it should be noted that under SE winds effect,
meteorological conditions favor the accumulation of atmospheric pollutants. Thus, air masses
can be heavily loaded in elements which explain the high concentrations found under these
conditions. Furthermore, Fe rose peaked from the N direction as well proving that the
possibility of Dunkerque’s industrial emissions can be identified as a source of this element

enrichment.
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(Saint-Omer spring campaign)

Cilure [TT1e, [1a, and [ concentration roses [or Dunkerque and aint[T mer
durin([/tCe sprin[campailn

II1.[ |Discussion o[ t[ e results

A comparison of the concentrations found in this study for Dunkerque, Boulogne-sur-
Mer and Saint-[Jmer was achieved internally between the sites, but also to other European
studies in order to classify the NIdC region. We were able to find that for each element, the
studied sites exhibited comparable, high, and low values depending on the characteristics of
the local activities and geographical position. Furthermore, the diurnal evolution between
some analyzed species, regrouped in marine elements, SIA ions, Fe and Ca, Al and Nss-Mg,
TC and [, enabled the differentiation between regional and local sources of pollution. And
finally, a detailed analysis of each species concentration in relation to wind direction was

realized using concentration roses in order to point at the direction of the emissions sources.
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The following sections will discuss in details the significance of this previous analysis, to be
able to point at specific possibilities of regional and local atmospheric pollution sources.

Sampling during the winter campaign (11/18/2010-12/31/2010) took place in
Dunkerque and Boulogne-sur-Mer simultaneously. The weather during that period was
characterized with lower than usual temperatures and rainfall, but most importantly wind
directions influenced the sampling site with different sources of fine M. In Dunkerque,
continental sector winds were the most abundant, followed by industrial and marine mixed
sector, then finally by less frequent marine sector winds. [Jowever, Boulogne-sur-Mer was
affected by only two malor wind sectors: the continental inland winds and less frequent
marine sector winds.

Total [M; s element average concentrations show that Dunkerque had higher values for
all ME elements, TC, and ions except for N[5~ which results were comparable between the
two sites.

The spring campaign was held between 03/10/2011 and 04/30/2011 in Dunkerque and
Saint-[ 'mer. Meteorological conditions were characterized with below seasonal averages
values, with an exceptionally lasting anticyclone episode during which average diurnal
temperature increased beyond 20°C. As for wind activities, the situation was closer to the
normal seasonal observations with N-E sector winds in the dry period, or SW winds
accompanied with less that seasonal average rainfall level during the sampling period.

In this campaign, the concentrations of TC, N[J;" and S, were found comparable
between the two sampling sites. [lowever, N[J;  concentrations were found higher in Saint-
Umer, whereas the average concentrations of Fe, Ca and Mg were higher in Dunkerque.

It is important to mention that during winter and spring campaigns, diurnal evolutions
of species concentrations had similar tendencies at the three studied sites, very much linked to
the encountered meteorological conditions. This illustrates that the local [ M; s concentration
trends follows the fluctuations of a regional atmospheric baseline. To this we can add some
local emissions impact observed in the differences in the concentrations of certain species
between the sites.

Deeper investigations in the sea salt components lead us to find a minor difference
between Dunkerque and Boulogne-sur-Mer, which are both regional coastal sites. [In the
European level, the results showed comparable values except when compared to some
Mediterranean sites in which the sea salt fraction was highly concentrated. This difference can
be explained by wind circulation pattern of the Mediterranean region. Concentration roses for

sea salt elements proved the marine origins of these elements since they were found abundant
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with wind directions coming from the marine sector. [ Insynchronized peaks of sea salts were
identified in Dunkerque and Boulogne-sur-Mer to demonstrate that local variations exist in
this natural source of emissions, probably due to the position of the seafront.

Anthropogenic activities were identified by the analysis of Fe and Ca concentration
averages and fluctuations. The inter-sites comparison shows that Fe was higher at Dunkerque
than in Boulogne-sur-Mer, whereas Ca was found comparable between the two sites, but
remaining in slightly higher concentrations in Dunkerque. This observation is common since
industrial activities in Dunkerque might be responsible of Fe enrichment. Dunkerque is
known to host one of the largest integrated steel works plant in Europe, as well as other
industrial activities that can enrich the atmosphere with these elements. [lowever, the
comparison on the European level showed that the values found in our study can be compared
to the ones found in the case of big cities, in which iron levels were found to be resulting from
traffic, but it is still lower than the values found in other industrialized sites in Europe. Daily
Fe concentration evolution shows that high levels of Fe identified as punctual peaks are
observed regularly. During the peaks, Fe levels increase well beyond the average value then
decrease to low levels afterwards. Meanwhile, Ca levels at Dunkerque are found linked to Fe
levels, which is not the case at Boulogne-sur-Mer. Finally, concentration roses confirm the
industrial origins of Fe and Ca at Dunkerque with slight participation from the marine and
continental sectors. [In the other hand, the origins in Boulogne-sur-Mer are found to be within
the inland continental sector for Fe and Ca.

Aluminum concentration levels were found to be comparable between Dunkerque and
Boulogne-sur-Mer, but lower than the European comparison sites. The diurnal evolution of Al
shows that it is not linked to a regional tendency. Traffic can be a malor source of Al
enrichment through non-point source emissions (like dust re-suspension), but also can be
emitted by industrial activities from point and non-point sources. Concentration roses of Al at
the two coastal sites proves the participation of the traffic sources coming from the city center
at the two sites, but also the industrial site influence at Dunkerque and the marine sector at
Boulogne-sur-Mer.

TC and [] concentrations were also compared to find that their levels at the three sites
are comparable to most of the large north European cities and industrialized sites, but lower
when compared to megacities like Budapest and Milan. In this case combustion processes,
including traffic, participated in the loads of TC. Furthermore, the daily successive evolution
of these two elements shows that TC is affected by local emissions at the sites, especially with

the presence of unsynchronized peaks between the sites of each campaign. These sources can
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range from traffic to residential at Boulogne-sur-Mer. The industrial source can be added to
these sources in the case of Dunkerque. Concentration roses came to confirm that TC and [
sources at Dunkerque are malorly from the continental sector, meaning that the effect of the
city is clear with some minor participation from the industrial, especially for [], and marine
sectors. The same observation can be noted in Boulogne-sur-Mer for both elements, but with
an absence of industrial participation. [ossible marine sources of TC and [ can be related to
marine transportation activities that are high in the region.

N5, SU4% and N[, concentrations of the SIA group were also analyzed and
compared. SIA levels are found comparable between the three sites, and their diurnal
evolution shows regional background pollution effect since the concentration levels and
trends between the coastal sites are similar. [Jowever, N3~ concentrations are found to be
higher than in European sites except for Milan, in which extremely high concentration levels
are probably due to accumulation phenomenon. Furthermore, S, concentrations were
found comparable to megacities levels in central Europe as well as in northern European sites.
This indicates that the studied sites are clearly affected by regional as well as local pollution
sources. A similar observation can be found in the case of ND4u, which is found higher than
nearby sites but lower than some Mediterranean ones. N[5 is mostly emitted in traffic dense
areas as direct pipe emissions in the form of gaseous N[, that react in the atmosphere and
convert to form ions in particles under low temperature environments. As for S[14* ions, it
results from the conversion of S[J, generated mostly by industrial activities like:
petrochemical, cement factories, steelmaking...etc. These conditions are fulfilled in the
region, as well as in north Europe in general. More confirmation on the source of SIA can be
laid down through the analysis of the concentration roses. These latter clearly show that the
highest SIA concentrations are encountered under continental sector winds. This origin
involves the urban activities as well as the long range transport phenomenon as main SIA
sources.

"M, s concentration levels above the 2015 limit value (25 [g/m3) were recorded in air
quality surveillance stations during the sampling campaigns. The analysis of the chemical
composition of the collected [ M, s allowed the identification of some species with very high
concentrations.

During the winter campaign, episodes during which [ M, s increased beyond the limit
value were encountered under dry and cold weather, and also under N-E to S-E sectors winds
which carried continental air masses. In parallel, we observed an increase in TC and SIA

(specifically N[J3" and N4 ) concentrations.
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Spring campaign episodes can be explained by:

— [articles accumulation situation encountered during stagnant winds and dry
weather.

— Winds blowing from the N-E under dry weather and cold temperatures leading
to the increase in SIA concentrations.

The observation of high SIA concentrations under the N-E sector deserves a profound
interpretation. In fact, the results obtained simultaneously in two sampling sites demonstrate
that SIA have not been generated locally. It is well known that secondary inorganic
components can be transported to long distances within continental air masses. In the case of
ammonium nitrate for example, N[y and N3 precursors can be emitted by combustion
processes and agriculture respectively. Therefore, it is normal to find that precursors are
emitted in large quantities in inland European sites.

Nl emitted into the atmosphere evolve into [IN[J; as a result of photochemical
reactions. N3 reacts faster than N, in the atmosphere to give N[, ions by undergoing
acid-base reactions. This transformation can be limited when acidic species concentrations
like TIN5 is low ((Seinfeld [1 [‘andis, 2006) and ([ im, et al., 2011)).

Inside the NI'dC region under study, air masses arriving from the N-E sector could have
possibly crossed over the eastern European countries, northern [Jermany, [Jolland and
Belgium before hitting the NI dC region as it was deduced from air mass back traléctories
analysis. It is important to note that many studies have demonstrated that N[5 and N[y
concentrations in [Jolland and Belgium are between the highest in Europe ([lim, et al., 2011).
This phenomenon can be explained by the fact that Nl Ix and S[, emissions are also the
highest in northern Europe. They are not only emitted from heavy urbanized and
industrialized areas, but also from marine transportation sources in the North-Sea and
crossing the Straight of Dover, which is one of the most frequently used around the world:
700 to 800 ships/day ([ r[fecture-Maritime, 2013). In addition, N[ /3 emissions are important
themselves in these northern European countries. In France, three sectors contribute in
ammonia emissions into the atmosphere, between which, agricultural activities is responsible
of about 97%, followed by road transport (2%) and industries (1%) (CITE[A, 2007).
Agricultural activities emissions are actually generated by the application of mineral
fertilization of the soil. This latter depends also on soil p[], the level of fertilization and some
additional variables such as soil temperature and wind speed ([ Jamaoui-[laguel, 2012). These

emissions can also result from animal farming. This situation is similarly found in neighbor

166



Chapter I1I: Concentrations trends and statistical analysis of ME, ST and TC

European countries like in Belgium and [lolland, in which agricultural activities are
important.

The abundance of N[l and N(J;" in northern European is explained by the rapid
transformation of emitted ammonia into ammonium nitrate.

Finally, we remind that average temperatures in northern Europe are lower than those
recorded in the south. This climatic condition is to be considered regarding the stability of
particulate ammonium nitrate, which is found in higher concentrations in the relatively colder
climates of northern Europe as explained before in this chapter. [In the opposite side, in high
temperatures regions, ammonium nitrate is unstable. For example, nitrate ions in
Mediterranean countries are more likely to be found associated to Ca’, giving that Ca(N ),

is less temperature dependent (Arruti, et al., 2011).

III.17 [ Joncusion

Two sampling campaigns, realized simultaneously in Dunkerque and Boulogne-sur-Mer
and Dunkerque and Saint-[/mer respectively, allowed us to understand the evolution of [ M, s
concentrations as well as to analyze the fine [ M situation in the studied region. The winter
campaign (11/18/2010 — 12/31/2010) was realized in Dunkerque and Boulogne-sur-Mer,
followed by the spring campaign (03/10/2011 — 04/30/2011) in Dunkerque and Saint-[mer.

We were able to show that [M;s concentrations evolved by following similar
tendencies from one site to another, which proves the fluctuations of an atmospheric baseline
level on the regional scale. These phenomena can be explained by ionic species (N3, L4~
and N3 ) and total carbon (TC) concentrations variations. The cumulative contribution of
these species constitutes about 93% of [ M, s total concentration in winter, and about 95% of
the total in spring. The diurnal trends of these species were also found very variable and
heavily linked to meteorological conditions.

During the two sampling campaigns, the "M, 5 averages in Dunkerque were 24.8 [g/m’
in winter and 33.1 Cg/m’ in spring. Daily above limit (25 Cg/m’) values were recorded many
times (22 out of 44 days during winter, and 29 out of 49 days in spring). These high
concentrations were observed under stable anticyclone conditions and with E winds, which
favors the influx of continental air masses. In addition, significant and relatively higher TC
concentrations were detected during winter episodes, and are found linked to the increased
use of heating. [In the other hand, a stable above limit increase in fine [M during spring was

accentuated by stable meteorological conditions and almost a total absence of wind activities,
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leading to an eventual accumulaFinally, the diurnal study of Fe, Ca, Nss-[], Mg and Al
concentration variations from one site to the other enabled us to reveal local contributions in
Dunkerque, which are probably linked to industrial activities as evidenced by the Fe
concentration roses and in less extent with Ca and [, all of which pointed at the ISW wind

direction.
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Chapter 11 1: Concentrations trends, statistical analysis and source identification of Trace Elements (TE)

I .1.Introduction

After the detailed explanation of ME, SI and TC fluctuations and sources identification
that was achieved in Chapter III, we continue the interpretation of the findings that followed
the chemical analysis of the [M;s samples by boarding the sublect of the trace elements
group (TE). This group includes the following elements: Ag, As, Ba, Bi, Cd, Co, Cr, Cu, Mn,
Nb, Ni, [] ['b, [lb, Sb, Sc, Sn, Sr, Te, Ti, Tl, (] and [n. Therefore, this chapter will include a
first section which deals with the comparison between the TE average concentrations
measured at the three sampling sites. We will also discuss the difference between our findings
and those found in other sites around Europe in order to uncover the position of the three
selected regional sites. Afterwards, the “Industrial Impact” will be discussed to reveal which
elements were mostly influenced by the industrial activities. This last step will then be
completed by an Enrichment Factor analysis for both campaigns, which will also help to
determine the anthropogenic influence compared to the natural crustal source of metals.
“lowever, a statistical analysis will be applied to find which metals are mostly correlated to
each other. This will form a first step in uncovering the origins of these trace metals. A
concentration rose analysis will be added to this last section to confirm the origins of metals
in relation to wind sectors. The chapter will then be concluded by an analysis of elemental
ratios and the identification of signature elements that point at TE specific sources [ M, s in

the studied sites.

101.[] [llemental al eral e concentrations and contril utions

[[1.2.1.Winter campaign (November — December 2010)

The average concentrations and contributions to the total analyzed TE of each TE
element are illustrated in Table 1. Total TE concentration in Dunkerque is 1.6 fold higher than
the one found for Boulogne-sur-Mer (86.21 versus 50.34 ng/m").

Furthermore, [ n, ['b, [Jand Mn average concentrations in Dunkerque ranged between 7
and 39 ng/m’ and accounted for about 81.5% of the total analyzed TE concentration, followed
by 9.7% formed by [, Cr, Sn, Sb, Ti, As and Ba. These last group elements showed average
concentrations fluctuating between 0.9 and 1.7 ng/m>. Ni and Cu average concentrations (3.23
ng/m’ and 2.74 ng/m’ respectively) participated in 7% of the total. Finally, the rest of the TE
group contributed in 1.8% only and showed average concentrations ranging between 0.02 and
0.45 ng/m’.
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Talle 100001 alerale concentrations m!Im’ and contri utions [in [1 [lin (1] ]
collécted in Dunkerque and [ou(d ne'sur(l er durin[Jt[e [Jinter campailn

Dunkerque [loulo[ nelsur(l] er
U0 oo 1 SD O 0 SD ]
Ag 0.05 +£0.06 0.06 0.03 +0.03 0.06
As 091 =+0.68 1.06 046 +0.48 091
Ba 090 +0.68 1.04 0.89 +0.49 1.77
Bi 0.14 +0.17 0.16 0.13 +0.09 0.25
Cd 030 +0.63 0.35 0.18 +0.14 0.36
Co 0.09 +0.06 0.10 0.09 +0.06 0.18
Cr 143 +3.11 1.65 046 +0.39 0.92
Cu 274 +£3.77 3.18 1.66 +1.22 3.30
Mn 7.19 +£12.66 8.34 484 +12.54 9.60
Nb 0.02 +0.04 0.03 0.03 +0.15 0.06
Ni 323 +493 3.74 1.62 +0.78 3.22
O 1054 +=11.63 12.22 6.70 +5.33 13.31
‘b 1390 +15.59 16.13 9.61 =596 19.09
b 045 =042 0.52 035 +0.24 0.70
Sb 1.07 +£1.74 1.24 1.17 +£0.73 2.33
Sc 0.03 +0.05 0.03 0.04 +0.07 0.08
Sn 1.37 +£1.36 1.59 1.03 +0.71 2.05
Sr 036 =022 0.42 032 +0.21 0.64
Te 0.03 +0.03 0.03 0.02 +0.02 0.03
Ti 1.00 +1.63 1.16 1.28 +1.52 2.54
T1C 0.06 +0.06 0.07 0.04 +0.05 0.09
O 1.71 +1.20 1.98 1.19 +0.83 2.37
n 38.70 +46.48 44.89 1820 +174.94 36.14
Cotal] 86.21 100 50.34 100

*Dunkerque winter campaign concentrations for Tl could not be obtained between
the first sample until 12/13/2010 (44 samples), due to technical reasons.

On the other hand, Boulogne-sur-Mer trace elements contribution in total analyzed TE
concentration shows that Zn, Pb, P and Mn which average concentrations ranged between 4
and 19 ng/m3, account for 78% of total TE. On the other hand, Cu, Ni, Ti, V, Sb, Sn and Ba
(average concentrations between 0.9 and 1.7 ng/m’) contributed in 18% of total analyzed TE
concentration. Furthermore, 4% was the quota of the remaining trace elements which included
average concentrations ranging between 0.02 and 0.46 ng/m”.

Finally, we noticed in Boulogne-sur-Mer and Dunkerque that the average
concentrations of Pb, Mn, Ni, As and Cd did not increase beyond WHO, USEPA and the

European directive limit and target values during this campaign. In fact, the obtained average
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concentrations were all found below the annual mean limit values of 2[0, 10, 20, 6 and [
ng/m’ respectively.

In addition to the contribution of each clement in total TE concentration, we also
discuss hereafter the difference in the concentrations between Dunkerque and Boulogne-sur-

Mer for each of the TE metals (Figure 1).
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Figure 1: Winter TE average concentrations in Dunkerque and Boulogne-sur-Mer

In this section, the elements are divided between the ones found higher, moderately
higher and comparable average concentrations at one site when compared to the other. Hence
we find that Zn, P, Pb, Mn, Ni, Cu, V, Cr and As concentrations are much higher in
Dunkerque compared to Boulogne-sur-Mer. Furthermore, (b, Cd, Ag and Sn average
concentrations are found moderately higher in Dunkerque, while Co, Ba, Sr, Sc, Bi, Nb, Te
and TI average concentrations are found comparable between the two sites. Finally, the
remaining elements represented by Ti and Sb were found more concentrated on average in
Boulogne-sur-Mer than in Dunkerque. Additional interpretation on the origins of these

elements will be given later in this chapter as well as in chapter V.
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IV.2.2.Spring campaign (March — April 2011)

A summary of the average concentrations and contributions of TE calculated for our
spring campaign fine PM samples can be found in Table 2. We are able to distinguish that
total average TE concentration in Dunkerque is about 1.3 fold higher than the average in
Saint-Omer (99.977 versus 7019 Ing/m?). Total Te concentration values are also higher than the
winter campaign ones. However, in a similar fashion as the winter campaign, the average
concentrations of Pb, Mn, Ni, As and Cd regulated TE did not cross the WHO, USEPA and

the European directive limit and target values during this campaign.

[alleé [t TE average concentrations mg(ll[[land contrilutions [in [] [in (M,
collected in Dunkerque and [aint-[][ler during t[e s[ring call[aign

Dunkerque Caint-[ [ ler
M ' SD 0 ] SD 0
Ag 0.04 +0.06 0.04 0.06 +0.08 0.08
As 0.77 +£1.02 0.77 1.36 +1.28 1.79
Ba 0.77 +0.40 0.77 0.67 +0.38 0.88
Bi 0.11 £0.10 0.11 0.19 +0.14 0.20]
Cd 0.301 £0.84 0.30] 0.01 £0.53 0.67
Co 0.19 +0.15 0.19 0.18 +0.14 0.24
Cr 1.23 +£227 1.23 0.74 +0.53 0.97
Cu 226 +1.89 2.26 311 +£4.79 4.10
Mn 8.11 +14.56 8.12 419 +4.94 0.02
Nb 0.01 +0.02 0.01 0.014 +0.03 0.02
Ni 4.63 +£3.68 4.63 291 +2.18 3.83
P 1643 +28.11 16.44 9.61 +13.58 12.67]
Pb 977 +8.19 9.78 16.71 +12.59  22.00
b 042 +0.55 0.42 0.67 +0.67 0.88
Sb 0.79 +0.64 0.79 2.61 +248 3.44
Sc 0.01 +0.03 0.01 0.04 +0.04 0.00]
Sn 1.01 +0.77 1.01 3.10 +6.01 4.08
Sr 0.37 £0.28 0.37 0.29 +0.20 0.38
Te 0.03 +0.04 0.03 0.04 +0.07 0.00]
Ti 222 +2.25 2.22 3.73 +4.37 491
Tl 0.09 +0.22 0.09  0.090] £0.13 0.13
A% 6.3[1 +5.06 6.30] 398 +£3.44 .24
Zn 4399 +8845 44.01 21.100 +£16.40  27.84
Total 99.91 100 700,900 100
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Furthermore, Dunkerque’s spring results show that Zn, P, Pb and Mn contribute in
about 78.4% of total TE, followed by V, Cu, Ni and Ti (1114%), then Cr, Sn, Sb, Ba and As
(4.6%), and the remaining elements constitutes 1.6% only, which is more or less the same
distribution as observed in winter.

On the other hand, 68% of total average TE concentration in Saint-Omer is constituted
from Zn, Pb, P and Mn, whereas Cu, Ni, T1, V, Sb, Sn and Ba represent 26%. Finally, the rest
of the elements contribution summed a remaining 6% of the total TE average.

The comparison between the TE levels found in Dunkerque and those found in Saint-
Omer reveals a different scenario than the one observed for Dunkerque and Boulogne-sur-
Mer during the winter campaign. More TE elements are found concentrated in the inland site
than the coastal industrialized site (Figure 2).

Dunkerque average concentrations el ceeded Saint-Omer’s for Zn, P, Mn, V, Ni, Cr and
Sr. Comparable levels were found for Co, Ag, Nb, Te and TI at the two sites. Meanwhile,
elemental concentration of As, Cu, Pb, Sb, Sn ,Ti, [b, Cd and Bi are found moderately higher
in Saint-Omer. Finally, this latter is found to have higher concentration levels for the

remaining TE elements.
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Figure [t (] ring TE average concentrations in Dunkerque and [aint-[[ler
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[T verage TE concentrations col![arison on tle Eurolean
scale

IV.3.1.ocation and characteristics of the comparison sites

In this section, the data used for comparison will be eltracted from similar studies
conducted around Europe (Figure 3). [leographically, the sites are distributed between
northern Europe (Finland, Netherlands and the United [lingdom), middle Europe (Switzerland
and Hungary) and southern Europe (Spain, Italy, and [reece).

Figure [t [lol] arison sites location on t[ e Eurolean [lal] Tlodilied
(rol] [Dalet [ 11T

These studies include common PM, - trace elements measurements. The characteristics
of some selected sampling sites were detailed in chapter III, when many others were not.
Therefore, we will illustrate the details about each study used hereafter with a small summary

about the malor influences encountered at these locations (Table 3).
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The characteristics of the comparison sites range from typical urban sites to urban
influenced by industries. As for the latter, it fluctuates between heavy and light industries that

can be found combined in some sites.

Talle [t [I[aracteristics o[ t[e col ] [arison sites c[osen (ro_| di(lérent Eurol[ ean locations

[ountr(] Lit[) Lite c[ aracteristics [Jelerences
Finland [aahe Urban [ Steelworks (Oravislarvi, et al., 2003)

O Vallila Urban (Pakkanen, et al., 2001)

O Helsinki (22-24 October, 2003) Urban ([li-Tuomi, et al., 2000)

O Helsinki (Fall, 1996 — Winter, 1997) Urban (Ilacqua, et al., 2007)
Spain Onda Urban [JCeramic industry ([uerol, et al., 2001)

O Tarragona Urban [1Petrochemical (Moreno, et al., 2006)

O Barcelona Urban 0

0 Huelva Urban [JHeavy industry 0

0 [lodio Urban [JHeavy industry 0

[ Cantabria region Urban [Industry (Arruti, et al., 2011)
Switzerland Zurich - [Jaserne Urban (Hueglin, et al., 2000)

[ Basel (Spring, 1998 — Spring 1999)  Urban N

O Basel (Winter, 1997 — Spring, 1998)  Urban (Ilacqua, et al., 2007)
Netherlands Uotterdam Urban (Mooibroek, et al., 2011)
Hungary Budapest Urban (Szigeti, et al., 2012)
Italy Venice Urban [ [light industry (Stortini, et al., 2009)
[reece Athens Urban (Ilacqua, et al., 2007)
United [lingdom West Midlands Urban background (Harrison [ [lin, 2010)

IV.3.2.Comparison of TE average concentrations

The approach that we will use in this section will be purely descriptive in order to rank
TE elements concentrations of the NPAC region between other European sites that are
influenced by similar types of emissions as our sites. These emissions can differ especially in
the scales of the contribution from anthropogenic sectors from one site to the other.
The interpretation of the TE average concentrations summarized in Table 4 will take in
consideration three groups depending on their characteristics in the periodic table of elements! |
e Alkali and Alkaline-earth metals( I b, Sr and Ba.
e d-block elements[Ag, Cd, Co, Cr, Cu, Mn, Nb, Ni, Sc, Ti, V and Zn.
e Other metals, metalloid and non-metals Sn, Sb, T1, Pb, Bi, P, As and Te.
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Talle [ [rit[[etic average concentrations mg([] [‘co[ ][ arison [ et een our region and Eurole

Country City Ag As Ba Bi Cd Co Cr Cu Mn Nb Ni P Ceferences
Our Study Dunkerque [ inter o m 0m 0o O 1 000 0o 000 Coo 100 Our Study
Boulogne-sur-Mer [linter 0 0 0o M OO0 M OO0 100 OO0 O 100 O [
O Dunkerque s| ring 1T 0om Om [ Om oo 100 O [l | M [ 1000 O
[aint-[[er s(ring Mo 10 OmW OmW OW O m 11 Om Mmoo m [
Finland [Jaahe 0.03 0.0 0.0 0.1 02 02 41 332 32 - 3 - (Oravislarvi, et al., 2003)
Vallila 001 08 22 0 01 01 - 31 33 - 2 - (Pakkanen, et al., 2001)
O Helsinki (22-24 October, 2003) - - - - - - - 31 9 - 1 19 (Cli-Tuomi, et al., 2000)
Helsinki (Fall, 1996 — Winter, 1997) - 2.3 - - - - - - - - 1.3 30 (Tlacqua, et al., 2007)
Spain Onda - 10 3 - 00 02 100 9 o0 0.1 3 22 (Tuerol, et al., 2001)
O Tarragona 0.0 - 32 - 02 - 22 317 28 - 3.0 - (Moreno, et al., 2006)
0 Barcelona 1.1 - 93 - 06 - 29 31.7 96 - 2 - O
O Huelva 4.2 - 20 - 08 - 09 329 32 - 3 - O
[lodio Lo - 72 - 1 - 16 29.1 39 - 208 - I
Cantabria region - 03 - - 01 - 24 19 18 - 0.7 - (Arruti, et al., 2011)
Switzerland Zurich - Caserne - 0.0 - - 03 - - 6.1 3.0 - 3.1 - (Hueglin, et al., 2000)
Basel (Spring, 1998 — Spring 1999) - 04 - - 000 - - 6 3.1 - 1.7 - [
Basel (Winter, 1997 — Spring, 1998) - e - - - - - - - - 2.1 72 (Tlacqua, et al., 2007)
Netherlands [lotterdam - 0.6 11 - 03 03 37 109 I[13 - 44 87.1 (Mooibroek, et al., 2011)
Hungary Budapest - - - 01 03 01 14 91 04 - 0.72 - (Szigeti, et al., 2012)
Ttaly Venice 1.02 36 - - 3.0 03 - - r2 - 12.2 - (Stortini, et al., 2009)
Ireece Athens - 23 - - - - - - - - 48 116 (Tlacqua, et al., 2007)
United [Jingdom  West Midlands - - - - - - - 219 [l6 - 0.9 - (Harrison [ [in, 2010)
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Talle [(continued)

Country City Pb b Sb Sc¢ Sn Sr Te Ti TI V Zn [eferences
Our Study D Llinter 100 000 100 000 100 000 000 100 O00 10 OJ0 Our Study
O Blg [ linter (111 [ 10 [ 1o om [ 1l Cer e 1em O
D s[ring o [h Om 0m  1imMm Ooo 0o 0o 0o 0o 0o ]
O [t-[1 sl ring 1010 [ [T 1 Om [ [ 11 1 aao O
Finland [aahe 796 237 0.17 - - 0.33 - 049 0.09 3.63 293 (Oravislarvi, et al., 2003)
Vallila 18 024 077 - - 046 - 0.83 0.02 0 14 (Pakkanen, et al., 2001)
] Helsinki (22-24 October, 2003) 7 - - - - - - 10 - 2 33 (1i-Tuomi, et al., 2000)
o Helsinki (Fall, 1996 — Winter, 1997) 4.9 - - - - - - 32 - 49 10.6 (Ilacqua, et al., 2007)
Spain Onda 330 2 1 - 1 2 - 28 - O 186 (Tuerol, et al., 2001)
Tarragona 17.1 - 2.6 - 09 12 - 6.1 - 3 19.3 (Moreno, et al., 2006)
Barcelona 40.3 - 43 - 3.7 1.9 - 26.3 - 9. B{N] ]
Huelva 26.9 - 1 - 1.9 1 - 21.8 - 3.6 426 ]
[lodio 76.1 - 1.2 - 37 09 - 8.6 - 7 239 ]
O Cantabria region 3.0 - - - - - - 1.3 - 0.8 - (Arruti, et al., 2011)
Switzerland Zurich - [laserne 21 0.1 0.L7 - - - - - 0.04 1.1 - (Hueglin, et al., 2000)
] Basel (Spring, 1998 — Spring 1999) 19 0.8 041 - - - - - 003 1.2 - 0
O Basel (Winter, 1997 — Spring, 1998) 21 - - - - - - 6.0 - 3.0 39 (Tlacqua, et al., 2007)
Netherlands [lotterdam 29 - 1.6 19 3 1.6 - 1.9 - 6.1 946 (Mooibroek, etal., 2011)
Hungary Budapest 11 044 2 - 1. - 001 - 0.02 0.01 28 (Szigeti, et al., 2012)
Italy Venice 18.08 - - - - - - 186.1 - 14.06 84.C1 (Stortini, et al., 2009)
Ireece Athens 101 - - - - - - 10.8 - 14 46 (Tlacqua, et al., 2007)
United [Jingdom West Midlands 18.1 - - - - - - 8.3 - - 4 (Harrison [ [lin, 2010)
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(I kali and [lkaline-eart( ][] etals

This group includes some metals that are usually considered in a moderate frequency in
PM, - studies. Between our sites, Dunkerque displayed comparable concentration values for
Ba in winter and spring when compared to Boulogne-sur-Mer and Saint-Omer respectively.
As for the rest of the European studies, our values are found slightly higher than the nearby
site of [Jaahe, but much lower than the rest of the studies. On the other hand, (b average
concentration was found to be the highest in Saint-Omer, followed by Dunkerque winter
concentration. When compared to other studies, these values are comparable to mid European
sites (Zurich and Basel), but much lower than other industrialized sites (Onda and [Jaahe).

In general, these two elements (Ba and [b) can be found in crustal dust (Wedepohl,
19977) Higher levels from one site to another can be elplained by important dust re-
suspension, and/or important industrial activities which include raw ore manipulations.
Actually, this situation can be observed in Dunkerque, as well as in [Jaahe and Onda.

Finally, Sr average concentrations in Dunkerque is higher than in the other sites for the
two campaigns, and is comparable to some values between the nearby sites studies ([ laahe
and Vallila). However, this metal is found in relatively higher concentrations in the remaining

comparison sites.

(ITTTId-1ock elel ] ents

This group includes a list of metals that is eltensively analyzed in similar studies
around the European continent. Our first observation regarding this group revolves around the
elements that have legislated concentration limit values in the atmosphere (Cd, Mn and Ni).
Average concentrations are found lower in our study than the limits discussed in Chapter I
(section 1.4.3.) and we also notice that there is no case of limit values rupture recorded in the
European sites either.

When compared to these studies, Ag concentrations are found to be generally higher
than the values found in nearby sites and much lower than the rest of the comparison sites in
Spain and Italy. Co concentration levels are comparable between our sites in each campaign,
but when compared to most studies, the values are found lower. On the other hand, Cr
average concentrations are found higher in Dunkerque than the remaining sites in our study.
These averages are also higher than Huelva’s, comparable to Onda and Budapest results, and
finally lower than the rest of the comparison sites.

Furthermore, highest Cd average found in Saint-Omer was found to be comparable to

Basel, Onda and Barcelona levels. However, the average was lower than in Huelva and
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"lodio, but much lower than the urbanized Venice area. In parallel, Cu averages followed Cr
variations between our sampling sites, but were found higher than Cantabria’s value (el cept
for Boulogne-sur-Mer average), comparable to some north European sites, and finally much
lower than the rest of the comparison sites. On the other hand, Mn levels in Dunkerque show
higher and comparable averages when compared to most studies. However, [Jaahe, [lodio
and Cantabria’s Mn averages el ceeded in many folds the values of our industrialized site.
This is in accordance with the industrial characteristics of these sites.

Dunkerque’s Ni averages are also found higher than the remaining sites of our
campaigns, but also higher than most of the comparison sites in Europe as well. Few
el ceptions can be noticed for sites like [lodio and Venice in which Ni concentration peaked
well above our region values. In an opposite direction, Ti average concentrations in Saint-
Omer is found to be the highest between the three studied sites, which can be resulting from
crustal matter sources in that area. Nonetheless, this high Ti concentration value is found to be
much lower than those found in Europe with very few el ceptions. Furthermore, V average at
Dunkerque during spring is found to be the highest between our campaigns, it is also the
highest when compared to most European studies, with the el ceptions of the following heavy
urbanized sites[ [ lotterdam, Barcelona, Venice and Athens, and the industrial site of [lodio in
Spain. As for high Zn average concentration in Dunkerque, it is found higher than half of the
comparison studies results, including some urban- industrial sites, but also very much lower
than other heavy urbanized and industrialized sites.

Finally, Nb and Sc averages for comparison were down to one study for each metal.

Both elements are found very much lower than the ones found in the two comparison studies.

(LTI tler [ etals! 1 etalloid and non-[etals

Within this group of elements, our first concern focuses on the elements that have
legislated concentration limit values in the atmosphere (As and Pb). Average concentrations
found in our study are lower than the limits discussed in Chapter I (section 1.4.3.). We can
also notice that Onda’s industrial site as well as the urban site of Athens presented As
concentration levels beyond the limit of 6 ng/m”.

On the other hand, Bi and Te average concentrations are found higher in our sampling
sites than in the other comparison ones. P concentrations show higher values for Dunkerque
in both winter and spring campaigns, but also lower than in other sites in Europe.

Furthermore, the highest Sn average concentration can be observed in Saint-Omer,

when the other values of our campaigns are found to be almost comparable between each
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other. But when compared to other sites, Saint-Omer value was higher and comparable in
almost all the sites except for Llodio’s value which was very much higher than our study’s.
Additionally, Tl average concentration showed a peak value in Dunkerque during the winter
season, followed by Saint-Omer’s average that was comparable to Dunkerque’s spring one.
However, our values tend to be higher than the ones observed on the European level.
Moreover, As highest average concentration is uncovered in Saint-Omer inland site. It
is found higher than most north European sites (e[ cept in Helsinki and Basel “1997-1998")
and lower than the rest of the comparison sites which includes heavily industrialized and
urbanized cities. On the other hand, Saint-Omer has also the highest Pb concentration
between our sites. This concentration is higher and comparable to the values found in other
European cities that elhibit malor urban influences, but also is much lower than the
concentrations of Pb in industrial sites (Onda and [lodio) as well as in heavy urbanized ones
(Barcelona and Athens). Finally, Sb concentration levels followed to a certain el tent the trend
of Pb for our sites from which Saint-Omer held the highest average for this element. This
average was still higher than most of the European comparison sites, including highly
urbanized cities values (Budapest), but was also comparable and low when weighed against
the heavy industrialized site of Tarragona and the heavy urbanized site of Barcelona

respectively.

[ITTnduastrial [1] [act anall sis

The Industrial Impact calculation method was used by (Pulbaum, et al., 2004) and
reproduced by (Arruti, et al., 2011) to quantify the impact of a certain anthropogenic sector on
the total load of chemical species in atmospheric PM. Originally this method was used to
evaluate the urban impact on the chemical composition of atmospheric aerosols using two sets
of chemical concentration datal reference site data (background) and impacted site data.

The source of impact we are searching for in this section is industrial, therefore we will
be calculating this impact in Dunkerque (urban-industrial) using Boulogne-sur-Mer as a
reference site (urban background). Both sites are influenced by many common sources (urban,
marine and secondary inorganic aerosols) with the el ception of the industrial sector that is
present only in Dunkerque. The choice of taking into account Boulogne-sur-Mer site as
reference can be verified to a certain el tent by the averages found for TE at that site (Table 1).

The calculations will allow us to estimate the percentage of the industrial activities
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contribution in Dunkerque’s TE load. Therefore, we will consider the winter campaign during
which simultaneous sampling was accomplished between Dunkerque and Boulogne-sur-Mer.

However, this method could not be applied for the spring campaign since the choice of
a reference site was impossible due to the presence of industrial facilities at both sites and the
detection of high concentrations in many trace elements. In addition, the possible influence of
Dunkerque industrial site emissions at Saint-Omer cannot be discarded as mentioned in the
upcoming section IV.[Jand section 1V.7.2.2.

The estimation procedure was eltracted from (Arruti, et al., 2011) but the symbols we
modified from the original source in order to define our impact and reference in Equation 1

illustrated below.

100
LL(%) = (LL.-U.L.)x 1L Equation 1

In the equation we definel !
— LL as the industrial impact (in %)
- L0 as the industrial level ([the concentration at the industrial site in ng/m’)[]

— U.[L as the urban level ([Ithe concentration at the urban reference site in ng/m>)[]

Thus the average concentrations found in Dunkerque are used as I.[l., whereas those
measured in Boulogne-sur-Mer are used as U.[l. The calculations lead to uncover the
contribution of the industrial activity in Dunkerque summarized in Table [ It must be noted
that L.I. values for elements which are present in very low atmospheric concentrations should
be carefully considered. Indeed, negative values are observed within the table for Co, Nb, Sb,
Sc and Ti. In the same manner, the L.I. values obtained for Ag, Te and Tl are probably
affected by a large uncertainty. In this case, the observed differences from one site to the other
are not significant. These values can be resulting from possible non urban and non-industrial

contributions at the reference site during the sampling period.

Talle [t [esults ot e [(ndustrial [T][act calculation in Dunkerque during t'e [Jinter cal] aign

Elements Ag As Ba Bi Cd Co Cr Cu Mn Nb Ni P
LI (%) 44 [0 0 8 40 -3 67 39 33 =27 0 36

Elements Pb Rb Sh Sc Sn Sr Te Ti Tl Vv Zn
LI (%) 31 22 -10 -37 20 10 39 -28 27 30 (B
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The rest of the results indicate that high industrial impact can be observed for As, Cd,
Cr, Cu, Ni, P and Zn compared to relatively less but still significant impact for Mn, Pb, [b,
Sn and V.

Using the same approach, it is important to mention that L.I. were calculated for malor
elements such as Al, Ca and Fe which was evaluated to 26%, 12% and 43% respectively. It is
known that these elements in addition to other trace elements such as Pb, Mn and Cd can be
generated by the industrial activities linked to the metallurgic factory in Dunkerque. However,
it is important to uncover if the particularly high Zn industrial impact value is limited to one
or many industrial sources.

Further investigations will complete this analysis in the upcoming section that includes
an enrichment factor followed by correlations and concentration rose analysis, in order to
introduce an additional trustworthy method to determinate the most important sources of

emissions.

IJ[ITEnric | ]ent Factor anall sis

In the previous section, we evaluated the impact of the industry on the loads of TE in
PM, - at the urban-industrial site of Dunkerque. However, another evaluation criterion can be
added as an additional step in the estimation of anthropogenic activities. This parameter is the
enrichment factor which allows us to determine which element is more concentrated at one
site when compared to a natural crustal source. It is widely used in the literature ((Torfs [
Van [rieken, 1997)(Chester, et al., 1999) and (Saliba, et al., 2007)), because it enables the
differentiation between a natural source of emissions (soil crust in our case) for a certain
element and the additional sources for the same element (without differentiating between
these latter).

Between the studies that use enrichment factor method, we can notice that different
elements can be used as reference, between which[Ti, Al, Fe, Si, Sr and Ba are commonly
used. The principal selection criterion is embodied in the fact that the reference element
should not be emitted in considerable quantities by any nearby anthropogenic source in the
studied region. By following this method, we discarded Ti, Al and Fe, which are emitted by
industrial sources in Dunkerque. On the other hand, silicon was not analyzed in this study,
which leaves us two choices! Sr and Ba. The first can be present partially in marine aerosols,

which is not the case for Ba.
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Hence, the enrichment factor for each of the TE list was calculated using Ba upper crust
and aerosol content as references. This element is present in high concentrations (668 ppm) in
the upper crust (Wedepohl, 1990), and is not significantly emitted from any known nearby
anthropogenic sources which makes it the best choice for a reference element in our case. Te
enrichment could not be calculated in our study because of a lack in information about its
crustal concentration.

The concentrations for the remaining TE elements in the upper crust were retrieved

from (Wedepohl, 1997) and used in the following equation’’

[X]aerosol/[REF]aerosol Equation [
[X] crustal/ [REF] crustal

EF =

With[]
—  [Mlirosol @s the average concentration of the element in our samples (in ng/m3)u
—  [Dleustar as the average concentration of the element in the upper crust (in ppm)!
— [TIEF [4erosol @s the reference element concentration in our samples (in ng/m3) O
— [TEF[dnstar @s the reference element concentration in the upper crust (in ppm).

Ba was used as reference element in our study.

Significant enrichment for any given element can be considered starting from an EF
value that increases beyond 10. Finally, the results of the calculations are illustrated and

discussed hereafter for each campaign separately.

IV.[11.Winter campaign

Figure 4 illustrates the EF results for the winter campaign which shows that enrichment
is not significant for Co, Mn, [b, Sc, Nb, Sr and Ti in both Dunkerque and Boulogne-sur-
Mer. In this latter, Cr (EF=10) and P (EF<10) were also not enriched in comparison to
Dunkerque’s values. On the other hand, Bi and Sb were found to be highly enriched with EF
values similar between our two sites. For the rest of the elements, EF values vary depending
on the site. In Dunkerque, they are always higher than those found for Boulogne-sur-Mer,
especially for Ag, As, Cd, Cr, Cu, Ni, P, Pb and Zn which indicates the presence of an

anthropogenic contribution in Dunkerque.
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Finally, these observations can be compared to the industrial impact calculations

discussed earlier (section IV.4) to find that both calculations lead to similar results.
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Ag As Ba Bi Cd Co Cr Cu Mn Nb Ni P Pb [b Sb Sc Sn Sr Ti TI V Zn
X Dunkerque (winter) O Boulogne-sur-Mer

Figure [: Winter cal ][ aign EF values [or TE ele[]ents using Ba as re/érence in Dunkerque and Boulogne-
sur-Mer

IV.[12.Spring campaign

The spring campaign EF values for TE elements are illustrated in Figure (1 The results
show that enrichment is not significant for[IMn, Nb, ['b, Sc, Sr and Ti at both sites of this
campaign el cept for Mn which is slightly enriched in Dunkerque. At this latter, Cr, Ni, P, V
and Zn are found slightly enriched compared to Saint-Omer. On the other hand, Co and Tl can
be identified as equally enriched elements between the two sites, whereas Ag, As, Bi, Cd, Cu
and Pb enrichment factors are slightly higher at the inland site of Saint-Omer. At this latter,

EF values peaked when compared to Dunkerque’s for Sb and Sn.
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Figure [t [T ring calllaign EF values [or TE ele[ ents using Ba as re¢rence in Dunkerque and [aint-
Ller

By comparing the three sites, we can notice that EF values are systematically higher for
Cr, Mn, Ni, P, V and Zn to which Al, Ca and Fe can be added in Dunkerque during both
winter and spring season. We also found high EF in Saint-Omer for many elements[Sn, Sb,
Pb, Cd and As which needs profound interpretations. The investigations needed should
specifically focus on the presence of an additional local emission source at Saint-Omer that
can el plain these results, especially glass making industry. In parallel, it is also necessary to
verify if the industrial emissions from Dunkerque affect PM;  composition in Saint-Omer or

not.

T[T 1o al TE correlations stud! |

In this section we will board the relationship between each of the TE concentrations in
all the samples. This comparison will allow us to define which elements are correlated, as
well as the possible origins of these elements by comparing their mean ratios to ones found in
the literature for specific sources. Therefore, correlation coefficients (%) and slopes (y = ax)
tables and scatter plot matrices (SPIIOM) were built using Microsoft’] Elcel 2007 and
SCISTATL] 10 respectively. The data sets used in this step include all species concentrations

of all samples for a given sampling site regardless of the emission source or wind sector.
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oI TrISPLITIM  calculalions [t dilidld inlo [Tlo s8I T Hrsllonl] [as
accolJ[lis[Td using all dald in ord[r [0 id[nAll] Cossibll] [TTHT10] [aluls [ound in sol (]
salJ[1s [I[1n colllarld [0 [[[Ilollllts ala singllIsalllling sill | ollolJing ils id(nlilicalion|
and in ord(t [0 aloid anlIbiasld corrllalions T8 corrlslonding sall[1ls [t discardd
Tol] (I corr[lalion sud[ TSP /M and R [t($[hldfion ar[JsullJarilTd in APPCNCI[1]Tand
MrCsCTell Ty

Tl T]calculallld corrllafion collliciln[I aluls sCol] Mallllan[][T][hls arl]lound [Tr[]
U1 corrlalid [0 Cacllolllr [JIln R > 0.60L o J[LItl o+ (1[1I(nls ar[Jlound [Jod talll[]
corrlalld illlan alTfag[]colTlicith[J] [T R O CIITHOTh [T rsCo0TH AT (hiS arl]
Ctall1lor nolcorrllallld alalll]

T[T corrflalion colllicifnls and [IT] corrlslonding slo[T] [aluls obldind using [
Uinllr calllaign sal | [1[s ar[Jillusrallld in Tabl [ 1]

Table 6: Summary of highly correlated TE elements coefficients and slope values for
Dunkerque and Boulogne-sur-Mer winter campaign

. Dunkerque winter Boulogne-sur-Mer

TE ratios R’ Slope R’ Slope

VINi 0.78 oogo oooo 0000
BiPb 0.77 Lo oo ooogo
AglAs 0.73 oogo oooo 0000
CdPb 0.73 I oot 0o
CulPb 0.72 oogo oooo oooo
As[Cd 0.72 I oo 0o
AsBi 0.69 oogo oooo oooo
AgRb 0.68 I oot 0o
Pb[Rb 0.67 ooood oooo O0oooo
AgiBa 0.66 RN RN ooogo
AsRb 0.66 oogo oooo oooo
Mn[Ni 0.65 RN oot Ooon
Co/Nb 0.65 oo oooon oo
As[Pb 0.65 RN oo Ooon
Co[Ni 0.64 oot oo ooy
CdRb 0.64 oogo oooo 0000
MnV 0.63 Lo oooon [moog
AglCd 0.61 oogo oooo 0000
CulSb 0.60 OO oo 0odo

T isling oA [nl Jas closin [0 risl el Idlerlasing ord[r ol [l Icorr[lalion
coefficient values for Dunkerque’s samples. Values in bold represent high correlations (R >
MM Trlas lighlgrl(T) sfadld Caluls corrisfond [0 [M1] figlTs[lcorrilalions [ound in
Boulogn[TsurM [t T]lic[lrang/d bl 11[Thn al Trag/land [lallcorr[lalions[
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TCI rlsulls sCol) [Mall [Mrl] arl] [orl] corrllalld s(lcil$ and [igllt corrllalions
colllicifn/s in [unlTrlul][Tan in Boulogn[TsurM T[T Irl$ulls bllonging o 117 s si(l]
slollld a [oldl oll[1]good corrllalions [1illl [aluls ranging [to[ ] [ ][o [T TIolI[TTt[in
Boulogn(TsurMI[t [T r[sulls sfol] sol [ lalTraglland [lor[llo[] corrllalions T[T aluls [or
R alITis las[siTIsCo[] [Tal Il nullb[t ol collbinalions [aling alIrag Jand rlasonabl [ lal]
corrllalions [Jas lilJillld [0 [1[1J [Th colllarld lo [acllolll T[T Islo[ TIrlsul's sCol] [Tal clos!]
Caluls [Tis[bIIT[Tn Mo sill$ onlin [T cas[$ o[ /AglAs[CdPbIPbRb and AsPb[]

T[Tcorrfalion rlsulls oblainld using [ s[ting dalasTsullJari’d in Tabl[]IsColls
Th R [ [0 colTTicith Ilaluls [Jotbo I siIsbulno all corr[s[onding [0 [T sal] 11T hL]
col /binalions[ISTarld [igl] collliciinls arl] [ound [or NilIV[IColJAs[IBilICd and Rb
corrllalions [I[1als in bold [or bo(llsills colullns[TIm addilion[JTT$[ ] collbinalions [all]
idlnlical slo[Ts [ TclTTlor AsBil [ icl)[T1ibilld a (gl It slol I in SainTC (x[T s
glnlral obs/tlalion [oin's all[[T][osibilillllolJa sililar sourcl o[l T]issions [t[$[n[lal bolll
sillls[or [Tl ossibilillllolaling [T ]inllulnc!lldol] a sl T¢ilic sourcllalonlIsillllrans! or!lld
il Hinds [o Mo MTr!]

Table 7: Summary of highly correlated TE elements coefficients and slope values for
Dunkerque and Saint-[ /mer spring campaign

. Dunkerque spring Saint-[ 'mer

TE ratios R’ Slope R’ Slope

VINi 0.98 [ 0.97 oooo
CoNi 0.95 oo 0.86 0o
ColV 0.93 oogo 0.82 oooo
As[Pb 0.71 oo oo 0o
AsBi 0.65 oogo 0.61 oooo
CrlCu 0.65 oot oot Ooon
PbRb 0.63 ooaog ooano ooooo
AslZn 0.61 oot oot oo
Ag(Bi 0.61 oo oo oo
CdRb 0.60 oot 0.65 oo
AgRb oo oo 0.70 oo
AglTl 0000 ooogd 0.62 0ooo
CulSn oo oo 0.63 oo
CrlZn 0ooo ooog 0.64 oooo
RbITI 0o oo 0.68 0o

In addition to the good correlations, Dunkerque’s risulls includ[! [ alltagl]and [J
rlasonabl( | [1[allcolIliciln(S[ T Ts[Icorrllalions bllong [0 AgRb[Ag[T]l and CulSn on on[]
Tandland Cr[Zn and Rb[T] on [0t ris[Tchil T1Tall ol e ar[1lound 1 corrllalld in
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Sain [ x[SolJ oI s corrlalions [alllclosllor [T1n id[nlcal slo[ T/l aluls b1l Th [T1]
Mo sill$ lilTJAgRb and CrZn ris[ ¢l T1[T T s lasCobs[tlalion occurring in our inland si(T]
along [Iilll] (I r[1]aining corrllalion casls id(nfli'd all[ll]blginning rllirl] [tolound
anal[sis in ord[r [0 obldin sol][I[TT]lanalions aboulI[l1 ] ossibl[lorigins ol I[ITs[11T] (s
slould blnollld [Mal Il lalorillllo corralld T [IlxJid(nlilild as [nriclld [1[11[nls or as
A nls [T Tibiling [igl]ndus(rial [T acl T aluls[]

TTullelling sub si¢lion [ill diTTlol] [T anallsis ol ][ 1risulls illusiralld in [
[ablls abo TTS[T¢ial alllnfion [Jill blgilTh [0 T I[Tolill$ ol c[t[din anTrologhic [Tlissions
ol bolTlurban and indus|rial nalur(s[]

(VL colbusion T

In the literature, Ni and V are extensively discussed with emphasis on “oil combustion”

as a [riJar[sourcJoJ[Tlissions T[is ol l[T]issions can bl lid[n[i{ld in [TIrocl T1T]ical

indus(rial []issions[ ] 1[Il VINi ralios ranging bl Il In [ [TollIscull Tal (T o 1T
[SOillic O Orleil I T T TTand [T [Tallaison T TTIT il collbuslion can also blJus[d in
risid(nlial [Taling [1licl][T]issions con/din VINi ralio around [T T al (T T n (017
ollITt [and[Co can also bllconsid(¥Td (il [ITsJ[T1[n[S in corr[lalions [Tallloinls al oil
collbusfion in [TIroc[TT]ical indus(ril$ [Tultol I Tl TTTTTMm addilion [0 oil collbuslion!]
slill[Tlissions [as bl Ih consid/r(d [0 [allls[I¢ilic al Torlion[/[n[ o[ Niand VI ligl [t ralios
Maltrang[ blIT[Tn [0 [lor VINi is [ound [1[Th sall[1ls [Ix[dirfcI )@l Th [fol ] [T oinl]
[Tlissions sourcllolls[ils MNigal![J[TTTT]and [fol] a rlelTTor cilllundlt s[il] [T]issions
inllufncJMal T T Tal T TTTTT]

oI T[T  risulls in [lunlTr[ulldlTlonslrald good NilV and ColNi colllici‘nls
during [in(lr and s(ting[ ] Ji[llan addilional Co[V corrllalion[ T T$[lgood corr(lalions [I[t[]
also obs t[1d in SainIT 1 [¥[ T Islol[Ts CxCITrIsillilar [0 [(ITJon[$ in [lunlTrlulT1lading

us [0 consid(t a [ossibllIr[gional bacl ground sourclol][1lissions /T[is sugglslion can bl]
baclId ull bl [acllTallall salll1ls CillloulJanl]sl[¢ilic sl1l¢lion [Ix[]considltld in
‘slablisling [MIs[] corrflafions[] m all sill8[] [T calculalld sloTs corrlslonding [0
conclnlralion ralios slol] [aluls [MallarlIclost [0 1] TIroclT]ical ralios id(n/ilild in [T
litltatur [ Tel T Tor Cun TrlulJVINI Uin(lr slo[ T TIAT T T [ound clos(t [0 [T r[$id[nlial
collbusfion signafhir(Isourc[TJAll [MT$[Jobs[tlalions can bl][TTlain[d bl [T ¥[s[hcllolla
[TIroc[TT]ical indus(rial in(dulncJallTTsils[lin addifion [0 signilican[Ir($id(nlial [Taling
[Tissions inllulncl] [Mallalll¢IT ralos lil T1in [T 1casJol ][ Jun Irlullduring Cin(r)0] [
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canno! /[T cludl] [ossibllllocal indusirial conlribulions in Ni during (117 lirslIcalllaign in
CunCIrfull]

VI Trallic non [TTaus[ T[]

Trallic [Tlissions [raclts includ[Jan [Tclusil[lislollrac /(1 T1[nlg [Malar I id[1usld
in M liMralir[Trol) [MTs[Inon [TTaus [ Tlissions[bral T]linings[11[TT]1 rubblt dbris and
road [1aTT1[nls abrasion [Tlissions [Jad[ /[T subll¢cls o[ anJin[T sling sudi s

10 Mals 1ifT1Cu and Sb arl]ainlCusld [0 rac[lbrallllinings [Tlissions [fo[] urban
Tallic[ T origin olISb is usuallllid(nflild as alllos[I[TclusilT1[] originaling (1ol [T
[Lelssil[lusllol I Ticll'bral s in urban arlas[ T [Iralio ol CulSb [arils in [I1]lillralir[/[to ]
onlIstid[] [0 anolllt d[TThding on [Ml1loads o[JCu or Sb Toll nlarbllsourcls olllt [Tan
rallicllm OO M TelTrMadol11d M ralio [alullo[4.600.5 [JorCulSb as an indicalor ol
bral [ linings in Cologn( I /[(x[Jan[ 1[I} LelIIxITTTT I [TTTTanollltsudl/lound a CulSb
ralio [alulol 1.3 [JobrallIdusland r[Torlld [Tis lol] [alulllor [ITICu 1l [lbral [l ads [Adacli
) Tainos[ o[ I TTTTITIsalllsudanal [I1d [r[l¥lad and dus/lo lind [Tal [Tl lrslis [Jainl[]
colllosld ol Zn[I1[Trlas [MIs[cond is [nric[Td in Al[T] and Caland r[Tt[snlr[sus[Thdld

soil dusllOn the other hand, Dunkerque’s industrial site has been the focus of a recent
rlslarcl] [ITsis [Maldlall il Carlicula [Tlissions [Tallaison [TTTTTT s lallr id(hlild a
CulSb ralio [alullo[13.6 in an arla alll¢llld blla [lillurlJollindus/rial and [rallic [1lissions!|
CurlTrlJor[ 11 Mgl CulSb ralios [l[r[]id(nflild [aling 5.6 and 5.3 [aluls [Tall[l[t[]
calculallld using c[TTlical dala [tol] PM sall[1ls [@[Th in S[I[dln fol] a road linn(l and a
Talor road ris[T¢il 110 [MlorTntans[ [ Tl TTTTTm addiion[7a CulSb ralio [alullo[12.5
[las calculallld in [T1T] [0 [racl] brall] [ads using cl[ITlical dala [tol] PMy salll1[$
[Hongarr [T Tallll T[T

Cur rlsulls allol] us (o dlIrin[1CulSb ralio Caluls o JCIITTICIITTICII Jand [T in
CunlIrlul]) Minllr BoulognsurM [ unl Tr[ul! [S[ring[Jand SainM I [x risCIeql 10T
T slol 1§ ol 1IIs[ I [TInls in s ting [It[Inollr[Torlld in Tabl'][]blcausl 1ol [Ilal]

corrllalion colTTiciinls b1 Tn I8 [Mo ATIMISCHHoTTra closlt [Tallinalion o]
ralios slolls [MalllllTJ11T¢l ol Ibrallllinings could bllobs(t[Id [Hosllin [un{Tt[ullduring
sitingland sligl 1l /during [inTr[bul I Tt lol)in T rislol [T sall[ling sillls [AlTTndil [T

(1 [TT1 rubb(t is Hosconclnlralld [JilllZn [Adacli [] Tainos[o[TTTTTas [I1[1l as Cull
Pb[IMn[ColNi and Cd [TCor[T][J [arrisonJ[TTTTTI [0 our ChollldglTIMTt[ ] arl]no
1d(nlilid ralios [Mallallol] [racing [I$[ 1[I olllTlissions in [ /lillraur( T loI[TTt lour
corr(lalion risulls sfol] MalZn corrflalld [1[11 (i) As and Cr in [unlIr[ull [Tin(TfJand
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Sain[TI [ [s[tinglsal][1s onl[1/Tlis obs(tlalion disl[lisss (I [ossibilillollisolaling a
irl 1 [ad [Tlissions signafir(lin our siud [Tl inall[Troad [alTTl[h[ ] ar can also fhricl/PM
Cilllso 1AM [n(s [Malarl Il Josl ol a cruslal clarac!lr 11l TT Al [ITMgl Ca and Til

OV (T T T

BOMTh MTrlsCoITHIAsIAgIBil CdICullPb and Rb [I1x1 111 corrllalld [0 [acl]
ot in [unlTrlullduring boMsall[ling [Triods Sain[IlI[] T corrllalion colllici[nls [aluls
also sCollld inllrlsling risulls in 1] [or[] ollgood corrllalions [or [1]salll] t[Tiousll]
discuss/d lis[/[TclTT][or Pbllmn addiion[!Boulogn/isurMI[t slar(d [[Is[] clarac/ltislic
Malurls ol [T [Mo olllr sillls [or As[IAglICd[ICulPb and Rb[ T Icollbinalions [ligl bl
sligl ) dilItn o) onlsilll[o [T lolIrlbullllcollJon [aclor is [T good corrllalion
silualion ol JIIT$ LT n(SCHo T Tr HrlT)ind [MTallcorrllalion colllicilhls in Boulogn[T]
surM(r [1lr[Inol igl [ Tlis obsl[rlalion [0ins [IlJonl[$ [ound in (Il t[Tious s/ ¢lions [lorll]
col lbinalions oll[1[T1n(s [Mallr[Tuirl] urlllr inlIsligalions in ordltr [0 [lucidallllall [T}
“losiblId[Iails concltning [[lir origins|

Tl Mgl corrllafions [éund in [Tl cas{ ol ] unlTtlullcan blllin[Td [o sl Jaling
"TlissionsJand s[T¢ilicalll] o] iron or[Jsin(lfing acliliils[1n [ac(MTillis [holIn [Mallis
‘toclss is blTind [oin[]and dilTus(] sourcls ol PM [Tlissions clarac[lrilTd bl [Hgl]
conclnlralions o TPbl[ICd[/As[/Ag and Rb[ Tis [Jas conlirlI'd blJa dirl¢[cl1T]ical anallsis
olla rllrincsal (10 [x[snlld bl M indus TITI T8 Jobs(t alions arllalso in accordanc!’]
Tl M el T ical clarac(Trisfics [Tidineld in sourcllsall[1ls [MGsHTIalll TTTT lon onl]
Tandland in PM colll¢[ld dirlel Tund(t [T inTulncls ollinduslrial ins/adllalions [Tallaison(]
L lonl I oM Tl

[T1.7.Joncentration evolution by wind sector

Alllr [ITid[nllicalion ol Il Jalor corrlalions and slo[[$ col | arison [0 lilllrair[ 111}
‘roclId [Trlalllr bllobslrling [I1][lalor [ind s[¢lors conlribuling in [l loads ol [T §[ 1T
Tlis sllllis aclill1d [Mrougl ]I anallsis ollcalculallld glo[][lric conclnlralion ros($[ [ icl]
ClrJoblainld [orlaclsilllin bollll calllaigns [ollolling [l sall[]calculalions dllail’d in
Cralllr [Mistefon MM o TrunlTT 1ainablCros($ (¥ [ound [or so[J[11[TIATS in
MTsall10$ and sCould bllanall[TTd car[Tull[ldulllo [MTir [TelTlonalllsCarl] [or 1 CTITs]
AT (s ar[1TBi and Ti in CunlTrlullduring Oinl[r [Tigur[I[T]1/As and Ti in Boulogn[Isur(]
MIir [TigurJ[T1T1 in CunlIrlullduring sl ring [Tigur(J[Tland Nb in Sain[IlI] [t [Tigurl /[ [][]
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Tl Jcol![Jon [aclor rllaling [MIs[J[1[11nls 1lading (o [T TclTlional sfalTlollir rosls is
T factMallHoslsalJ s [rlsnlld [Tr(1lol] conclnlralions undt [Jos[I[Jind dirl¢lions
(LelllTor Idirlelions id(nilild in (I ros$!]

Cloball [T ros(s sl ol] [Malllin[IPM allorlionl![nlls rllalld [0 a [illurlJoll[]ind
siclors alllJoslsillI$ in our siud[1To blJabllllo [TTlain [[I11loading olIIIs[] LTI (ST
inllrltl1alion [ill considlt [T hs linlId bl [ITir [ind sl ¢lor originsl lurban!crus(al’’
Carinl] or indus(rial 1 [nl] (O[T hlcan originalll [fol] [anl] sl¢lors dl[TThding on [lind
dirfelion and [@lTulncilsCbullonlIsC¢lor can also rllt[s[nla [JilTur[lo[ Il lan[lsourc$ T[T
stelor dlIThdnllalTroac] [ill nolIbl] [Tclusil ! sincl] [1[] [x[Tiousl) id[nflild s(TTral
corrllalion col /binalions[ [ /liclI[]ill also bll[d[In in consid ralion [[rlin[]

VI inlTr cal /[ aign conclnlralion ros(s

11.7.1.1.Dunkerque winter concentration roses

Cigurl [ illus(ralls (I r(sulls ol ros!Icalculalions [or [ 1T during [ [Jin[lr cal!laign
in Clun[r[ul 1T s silllis claraclril[d b1l urlJoanllltol oglnic aclilifils as [I[1l as
M Crisincl ol naliral sourcl$s [Mlarinland crusiall]Tallcan [T]illlin[JPMIT[T]indus!rial
stelor in lunTrlull [T (NI Uis consliulld olJa il lurJollTalllinduslrils [Tallinclud([$
Tlan[Jsourcl$ ol Tlissions [ron or[Isin(Tting[ col 1] laling [lan[Tblas[Turnacl$[ s lor[s[]
oil rlTint[T T Tallurgll..etc) In addifion [ TITIIINTIslclor [iglTecarr[I[1[T]1nls colling [tol]
M1 Arelrdic s antlocallld in [l Titinclouc [T1n [ oIt Cand[ ][] urban [TJission
sourcl$ ar[IrlgroulId und(t [l lurban s(¢lor srlIc¢ling [rol | [TI1[] [[assing [[rougl] 1S
and ‘nding all[T] [J dirlclion[JTl s sfelor [ncloss MWTulnlligiTland rar(] [Tall] [rallic
[Tlissions[in addilion [0 [TIr[$idinfal [Tlissions sourcs[ ][ inall[T][0 [TTs[lan/ltologlnic
aclililil's [1[ladd [l nalural sourc/ sl r[It[s[nllld [[r[in blI[larinlI[s[¢[or NIN[/ ‘and/or soil
dus! t[1susl Insion [(roug!|(ransl orlac/ililil sl
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(Dunkerque winter campaign)

Ligure 6: TE concentration roses for Dunkerque during the winter campaign

CunlIt[ul] Tl conclnlralion rosls sfol ] [Mallllll]1[1][nls can blJcarrild bl] [linds
bloling [fol] [Nanl]dir[clions[and [Tus ar[[ound gihltalld bl [Tan[Isourcls oll[T]issions[]
CoUTTr0shll CfrHabl o difid T inlo HanlJgrouls dI T JinCd bl T lind sCelor
Clcllinduc 1 gl T$[ conclhlralions [Tabl [ 1]
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Tl lrsgroul | lincluding Agl/As Bal Bil Cd[ Col Cr[ Cul NbI Ni[ PbI RbI'Sb[ Sn[ Tl
and VII[TTibils ils [glTslconclhiralions undlr [ 1largl][] [0 [T sCelor [JCTCIT DT s
siclor [nclosls urbanl] [ranslor[|and conlin(nlal [Ilissions mliglboring rlgions and
counlril s stelor LOIIO [ Malso slartd a largllis[ o111 nls [T]issions [Jilll 1]
inllgralld s orls sillllin [unllrlull[AglAs[ICd[ICol)Cul Mn[ Pbl Rb[TI[IV and Zn![T
AlsolJ ][l canno /[ TcludlJa [ossiblllinlulncllin [II11[1Tls o[ IMn and Pb colling [tol] a
nlarblliron[langan(s[Is[T11 [Tor[[aclor[Jlocalld in [MTsall[Isl¢lor [TIGHSITTTTT

Tigllconclnlralions ar[Jobst[1d und[t (TN [ind sCelor (MO O Mer [T Tird
groul | [licl ] nclos s Bal Cd[ Cr[ CulNb[Pb and Zn[ T[Tl ossiblJin(lulncl[$ ol lan [1[¢c[ric
sl Manllocallld in [l Tlrincloucl IT1 11T allalllo [ aslrn sid[ ol Jsal[ling [oin!lis
consid[td [Tt[Jas a [ossibili[l[Talcan [TTain [[TJas[T¢e[ o lconc niralion ros 1]

Table 8: Main anthropogenic influences( corresponding wind sector and TE elements in Dunkerque
during winter

Sources of emissions Ll ind sector [lorresponding elements

Crban 0o BilSnINb[Sb[BalCd[Co[CuPb[Sb

Crban [ mllgralld s orls [ N[ AglAs[CdICuMn[PbRbITIIVICol[SrZn
Crban [ 1C¢ric s[IT1 [an[] N Cd[CrPb[ZnNbCuBa

"ossil !l collbuslion SSCTISEIE) VINi

[11.7.1.2.Boulogne-sur-Mer winter concentration roses
T[T lariafion ol T alllos[TTric conclnralions dTTnding on [Jind dir[¢clions in
Boulogn[IsurM!t is illus/ralld in [igur[J[T]
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(Boulogne-sur-Mer winter campaign)

Ligure 7: TE concentration roses for Boulogne-sur-Mer during the winter campaign

BoulognlIsurMIt dols nol [11ibil anllocal induslrial sourcls ol | T]issions[ [ o[ TTt[]
MinTuncolnlarblJindus(rils cannol bl [TcludldTlis silllcan bl alllelld blIsla sall]
[Tlissions (Mol [II1sla colling o[l [ largll SSIJ NI sfelorl]Sla and urban [lilTd

siclorslIl][Trlas urban/[arinl|

[Tissions con/ribulll (o[l TNl as [Jl as 1S 0 SCJ
aod
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Cilld influlnelcan ginlralllblI[Tn 1S and SIJ dirl¢lions[ inall[Tinduslrial in[Tulnc’s
can arri[[1bJa rlgional scalllranslor[inl0 Boulognlsur'Mer’s atmosphere from two [Tt}
clos') dirlelions! |11 Grs[Jis [T NI [MallLoinls alllll] [Jarin/ lurbanlindusl(rial sillll ol
CunlTrlulTand [IlsCeond 1s [T dirlelion [liclIsHIcl s [0 Sain(III[][r [TallTTibils an
urbanlindus/tial in{ulnc ] Tt Tor ][] anallsis ol [ rosl$ slould consid(t [l
dirl¢lions [l tudincl1]

T[TIconclnlralion rosls illusrald in [igur(l[][tolTs [MallllllllarglIslclor st I¢ling
wol] IS fo [MTIN and Cassing b0 DO T TS risConsiblolalosall [T anal [T Td
Tl DalilJull conclnlralions [AglAs[ Bal Bil[ Cd Col Cr[ Cul Mn[ Nil Pb[ Rb[ Sb[Sn[V and
ZnllT[TslIsl¢lors [nclosllall [Tlissions originaling (ol ] [l Jurban sl ¢lor ol Boulogn!Isurl]
Mx[bulllliglTalso includ[] Carficll(s [T)illld foll olllt dislanlisourcl$IAIMis 1T
sCould rleall Mallll [inds ar(] glnl(ralll] blolling slol/1[]and [ound associallld [Jilll] drl]
Ctallllt condilions I T Is[ ] lallllt inducl] [ollulanls accullulalion and could [Illain [J[]]
Calillull conclnlralions arl]rlcordld [or [1Is[] [Jind dir[clions! /[ I[nclicol![lon [oinls
rlITalld in [l conclnlralion(tos[]anallsis [or ColNi and V allol! us [0 [tolbsl[la [ossibll]
conlribulion [rol] a [ossil [ull colTbuslion [T TJo[ ) Tlissions [n Caralll1CTT rosls o lAg[ Bil]
Cd'Mn[Pb[RbI Tl and Zn [I[x[1JarTd blla NI sl ¢lor oritnldlion[T1cIr[TTal a r[gional
conlribulion und(r [Mis [Jind sCelorDMlis CiglllillCorlanlllo Tallin[Jill[ITindus/rial si[ll]
locallld in [unlIrlullcan allllc[/BoulognlIsur/Mer’s coastal relatively distant site, under
clrf@in [ind dir[¢lions[[n [[T o[ TosillllalTtaglconclhlralions o IT[! ar[lglnltalll] ound
lol] [fTn [T silllis und(¥ [T Carinl] sfelor inllulnc[T1A conclnlralion rosl] anallsis
sullJar[] can bl [ound illusralld [Ttfalllr in Tabll] [Tland includls [T Cos[Jil]orlan[]
obs(tlalions l1lading [0 [l Iclassilicalion ol T[] I[1als bligrouls ol I'liTd or s[I¢ilic sourcls[ ]

Table 9: Main anthropogenic influences( icorresponding wind sector and TE elements in Boulogne-sur-
Mer during winter

Sources of emissions | ind sector [lorresponding elements

Crban SIS Bi[BalSn[Cu

An[Trologlhic conlin[hfal NIISST] AglAs[CAICr[CuPbRbITIVINi[CoSrMn(Zn
“ull oil colJbuslion NI VINilCo

m addifon [T [arficifalion [Tol] M nlarblIslalorl[in Boulogn[TsurM [T [as cllarl[]
‘tls[nland [as conribuling Carfiall[lin alllos[TTtic conclhlralion o[ [T 1lollolJing [T hls
[JCdCrNb[Rb and SbllIlliclIcan blr[lalld (o aclililil's lil1Js[il]cargo unloading andlor
"Jain(Thanc[1]

gou
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VIS [ting cal I aign conclnlralion ros(s

[11.7.2.1.Dunkerque spring concentration roses

Tl conclnlralion ros(s calculallld using Tl conclnlralions [or Dunkerque’s spring
calllaign ar[Jillus(ralld in [igur[ [T During this spring campaign, Dunkerque’s wind sectors
‘lalld an illCorlanlrol Jin [lJid nllicalion olJs[I¢ilic sourcllal LTorlion[!nllor TULTLL]
CIrJannl i ur Dol sourcls allTlis indusltial coas!al si(lJil1[os[s a silJilar al [toaclol]
ros[lanall$is as [T onls adol10d bllor[ T Tx[Torl] (1] [roclTd [Trlalllr bl diliding [T
AT nls inlo grouls d[TThding on [ITir origins(]

ChunlTrlullsalllling sillllcan bl lin[lu'ncld bl lan[Isourc/$ o[ PM [Ilissions [lall][t[]
(r[TiousllId1ailld in [Tis clal Ilr [s[¢lion [V
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(Dunkerque spring campaign)

Ligure 8: TE concentration roses for Dunkerque during the spring campaign

A lrslobs[rlalion can bl dralin [fol] [l rosl$ and is [ ]lacl/[Talllll Jindus/rial and
urban s ¢lors [J[x[][os conribuling in [TT][Hg T conclniralions in [T s[ting [Ttiod[TTT]
nalural sourcls [1lr[]lilJilld [0 Sr in{ulnc[)®o ) [T HarinInor[lin sCelor T (s
ClxlirlgroulId blisl¢lor ol origins in Tabl[I[11]
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Table 10: Main anthropogenic influences Icorresponding wind sector and TE elements in Dunkerque
during spring

Sources of emissions | ind sector [lorresponding elements

@ Mralil s CorDs 0 N ?igEHéAiSBEdECrE(EuMnEPbERbEl"l]/ENlE(EoENb]
Cossil ml1 collbuslion All CoNilVINb

Crban [ [ [¢lric s(T11 [anl] N CrlZn[Cu

T[Tanallsis oI Jsul]JarlJillusralld abolTIr[1Tals [MallllIs[T1[lor[s conlribulll[o
Mgl TsCconclnralld il irJorac (T (nisCiellolId b1 MTTIS sfelor [Mallincludl$
(1 Jurban inllulhc sl oil collbuslion rlgroulld [IT1bls corrllalld [1[T][n(s INi[V and
Collin addilion [0 a [arfial load o INbI T[Tl ¢lric s[II1 [lanlin [ 1ltincl oucl I Icon/ribulld
along [ill] (T urban aclililil's in [11]loads o[ /Crl[JCullPblJSn and Zn[I[inall[TISr ros[’
rl1t[s[nls an isolallld casllin [Ilicl) [T )inulncllis ginlraling allJosl [ Tuallll[rol] all [T
abol /[ 1nlionld sl clors[]

[11.7.2.2.Saint-[ /mer spring concentration roses

Sain[I [ sfting conclnlralion ros($ dis(lalTd in Cigur[1)sfolls a colllilafion ol
Clan[][Jind sCelors conlribulion in [MTJ1TTls o[JT[J concniralions[ T is silllis clarac[ril[Td
bl ils inland glograllic [osilionl] [1[icl] s(Tarallls il] [Hol! [II] coaslal [mliron[][n[]
‘ncoun!llrld in [l 1casls ol /[ lunlIt[ulland Boulogn[IsurM/t[ [ o I[TTx[ 1] ossibililllol]
an[Inaliral conlribulions [Tis[s [Carlicularl[][JorTsoil dus/T[clIcan bl risus[ Thdld [Till]
[T urban aclil[ils$ in [T et

CIn [T oIt Fand [T in{ulnel$ o1 lindusltial aclilifil's sfould nol o bl nlgllclld
allllis silllITCI [¥[s[ncllolla nlarbl ! glass [laling [aclor(][S[] sid[Joll[lITIsalllling sillll]
g HreTrsn O liglTTindus©l inTulhein (17 PM loads [illlin [IT]arfal/T(T)s ¢cond
indus/rial inTu'nclconctns [T TalTlindusirils locallld in [lunIt[ulTT]iclIcan [arficilalll]
L1l inds bloling (o] [T ININ[Isl¢lor!!

T Tlconclnlralion ros’s [Tigurl1[TJs[o] [Malllr[T]Jalor [lind sC¢lors ar[Irs[onsibll]
olJII[Hgl sl concinlralions S [T T [Ticorrl s onding [0 glass[laling [aclor [N [0 [
Cualllr [TT17110°) related to Dunkerque’s distant industrial emissions, and finally the SW to
Cistelor [MITTOOOMT (T urban infulhclcan blladdd [0 [Tis lis[as iCis [ncoun(Tild [tol
all around [T Jsal [ling silTT]
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(Saint-Omer spring campaign)

Ligure 9: TE concentration roses for Saint-[Imer during the spring campaign

"In [l Jolllr [and[TabllI[1]slolls [TallacllolJII][lalor si¢lors conlribullld in [igl]
conclnlralion [aluls ola largllisllo11[T1h[S Toll M1 T groul TITCT] [rolilil o]
sall[ling silJollSainTT [t [0 [T glass [aclor[] [nablld us [0 d[1Tr[Jin[Ja larg(t lis[lol[]
Al nls [nriclld Kol [Tallsielor [As[ Bal /Crl/Cul PblSblISn[Srl Ti and Zn[1T[ I urban
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conlribulion [las also rllind [Tr[lsinc[ ][I sl¢lors ol [Jlicl]I]CalTlan [Tclusill]urban
inllulnclJar(larg(t [Tan [T Jon[s obs/t[Id in [T T]aining [TTo si(ls[]

Table 11: Main anthropogenic influences corresponding wind sector and TE elements in Saint-[Imer
during spring

Sources of emissions '] ind sector [orresponding elements

Crban All Cd[Cr[Zn[CuNi[Pb[SbISr[V[Zn

Crban []ndus(ri’s NI AglAs[Cd [CriMnPbIRb[TI[VINi[Co Sr
[rban [][lass[]aling SO AsBiBalSn[CulCrNb[SbSr[Ti

“ull oil colJbuslion SO NilVICo

Cinall LI Irfsulls ol[Tis anallsis solJld [Halllll/dilllt[nl[lsourc’s conltdibullllin [
[Tlissions olsillilar [1[1T][nls collbinalions T TJ1[T][nlal ralio [slo[T1]anallsis allol[d us
o dirHinl] Malldis G M1 Hilur o sourcts LI Cllr[Jabll] [0 id(nAlll [lcl] sfelor
conlribullld [1T]Josllin clrldin [1[1als conclnlralions[Cor [TalJ[1[1Cu and Sb [Ilx[][Jos1]
glnlraling (o] [[I[][ralTic aclililil's in [ Jurban s'¢/or[ 1 ull oil col 'buslion is anolT good
(lallll[Ial concltns N1l V and Co [lallcould blILTiId bl T]issions [rol| [l Jarin[]
rans[orldlion s'¢lor [1[icllis il lorldnlin [T S[raigl ol lolTt and [T Nor[ISlal’

Curlrorl I Jconc niralion ros's allol/[d us [0 consid(t a larg! | ossibilillJo[lac]
sites emissions influences on each other. Dunkerque’s steel industry [AglAs[Cd[ CulMn[Pb[]
Rb and Zn[land [Julloil collbusfion Ni[ 1V and Collcould bl conltibuling in [1IT]load ol
crfain ATniS in Sain[MC FC0o DT Tr T lindus(rial s[¢lor is in [os[cas[$ [Toundo bl
Lilld [o ollllt sl ¢lors [Tarinl lor urban [or [Tal 111

1 ord[t [0 anal [TT]s[T¢ilic indusirial infTulhcl$ [illlin a gilTh silll'and also (1ol on[]
sillll [0 anoTr[ILJLIill [Tallinla lislloAT[his [Malls [ound sCarld und(r [ ]indus!rial
inllulncls in [l Julcolling [ar[lllln addilion [0 [Mis Hrs[Isl¢eion 1[I [ill bl using [T
conc/nlralions [ound in cltldin s[1¢llld salI[1[s onl[ I Tl IslIsall1ls [1ill bl lclbs/n basld on
M1 alTragll[ind dirl¢lion [Tallloinls onlJalllll]induslrial sourcls [Ilic[]in[lulncls arl’
und(r sud( 1]
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VIIICorr1alibns and slo[ 1§ und[r indus/rial inluncls

M ord(r [0 dislinguis(| [[[1] [T1T¢ ol 11 indus(rial inTulncls onl Hol! [[IT1ollltlla
sl I¢ilic sl ¢clion o[ JPM ; sal1[1ls colll¢llld und(r [linds blolJing [tol] indusirial [1]ission
sourcls dir‘¢lions [as aclillld [or [aclIsil[I T [Jindus/rial [1ll¢cls [ill blisudild carlTull’]
in an allllT] (10 d[TIrJina s[T¢ific ralio b Th MO ns Malcould blconsid(t[d as a
Taclt o[ sucl1Tlissions[]

"1 [Jcloosl] o lillilJour discussion in [Mis sf¢fion [0 a lis[loI[T][n(s sfolling a
signilican(incrlas[] in conclnlralion und(t collbinld indus(tial inlTulncls[][Jilloullan[]
dislinclion bl I Th [T IsilIsCI T Znl CrlMn[Nil CullAsI Rb['Agl Cd[ Sn[ SbITI and Pbl
Cor a gilln silllall MIsCICTInls arlinolnl¢clssaril[Jindus(rial raclrsI[icllis T[Tl eisl]
rlason [or [Jlicll O ill bllablTlo [foloslla s[T¢ilic [1[T1nlal ralio for a gilTn [Tlission
sourc/ 1] [Th [Tallining collllicallld casl$ [I[1t[I[Ji[Id sourc'$ ar[I[t[s[n(la collbinalion
ol ralios could bl Isuggls(ld [0 dillltnialTlon[Isourcltol[ | [T o[l

TrlIslelion ol /PMr sall[1$ undlr indusitial inlulncls [Jas aclillld using [T
“ldblJing ([ 1Tod[]

all Lor [lunlIrlullsall[1ls [ITs[1l¢lon includld [To sl ¢lors!]

o Tllsalllls undlx [I11]— [00MMind slelor undlr 17 inllgralld
s Torls in(ulnc MBI [MT$C sall[ 180100 s[CeMd [T onl$
[T Tibiling [1Jand [ conclnlralions abol[ 11 Ing( []

o TITITTH [ Mind sfelor und(t Ascoll1al (lelric s/ [NanlindulnclT]
wol ] [liclI [s[lelld [T Tonls slolling Zn conc/hlralions aboll ][]
ng[D]JD

b Cor SainTC [ salJ[10$ [lclos[T]

e Tlllsallldls undlr [I1]— CJ00ind sCelor [ThunllrlJullsIT1 lorls
infulhc[Tand [Tibiling [1land [J conclhlralions abo 1111 ng[l ]

e Tllisalll1ls undir [1[J[+ [TTTIind sl¢lor [Sain(llI[1t glass [laling
raclorTand s[olling Sn conclhtalions [ig[ It [Tan [1ng ]

Tl sall1ls in Cunllrlul) and Sain[lT 0 r Clxl) s(lellld using [lind dir[¢lions
rleordld during [ sall[ling calllaign[IllolI[1Tr[‘addilional conlir[Jalion on [[Ilindus/rial
s[IMCorls influlncls allSain[Tr [Nas acli[TTd blldralling air [lass bacl[Ilra/l¢clorils
using (11 Air Rlsourcl$ [laboralor(] (AR [ILISPUT [rallelorl] inTinl1)basld [Tod!l
{ral1lr [ Roll[ITTICITTITm [ casllol/BoulognlIsurM [t silIl [T ]suidl ol /[T ]salll1ls
collleTd und [t [N [0 [Jslelor riTTalld a [ossibl[Jindus(rial [Tlissions in{lulncJalllal’
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silll oI TrJ ] air [lass bacl] ralltlorils did nollconlir[] [Mis [TToMIsisl1]Hcl] [Jas
linall (ldiscard[d[]

11.7.3.1.The case of Dunkerque

Tabl[] [T]and Tabl[] [T] galllt slalisfical dald [a[Tragl]conclhlralion[]Jini[Jull and
Calilull [alulTlaboul [T s[leld PM ;) sal1[1ls colll¢lld undlr [J INN[I [in[dgralld
sl Corlsand NI Mrelric sl Hanll inulne’s in Cunllrfull][] [Th undlr [T1]
sl orls infulncl T Jal Tragllconclniralions ar[|cllarll][igl [t [lan [l ](olal allragllol]
Mol callCaign in DunlIrlul)Tabl TS Teiallllor [TTMnINilCAs[ Rb[AgI CdITI
Pb and Zn[TurlTr[or[ T falTlobsr[1d dillltr[nlconclnralion Huciialions [Jillin [TT][T]
silellld sallsUiMin [liel o L6111 casls arl/illuslralld in Tablll [T [$[I11Jorls
sin(lfing s'dcland Migilil [ Tlissions[In ord(t [0 [TTlain [TTs[Idi(Ilr[ncl$[ilis i[ ] orlan[lo
rlind [MallTlinllgralld steelworks complex is a “multilsources” site, with a large stock of
iron or[IcolT][Jaling [lan(Tiron or[Isin[lring[ blasJlurnaclTs[T11 [lanlJand slag [ alll n(l]
TCIsinsldllalions [Tlilllarliclls [licl] [TTsicocl1lical clarac(lrislics arlldilllr[n[]Ho[
onlsourc! /[0 ano!llr [TNls I TalllllTTT11In addifionlilTas blIn dl 1 onslralld in I/ lorllo[]
OO NHs MGsO T [Mall [MTst inslallalions fal Tl difllrnllil1lacls in [[r[ls ol] [ITir
conlribulions in [TTI1TT] olsus Indld [arlicl(s on [l 1local 1[111 in [T ]cillounlTrull]
CnclTconsidlring [T hoJl1ldg[lon [MIc[TT]ical colllosilion ol I /PM [T1illlld [fol] [acl’
olJ[ITsinslallafons 1] ¥ 1abll] 0 suggls [T inTulhclJollsin[lring slacl]and dilfus]
[Tlissions o[ s [an(Mm M1 rsCcas[ T Cinolictd rfall 1] HglTr [ conclhralions
[lIn colllarld [o [1las [I[1l as [0 Rb[/Ag[ Tl and Pb[ T Is[Jobs(t alions arlJin accordanc!
CH I el TTical claracllrisfics ol PM sourclsall[1[$ [tolid[d bl lindus(r Jand anal[1Td
in (1] laboralor [ ur[ITtlor[ I8 clarac(lrislics [Ir[Jalso [Ilnlionld in ollllr siidils
MMaaison [T TT T Tralis@r AT TalTlI TTTTand [Mallllsio T TalllI TTTTITAs [or [T diTus]
[Tlissions[ /[ Jnolicld [Mallllll'conclnlralions 1[111s arlIrlladl11(] [Higlllor [TTIollolld bl
lotIxr 11 11s o[ Zn[ Mn[ Cr[Nil CulAs and Pbl 1] [Th coll[aring [[I$[lobs[tlalions [0 [[T1PM
sourcl s clarac(lrislics as [1[1l as (o [T liMrair I [IMacl I eI T T Tand (D1 Gs LT al [T
C0Mnd Mal1Mis sal DM Tbils s [Haling indulnc 1)

Cndlr [ inTulnell oI Alfelric sl Halling [aclor[] [toll [ITTNINLI sC¢lor[ 1T
conclnlralions o /Zn[PblICr and Cu [J[¥[][ound [0 blJ Carficularll] [igl Tt [Tan [T [olal
allragl ! conclhlralion olJII [Ilolllcalllaigns in [JunlIr[ul](all si¢lors collbinldln a
10ss(x [LIIn[IIIT r[T]ar[Ican also bl gil Ih ot [TT][Mn[As and Sn [Tabl[J[TT1T[Is[risulls
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sl [0 bllcolTt[n[1lI[Tn consid ting [T nalur(lol [l Jannual [Tlissions d¢larld bl 1]
indus®J[TPRTRITTT T Tand ar I Tuall Deo TCn AT T Mralir [ (Sal Dulll Tal

Table 12: [verage elemental concentrations'| minimum and malimum values (ngm’(] in
Dunkerque’s samples under [ -[1[][] industrial sector influence m[20(]

Element [Iverage Minimum Malimum Sinter stack[| [ugitive emissions/!

0 gooor oooogo  pggoot goooon ooooood
[ gooor  googe goddo googon oo
Zn goool guon gooon goog goooot
Cr oot L I got ot
Mn oo goon gooon gooon goon
Ni L Lot gooon oot gooog
Cu oo goon goon goog goon
As L L I got L
Rb oo goon goon goog goon
Ag Lot Lot oot goug Lot
Cd go Qo oo oo oo
Sn LI oot RN ot LI
Sb good oo oot goug good
Tl LI L RN ot oot
Pb ool Lo gooon oo oooog

[ These samples are selected between the first 20 samples under the sector, and constitute a signature of
the two different industrial sources

Table 13: [Iverage elemental concentrations | minimum and malimum values ‘ngm’(]in
Dunkerque’s samples under [ E-E industrial sector influence m/12[]

Element [lverage Minimum Malimum Total average  Total average

Dk2[] Dkl
HN gooort  oougoc oogogdl god goon
L oot oot gooaol RN oot
Zn gogor  gogge gogdd googg Qo
Cr LI goot RN LI L
Mn ool oo ooogn oo oo
Ni L oot RN LI L
Cu oo oo oo OO oo
As goon good goon goon goon
Rb oo oo oo OO oo
Ag ooon ooog oooo ooon ooon
Cd oo oo oo OO oo
Sn goon good goon goon goon
Sb Lo goon oo L Lo
Tl oo good goon goon goon
Pb ool oo ooton Lo oot
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Tl obs[tlalions in [T caslJol]unlTr[ullsloll [Mallllan]alllos[TTric [[T][nlal
conclnlralions arlJilllaclld bll Mo id(nlii’d indusirial aclililils[n ord(r [0 dislinguis']
MTslI[Tlission sourcls[ 1 suggls[ sl T¢ilic [1[T1nlal ralios [TablJ[TT1In ord(r [0 [to [
sourcl Is[ [¢ilicillllol [T sIralios[ 1 lcolJlarld [1[1][nlal ralios [aluls calculalld und(t [T
inllulnclJol [l Jindus/rial sclor [Jillll Tos[lobldinld [Trougl][lind ind[ T Thd[hlicalculalions
using all M lsal 118

— ISW and Electric steel plant specific ratios: 1] [rol 1] Tt[in [Tal1ZnTIJand
ZnMn ralibs allol] a cllar s[Taralion bl Il/[Th integrated steelworks “ISW”
Zn[11] 0 T Hand ACelrc s Han“ESP” [Zn[IJ [ 1T T[T lissions [racing
ris[TeAl I T Tsall[conclusion can bllalso uslid [or Cr[Cd [101[TTorfS[) and
(1] WeISPland PbICd [1[I[or[S[] and [[/lor [ISP[ralios risl ¢l [11]

— Steelmaking source specific ratios: [l ralios suggls(lid [Tr[ o s Taralllb[1l[Tn
[l [racl ol sin/Tring slaclJand dilTus[ /[ Tlissions is [igl1[]il[ | orlan(land allo]
0 1idnalli0on T TIbIT [ Tn bollsourcls [Tugilil [1[Ttsus [oinlisourcl[ ]l as
Cor[Jil] CacCon MTPM, (1T hial col] Cosiion(]

T Tlcolllarison bl T [Th MTdilMrnlin{ulnc’s allols us [0 s[1C¢[ 1T dblJing rafios
Uomwsinllring slacl [facing Rb(Cr [11 1 OCulCr [TJPbICd [T and AslAg [T1[1Tn Carall1]
ralios ol ZnMn [11[1[JAs[Ag [T][Jand CulCd (11T can bl Jsuggls/ld [0 rac|[Il]inlulhcllol]
dilTus[Tlissions [tol] [MTsMT10aling indus(rlT]

Table 14: Selection of elemental ratios under industrial sources influence in Dunkerque compared to
total average ratios found with all sectors included.

Ratios S0 St St Electric steel Total [ lverage
‘sintering stack[]  [fugitivel plant Dunkerque
Znlll] EiNIEE LI LI goot L
ZnMn HININ oo Qoo goof oo
RbICr oot Lo LU goot Lo
Pb(Cr goor oo o AN oot
CriCd OogrC oogo oogo 0000 0000
CulCr goort oo oo goof good
CulCd oot L gooon RN LI
PbICd goor oo OO goof oo
Sn/Cr OogrC oogo oogo 0000 0000
Sn[Sb goort oo oo goof ugon
AslAg 0000 0000 0oogo 00000 00000
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11.7.3.2.The case of Saint-Omer’s site

Tabl[J 17 and Tabll][T]rlgroul]sldlisiical dala alTraglconcnralion[Jini[lull and
Caliluld [alulsl on sffeld PM p sallCs] DOel] O collleld undlr COSTISSOH
‘glass[laling inlulnclTland NIN[J [dislan[ Dunkerque’s industrial activities inlulnc[T][]Jind
stelors in Sain(IT[1x[0 [ [In undlr [ glass/laling in[lulncI1[I] calculallld allragl]
conc/nlralions [or [T Zn[CrlCul Asl Agl CdSn[Sb and Pb ar/[lig/ [t [/[In colllarld [0
T loldl al Tragllconc niralions calculalld [or [T ol callaign in Sain (11 (1[]

Table 15: [Iverage elemental concentrations/ /minimum and malimum values
mg(m’ in Saint-[/mer under ESE-SSE industrial sector influence m 5[]

Total average

Elements [lverage Minimum Malimum Saint-mer[]

Le RINIEININ puot gooon L
J goooorl  goooL gogon god

[n oot oot RN gooog
[r oo oo oo oo
Mn oot goo oot ooon
Ui goon oo oo oo
Lu oooon oooo gooon ooon
Ls goon oo g oo
Rb oood goon god goon
lg goon oo o Lo
Od minln goon goon oo
Sn oo (1] gooog gon

Sb good goon goon oo
Tl oo oot U ood

‘b gooon gooor (1] gooon

T lissions ol solJ[loMTsITI nls arlId[¢lartd b indus (@l ] [TIIPRTR T
M addilion[Jdilllr(nl]Corls on [ [T]issions ol glass[laling indus[rl! [1[nliond [Janl]
[lission [ossibilili's (ol [Iis aclililllIn [ac(lla [rs T[T lol [ 1lissions can bl/linlId [0 [T
ollmusld [o [l rall orl[[lican bl lload'd blJ[Jalor [1[1/[nls [Halar[lincludld [ilin [
colllosilion olglassibullalso oTllt addld [1[T]nls usfd (o adusl I coll osilion andor
usld [or dl$ign [urlos[s[ il Ir[TinT)[n"addiil s and coloranls [RalllalTol I [Tl In [IT]
ollllt [andlIsol1[! [toducls [alll [0 undltrgo addilional coll[1lT][nlarl] Hlalll[nls bllorl]
fnalilalion Soll[oTTs[sTs riTuir[Ja s[¢ond round ol baling[ T lic[][TTniallJllads [0
addilional [T]issions!]
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Table 16: [lverage elemental concentrations 'minimum and
malimum values (ngm’(lin Saint-Jmer under the [I-E
industrial sector influence m[ 80

Elements [lverage Minimum Malimum
e Ooopooo  bOoooc oobgo
W goooon gougr  oogog
‘n oogoo oogo 00000
Cr Lo L goof
Mn oogog oogo 0ooogo
i RN LI oo
Cu oogo oogo 0000
s Lo LI goot
Rb oogo oogo 0ood
g RN LI good
d oogo oogo 0ood
Sn ot Lo goot
Sb oo OO O
Tl Lo LI goot
‘b oo gogr oo

Cn oIl fandlas [toTd in [MIT]conclniralion ros's o SainTI[1 [t [[Th subllecld
0 [MinulncJoMis indus(xl 1 [MTigur[J[TIITIs[T¢ilic raclr [or [MT$[glasslaling aclililil$
ar[1SnCr/As and Cul[Ind(t [Mis in[Tu nc T [rincilal s[T¢ilic ralios (TablJ[TTbIT[Th
A0 nls ar[ISn(Cr (M8 Sb [ ITCT0Cd [ [and As/Ag [I[IMT [Joblain'd [aluls [or
MTslralios arlIcllarl[1di(lIr(n[JTan [Mos[Jobldinld bll[Jind ind[TThd[nllcalculalions using
all M isal ]l
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Table 17: Selection of elemental ratios under industrial influences in
Saint-[/mer compared to total average ratios found with all sectors

included.
Ratios ‘lassmaking [ - E sector Tot.a I average
Saint-| 'mer!
Znll1] oogo oogo 000
ZnMn oogo ood oodo
Rb(Cr oogo 0ooo oogo
Pb(Cr N ooogo oooog
CriCd ooog goog oo
CulCr N oo oog
CulCd oogo ood OO0
PbICd 1 oogo N
Sn(Cr oogo oogo oogo
SniSb mInn ot oot
AslAg ooy ooogn oot

Finally, it is important to search for a possible impact of Dunkerque’s [ lission on [[II]
Al nlal alllos! I'Itic concinlralions [Jlasurld in Sain![IJ[][x [J[In undr [ITININLI [ind
dirfefion inlTulnhc TITS[TT]s [0 blla fair [ulr[Isinc[1[Tis [TI¢ s obsTTd [or [Tl LilT]
T Zn AglAs[Cd[Mn[Pb[Rb and T1 [Tigur( [ Jand Tabl /[T 1]

To blgin [T T Tallinld iC)TT local [ind dir[¢lions al Sain[lI][ 1T can b1 T1hdld
0 alarglr rlgional I[TT1CT Tt Tor Tair [Jass baclTlard ralliclorils [t Icalculalld [or sol ][]
s(relld sal 11l [tsinling rflalil 110 Hgl)conclhidalion 17TT1s o111 nls usuall[J [TilTd
by Dunkerque’s industrial activities (LigurJ[TT1Tis lallr [tolls in [Jan[Icasl[$ [Tallll lair
mass passes over Dunkerque’s agglomeration before settling in Saint[11[1[r[ 1 o[t casl[s[]
M1 [TTnolllha s[IT] [0 occur [IlIn [[Jair [Jass circulall$ [T 1rlgion and r[Turns inland
‘olJards our sal]lling silll]

mn a sicond [lasllland in ordlr [0 gras/|addilional inlor(lalion on [II]origin o]
Larlicls[ [l colllarld ([1/[nlal ralios [aluls [J[In und(r [ILININindulncJal Sain!IIL] ¥
LAl T s Teilic ralios obldinld in [T icinity of Dunkerque’s industrial sources (Tabl[ ][ 1]
and Tabl ) [IT1T[IJcolllarison slolJld [Mallllll]calculalld [1[1]nlal ralios allSain[TII[1T
und(r [ITININC influinell Calel) ITTIST onlsPblCd [J[TTICulCr [J[1lland AslAg [ [T
TIT$ralios ar[1lin[Td [0 alTragl]aluls obf@in{d undlr s Jaling sl¢lor TITs[Irl$ulls
Ind [o stoll [MallllsMorls aclililil$ in [lun Tt ullcan illlacl Il ]alllos[ I Ttic load ol
PM 1 in SainIOmer’s atmosphere, s/ [ ¢ilicall /(][ Tn undr NINL[] Tul I TIn [T lo[Ilt [and[ 1]
calculallld ralios do nollr[ITal anl] [1l¢ciric s/l Jaling aclililil's in[lulhc[TITIT$[ ] lalllr
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cannol bl [Tcludld sinc[1Zn[llJand ZnMn collr[nlrafos [I[t[1id[nhaHd in rar(JsalJ[1[$[]
CoI[ITx[Tis obs[t alion could no b IurllTt d[TTlo Td sinc[J[MTt[Jar[lnol I hougllsal1[1ls
[0 CalTlarllrCs[nl@il [conclusion[
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Ligure 10: [lir mass backward traéctories of selected samples showing the [I-[JE sector influence of
Dunkerque in Saint-['mer
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11.8. Jonclusion

Tl sudl ol liracl 1111 hs conclnlralions [Agl/As[ Bal Bil Cdl Col Cr[ Cul Mn[ Nbl]!
NillPLPbIRbISbIScSnUSrLTITTiLTICV and Znlin CunlTrlul I BoulognlIsurM [t and
Sain[I11[ ][t during [T sal|[1ing calllaigns s/ ol I d [Talll

- [T mlS L Zn[PbP and Mn [t[lound in rlafl 110 [igllconclhralions in
CaclIsilllsldrling Dil0Zn [IL10— 00 g CCPb [II1— 00 0 mgll (TP [
(00 0Mg ] Chd Ciall OMn (00— O 00 g (1]

= [T alS HETJCulNiCSbISn[Ti and V [TTibilld conclnlralions globall [ igl Tt
Man [Ing[l CI([t(as [I1r[[aining (1771 [his AglAs[BalBi ICd[ Col Cr[Nb[]
Rb[SclSriTlland Tl arl1[$s conclhlralld!]

m [0 x0T salllling sill$[ during (11 ]consid/t[d [Ttiods[ /PblINi[/ Mn[ICd and As
conclnlralions [t lolIlr [Man [MTICgislald lilJilTaluls for alJbilnlairl’

TCHICIT] olconcnlralion in rac[J[1[T1hls [as [ound colllarabl[ o [Toslobs[t[Td in
ollllt urban and indusirial sill$ around [urol[1IT[1]colllarison olJ[Ils[|conclnlralions
blIl[Tn our salllling sills slollld MallunlTtlull and Sain[lJ[x [TTibilld clrldin
(ricl [ 1[nls Mallligl bl lalliibulld [0 [1Tlissions [fol | local indus(ril$[]

— Tl faclo T[T lissions (Mo an in(lgrallld s[II1[or[ $ and an [1l¢lric s[T1
lanllin CunlTr[ulTTIIs0 Mo [TIT$s ol [Tlissions arl! claracllrilld bl]a
collbinalion olldilllt[n[J1T][h(al ralios liL11Zn[IITZnMn[ CrlCd and PbICd !
[liclallols [T dislinclion bl [ Tn [Is[Isourc!s!]

- Tril0facllolglassaling indusrl)in SainITI[ [T [Tallcan bllidnflild bl]
“db(ing [T ralios ol Sn[Cr[ Sn[Sbl CulCd and As/Agl]

Cinall [T Cal T lound [Talund(r [TNINL] [ind sl ¢lorl 1 Tlissions [tol | [T lin[lIgrallld

s(Morls sillllocallld in CunlTrful] fall]an i[1lacll[1[Th [Hanslor(ld along a [17 [T
dislanc Tin Sain[[T][r[]
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Clallllr V[Idnlilicalion o[ sourc(s [tolil[s and con(ribulions using [| NM[]

1.1. (ntroduction

CUlallld T lonsrallld in [t[Tious clalllrs [Illand [V TIallJunllr[ullBoulognlIsurl]
Mt and Sain![l/[][r ar['subllclld [0 dilllt[h[ naliral and an[lrolog hic inlulncls Tl I$[]
inulnels [allla dirfeIMMeHon M cl[TTlical colllCosiibn o[ /PM -[1Jcl] Has [Tidlncld
Cudifadl M bulnolrleisT MuaniAld T s clalllr includ(s [T (inal sC¢fion [MTalaills all
M idmllicalion oM Isourcl$ [MallarlIconlribuling in [T 1PM 7 c[T1lical colllbsilion and
(I hanlilicalion ol ITir ris[ [l I lcon/ribulions!

ChunlTr[ulTBoulogn!IsurM[r and Sain(ll/[ ][t ar[llocallld on [l lcoasl ‘and inland ol
MTINPAC rlgion and ar[Jsubll¢llld [0 dilllrin[sourcls [Malcan blrlslonsiblIlor [in[IPM
[Missions BT [Th [MTs[sourc s Narin[Jonllis [Tidlhcld in all MrTIsilsTTh [T
inland on[ o[ Sain[1l1[ | [t[n addilion! cruslal dus[ g/nlrallld [tol] soil [tosion [lalls ano/lllt
nalural sourcl ol PM[T[ [ Jurban aclili[llis also [Joundcol [ Jon blIII[In [IT[r[1Tsillls and is
rlltls(nlld [ainll[ bl rallic and soll[1dol [$lic aclililils[1n addilion [0 [l nalural and
an!lrologlnic sourcls [I[nlionld [arlilt[indusirial aclililils arlJ[tls[nllin [lunlIrlulland
Sain 1 rDA DT rsEsillan in(Tgralld st orls [ISL [Jas [1111 as an [1l¢lric s[[11 [lan[!
indus(tl] localld on [ [as[li bordt o] CunlIt[ull Gn [ItinclouclI1T]can bolll bl]
1idnilld in solJPM psall L1Cs oL IralllJinland sillloISain 1[I [r [T Jconribulion
of Arques’ glassl laling [daclor[Jin [in[IPMprillasllis [Ttilild as [I[1l as [T Jin[lulhc[Jo[ 11}
rlall [10dislan[ IS localld in [unl [t ull]

“ollo[ing [T c[TTlical anallsis o[ /11 Jinorganic [tac(ion and [0/al carbonland alllr (1T}
dlTailtd [TToildlion oM IclTTical rl$ulls in ord[t [0 A1t Jin[] T ossibl[origins o[
collleld PM [ D@ Trlalllr ano Il Call [Malusls sfafisiical Malllhlolour c[T1]ical
dala [Troug!] [Nodlling[|[Tusls cllllical dala (o [Ild a [Jalril] [aclorilalion [Jod[ling
algorillll] in ord(r [0 id[h(l T and [Juaill] [[[[Jcon/ribulions ol acl] [1]ission sourcl in [1I]]
‘olal collleld PM ]

Tlis sielion o[ sidl 1 as accol[1is[ Id bl] T col Ibinld [1lorls ol I[IT1*“Unité de
Chimie Environnementale et Intéractions sur le Vivant” [TCIVlor [T clTTical as[T¢/S]
and [11] “Laboratoire d’Informatique, Signal et Image de la Cdte d’Opale” [TISIC[] lor
collluling as[l¢ls, which are two research units within the “Université du Littoral Cote
d’Opale” T[T Nalril] [aclorilalion [odl1 Malllill blusld in [Tis clalllr [as d[TTlo[Td b
COr0illEs OOCMAIRE and CrC0ilLES ROCISSOC) [MTIISICTand is basid on a [Jlig[1d non!]
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Clallllr V[Idnlilicalion o[ sourc(s [tolil[s and con(ribulions using [| NM[]

nlgalil [][Jalril] [aclorilalion [1[1od [T NM[IJundlt conslrain(s [T air T lal T Tal]
and [T 0air (TTTal T T T T

Malrill [aclorilalion [I[1lods ar[l[Jid1[Jusld in (017 [11ds olJsignal [lallllnlland
anallsis[ bullalso [or [[I1][Janilulaion oll[hlironlInlal da@BIII[Tn [IIs[] ][ 1ods 1T}
Princilal Colllon/nl]Anallsis [PCAlIr[sullls a groul]ol!lariablls in a s[]all nullblt ol!
sinllllic Cariablls callld [tincilal colllonln/sllolIITIr[IITTPCA [igl T TTibillnlgalil [
faclors [licin(Irlr[Talion is [Tt dilTicul [T

Posilil 1] [aclorilalion algorillll]s sucl] as Posifil ] Malrill [aclorifalion [PMICx[]
succiss(ulll[l usfd in [Janl[! [nliron[][nldl sdils[][nl] inconTnilhcl] [1[Th using [1T]
collllrcialilld [Irsion olJ[IJPML] [Jodll PPMLI LLILILIAII ol ld bl [IL] [nillld Slalls
Cnron[]Ch(dl Proelibn Aglinel] MPA DI MTalgo T asd [Troduc s T (T [T
is in [T collalsld Gl CrlTuirld in ord(t [0 [Trlor[] [T ]calculalions[In [Mis [T T]o smdil$[il]
is [noln [Malllllllarglt is [[IT]Jalril Jusld as in[ullda@ [ [Jor[IriliablTar[ ! [Tt sullsl]
ColI[ I Trlusing PMUI L1111 rol1d [Talan incrlasllin (Il linlfulsil 1 TTnMalll]1lads [0 an
incrlasllin 1] od[l A7 consull [lion[m addifionIT)sall[][Ttsion dols nollallol] anl]
conlrol on [Nl inilialilalion and [hding crillrial T us[ [T r[ T]aining [$s(nlial Carall[17r usld
in [TTPM[is [T inclusion o[l ][asurl[T]hl unc/t@inil's in [T ]calculalions [1icl]s/abililT]
MTsolufion[]

Manl Irlasons [us[Jus [ollards [[1]us o[ INM[]as an alltnalil ][0 PM[IJilllt[n[]
Corls o[ INMLI [lr[]dlTTlolTd d[TThding on [[T]cloicllolIlJini[Jilalion crilllrion[/[Tis an
algorilll1] [TTnsi[ 1 Jusld bl [JallllT]alicians [or signal anallsis and ils Mallabl] cod[s ar[]
Casillacclssibl [T T lusual NM[J[Jodlls do noconsid(t unc(tldin[il's [ér [ac[ (]l asur 1] n]
TrIrlTor[ 11010 closl] [0 dlTTlol] our ol ln [Irsion oll[Il] NMLI [licl! inllgralls [Is[]
unclrldinlil's in [l Jcalculalion [toc ssl!

".2.Early development and use of receptor modeling

TCT7 usl) ol multivariate receptor modeling started in the 60’s with I. H. Billford
Billlord 1 MITTTxOCTTITT O Hel] as [ollof)Td bl [T crlalion ol 1M clTT]ical [ITIh(]
balancl [¢urr(n1l) [holIn as chemical mass balance “CMB”[Jthat was realized in the 70’s
M inclIsr [ Nilong[ LTI Milllr T all [T T T and [Trildland(x[ [T TT 1T [Mod(ling
improvements kept on being searched and applied during this period until the early 80’s,
during [liclla [orl[8Lolon rlclTIor [lodlling cal1[1[0 [mlanc 1T usol[TsJalgorilll s
Moo tav alical and U Hirical REelT1or Mod(1s [ orlsloll1n [lis [orlslol ][I Jos!!
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ilJlorlanls(IT] [@alTn [Jas in [ Jin[lrl¢ol ][ arison ol ![[1][Ttlor[lancllollrlclTor [Jod[ling

alTroacl s using [t[Tiousll] acluirld dala [0 [Trill] [IT] funclioning ol 11 [HodsTLT]
col Il arison also [las conduc!lld bl 111 Tn dilllt[n[ [ lod[1s using [ sall[Idald s[Is[ [ lo [T TT[]
Positive Matrix Factorization (PMF) created in the 90’s ([Paalllro [ TallT#[I[TTTT]and

Paalllrol [T 111 Jas us'd as an al(ltnalil [ /lo0 CMBI[ giling rlliabl[rlsulls [/[il[ using larglr

dala slIs in [Tl Jcalculalions!

‘In a [urolTan scal Tl anl]rlelTTor and dis[Ttsion [Jod[ls ar[]sfll bling usid in
dilllrthcounlrils [or sourcllalTorlion[Jmlsmdil$/An ass($s[[hlJon 1] urolTan usi]ol]
Codlling [Terniluls [las rlTor{ld in a r[Til[T] on [T IsourcJalTorfion[l[nsdil$ conducld
in (] counlrils [Trangloul [ Tlal [ TTTTITIsidIslollld [Talldis{ [tsion [Jod[1s arl[ 1]}
TosllcollonlJusld in [urolTTllollolld bl rielTlor [od[s[n (M1 usaglolrlelTIor
Tod[linglJand bl 1T Th [T dilllrinlsidild [TTTs[IPMU ol 1TTd PCAlllollold bl CMB
Clicllis [ound rar(1lJusld [1[1h colllarld (o [l Hrs[[o T Til 1] concludld [Millla lis[!
ol lilJ[rolI1l[nls [0 blJconsidlrld in [uhirll sillilar sudilslIsucl! as [[I] inclusion ol
unc/rldinllldala in (I in[uland [T oullullI T Istarcl)[or s[I¢ilic sourcl$s raclts[ [T Jusllol]
largidala [Jalric[$ or incrlas[ [T [colTraglloMI I [asur[ 1] nlcallaignsland [Jor[lon
solling [MTdilTiculMols[Taraling c[TTlicall[clos[1PM [ilT]Jin[tal dusand r(Tsus[Thdld
Tallic dus[IAIl T80 rlcol 1] hdalions [ill bl [@Th in consid(falion in our [Nodlling
"Janilulalions!

.3. Jomparison between receptor models

Cigurl] [ illusiralls (17 colJlarison blIITh dilllr[nlJrlecl[TTor [Hodlling [1[1Tods
slarling [rol | [IITICTICA [T onls rlTuiring 1l [nhol1ldgllon [l 1sourcs ol ollulion
(PCA, PMF, UNMIX...etc)[lo [l lonls on [l rigl [ sid[I[Ial us's a priori inlor! lalion on [[1
sourcl$ as [ssinlial rlTuir[1][n's [or succl$s[Jukalculalions!]

CloU[IIrllas discussd [arliltr on [ Tolulion olJ[Jodlling [[1Todsl ][I nolicl] [all
Coslrleol I ndalions [us(Td in [T dirl¢lion oll[IT]usl]olla-priori [nol1ldgllon [T}
sourc[$ ol l[T]issions in ord[r [0 [alT]a basis [or [lodll [Talualion[T[is [tolosal [as also
COinlionld in a rlelJillCorlanr[Til1] on [ [1[1Tods and rl$ulls olldillt nl]sourc!]
al Torlion[|[n[Il¢[niluls usld in Curol 1 Vianal [ Talllll T TT1T]
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Knowledge required about pollution sources
prior to receptor modelling
Little — | complete
L s ]
B - :
Multivariate 4 4 4 4 | A A A AChemical
Models ! { | I ' { Mass
i o ME COPREM i Balance
| unmix -
PCA | PMF Bayesian ——
Models Regression
Models
Exploratory Factor Confirmatory Factor Measurement Error
Analysis Models Analysis Models Models

Cigure 1: [lassification based on a-priori knowledge requirements of methods used to determine
sources apportionment using receptor models é[tracted from Tliana et al.[ 2008 “which
reproduced it from [Schauer et al.[2006 1

An ilJlorlanlslelon ol M1 r[TilT] dlfals [l a colllarison olldilllr[n[]sourcl]
allTorfonl[ ! [h[][][Tlods[Manl collllicalions [T][tgld [I[ill]colllaring blII[Tn dilllt[nl]
CurolTan shudilsl [ 1licl] arllnollonll] lin[1d (o [ glograllical dilllrincls bullllos!]
ilJCorlanl] lo 11 od 0 1S al icalion olldilllr(nlrl ¢l T1or [lod[ls using [l )sal ][]
dala s(Tgal [1dil1lrnlrlsulsln dlldils'scilnlisls conltonld anl[ldilficul(i’s [/ Th [rling
0 obldin coinciding risulls [0l using dilllFtnl] Codls M 170 sall[] dald s[IMTIs
obs(tlalion [Jas also noflicld [TTn [I[Th using consTain’d [Jod[s[land [Tncl] [T}
rlcoll[1[hdalions calllllo [usl[] [olJards [inding robuslIsourcllallorlion[][n[I[][1Tods /0
‘TalualTand slandardi[ ][] [1Tods ]

m addilion [T r[Ti(T] calloullillla crucial lisColli ] Corlan(t ¢ol ] [ndalions (o [ill
M Colls Hilllin McurrtnIustd HodsI BT Tn M8 rlcol 1] ndalions [IciTT]

— Tl luslJolunc(tldinlils

— Tl slarclllor naliral sourcl$ con/ribulions

— Tl id[nllicalion ol biollass col /buslion sourc’s

— TlIIslTaralion bl Tn rigional “sicondar[sullalll” and ‘“secondary nilrall?
‘rolills

— TIMusOol Tbrid [Nod(ls

T Dodl [Mallttdil 1ol Td collls alllllis sldgllin [ lorl] olla [Iligllld non!]
nlgalil [l alril]laclorilalion [od T Helris[Tels (M1 oinls rleol][1[hdld bl Iscilnlilic
r[TiT0n addifon T a-priori dala is also consid[t[d in 111 Jod[1 calculalion and can also
blusld [orlJodlling rfsulls [alidafon Tlus [0 Cill blrlsITeling [0 a cltfain [TTTh[IIT]
CalilJull nullblt ollrl¢coll[l[ndalions on [l ]usl o[l Jodlling in sourc]allorlion[ ] n[]
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sudils[A d[1dilld [TTlanalion on 111 tincil1($ ol Jalril][aclorilalion [J[1Tods can bl llound

[Trlaliie]

[ 1.4.Matril Ifactoril ation methods

VI Basics ol Malril[ ][ aclorifalibon

As [t[Tiousl[J [nlionfdalri ] [aclorifalion is usld in [Jan[Jrlsfarcl]dolJainsJand
{lIn usld in [nliron[![nlal scilnclslilblecoll[$ [nolnasriclilor [Jod[1[Tlis lalllt crlalls
alin[Ibl1l][Tn adala [JalrilJand di[llr[n[sourc(s[]

“or a gilln obsirlalion [Jalril] [J [¢onclnlralions ol lc[ITlical slI¢il$ in our cas[[]

faling a sill1[Tual [0 “n*m ”[01r[“n” is (I nullblr olsall[1$ and “m” is T nullbt ol
anal [TTd c[TT]ical s[T¢il$IIT aclorifalon [ollos [Mis [Tualhion[]

X = (G X F) + E Equation 1

m [[is [Tualon [1lconsidlr [Talll

is M altdiolobs(tlalions [liclisilllis “n [im™ Uilll “n” and “m” as [
nullblr ol sal1[1ls and anal T1d s[Tcil$ rl$[Teil 1T is [TTt[ssld in [Tl cas’]
ollallllos[[Iric [hliron(][hls shidil$ in ng(1 (T[] considt an [1(1] nlx;
ol [T Dald ThlOill r[Tr[$[nlIMIT ] conclhlralion olJ[MTIslTeils ‘5 ol
sal 100%™

"1 is [Il'conlribulibn [arl 1 “n Cp” [l “n” as [T mullblt ol Isal 117§ and
“p” as [l nullblr olsourcls[ ] [Th alllild in [nlironl](nlal sudi‘sla gilIn
A h“gy” is [lasurld in Cg[l [and r[I¥(s[nls (I [Jass conlribulions ol
sourc! |“k” in sall[1017 7]

(s [T rolills [alrillconsilulld [voll “p [m ”[illl “p™ as [l Inullblt ol
sourcl$ and “m” as [T nullbt olIsfudild s[Teil$A gilTh [A[TInTol] [T
Calrdll “f; " is [TIr[$sld in ngllgland r[1t[$[nls [T ][Jass olJa sCI¢il$ 5" in
MTlolal [MNass ols[T¢il$ in sourcl]“k ™[]

E is [I1ror [alilJo“n [im” dil][hsion and [ Tt[ss’d sillilarl[Jlo [T alril]
olJobs[rlalions [T iMin s [JalrilTa rando[] s[1l¢lion olJa [ariabll] “e;”
rllr[sinls [T ][tror olr[conslilulion rlsulling (1ol [II]laclorilalion ol s ¢il$
“47in Msal 110",
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n glnlrall I nullblr ollsourcls “p” is [lucllol)r [Man [ nullblr ollsalll[1ls “n”
and anal[TTd s[Tcils “m” T[T cloicJolT Isourcls nullblt d[TThds [ssinfiall[Jon [Mlla-
priori inlorJalion on [T sudild silll]

VIIITPosial T Malti[ ] Caclorilalion [(PM[]]

T GrsConJbIITh M currfhlaChilabll@ciorifaion [ [TTods is [MT1Posifl T Malril[]
[aclorifalion (PM[[TinifiallJcerfalld bl Paalllro Paallro [1 TallTr[ [ TTT1Tand [ollo[s 1]
calculalion [tincil10dlscribld in [fwalbn [T T THobIeAl 1o Hod is [0 Hini[JiT]IT]

Cluaralic [rror “e;” rlsulling [rol] dald rlconsruclion[ | ualion [Ican also bl ![rilllln in [Iis
Lor! L

p
Xij = z gikfkj + e;j Equation 2
k=1

ol Trlin [nliron[ ! [nldl scilncl$[ 111 dala can [ar[ |l ndousl 111 iclinducls (11
liaison bl 1IJ[Th [aclis[T¢ils [lasur[1][nland an uncltl@in[ll1]nclTin addilion [0 [Jalril][]
Ol add Cali X olunclr@infls in Ulcll a gillTh OCInl] “g;” is associated to the
observation matrix, and represents the error on species ‘7" associated value in sample “i”.

Therefore the model searches for the minimal error “e;” and includes measurement

I3

uncertainties “o;”" under the constraints of having (gix > 0) and (fy; > 0). Thus, the

minimization criterion is given by:

n o m 2
e..
{G,F} = arg min E E <—U> Equation 3
GF £ 0ij

Following this last calculation method, the modeling approach confronts many
problems, between which we cite the sensibility of the model to the initialization that deeply
allTcls [T rfsull$[1TIT inifial Paallro aTroac] (Paatero & Tapper, 1994) was based on
optimizing through calculations the results by alternately searching for matrix G and F. The

first version was based on the research of matrix G with a constant matrix F and vice versa.
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"Inother method enhanced the calculation procedure by adding a third step which refine G and
F directly by transforming negative values to “0”.

m 1990 an updated version of positive factorization (P[] F v.[) was introduced, which
was used extensively in many scientific domains. [Jowever, inconveniences remained in this
last version, especially when matrix dimensions increased an important number of local

minima appears ((Paatero & Tapper, 1994) and (Paatero, 1991)).

1.4.[1 [Jonnegative matrix factorization (L[ F)

Cimilar to the principles of positive factorization, the [I[1F use the approached
factorization of X = GF under positivity constraints and minimizing the following criteria

under the constraints of having (g > 0) and (f;; > 0):

n m
{G,F} =arg minZ Z(xij - (GF)U)2 Equation [/
GF :
j=1

i=1

e can notice the similarity between this algorithm and the one used in the case of
PLIF (Cluation [). The difference between the two resides in the positivity constraint applied
on each element of matrices [ and [] (meaning that sources cannot have negative
concentrations or negative source contribution) as well as the lac[] of measurements
uncertainties consideration in the [I[]F. This latter appears to be an important setbacllin the
receptor modeling of chemical data. [In the other hand, the [on[negative [ atrix Factorization
has many advantages when compared to PIJF: [I[JF is lighter than P{JF in terms of
calculation time and accessible [ [ITCILIILT scripts, which can easily be modified. Finally, the
goal was to develop a model calculation and implement it, therefore we naturally turned to the

(100 F method.

1.4.4.Jeighted [/ JF

_ly default, the [![1F algorithm does not consider any differed variance data in the
calculations. Therefore, constructing a new version of the [/[]F that considers individual
variances on the data input was essential and forms an important extension to the model. This
upgrade is realized in the “weighted NMF” based algorithm which enables the consideration

of individual measurement uncertainties in the calculations (([leis, [I1[)[([Jelmaire, et al.,
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0 1Dand (Celmaire, et al., [11[b)). The uncertainties are inserted in the model in a matrix

form, and the calculation e[ hiation turns to the following form:

n m 2
{G,F} =arg minz Z (M> Equation
GF 4 0ij

Furthermore, the weighted [1[1F algorithm has been modified in order to tal¢e into
account the a-priori [Inovledge on the source chemical composition by applying constraints.
The first type is the “equality” constraint which defines the presence or absence of an element
the source profile, and eventually forces its concentration to a specific value. ['n the other
hand, the second type called “inequality” constraint classifies an element order of abundance
between the sources (for example [11lgoureert [ [T gourcerr). [dditional information about our
weighted [1[1F model is given in ([leis, [11[) and ([lelmaire, et al., [[1[b). The following
section includes detailed explanations on the entry data needed to perform a successful

weighted [1[1F calculation.

T ation o LI GELELLT ) [ ol foulTTlal ol tion[ ! [nt

J.[11.Preparation of input data

1 order to perform a calculation of matrix G and F following the previously explained

method, many data matrices are rel uired:

CHITITIEE) atfil o LITITi T T on [ Thtlation [T at[i[ ) [1[]

The columns of this matrix correspond to each analyzed chemical component
concentration values (in ngim ) in the samples. [In the other hand, a line represents the
concentration values of all analyzed species for a given sample. Figure [ illustrates an

example of a matrix of species concentrations.
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L] Ca (] N o) Ha ...
CLLOL | COEE) (149 | 100,09 L0 10900 . ..
19.100 [TJ400 400017 | 91.49 | 40004 [11199]...
11.000) 411 | T4 CEIED | 44,000 (11194 ...
CLAC| CC4 ) 10400 10010 19.09] 40104 ...
CLIOT) COrn) tord ) 10090 fL ey CEEie) ...
(L) 41.44( CLIT | 10090 140000 101104 ...
ALI09| L0 B4 100 TECICD| TEED) CEI

(il (T tion ola Cat[G0 [ inCalCin O (TTHTY
Conl Thtlationl in n[ 1113

0 some samples, some elements concentrations were not acl uired due to technical
reasons or because their values were below the detection limit ([/[). [f the reading is below
111 the value in the matrix is replaced by [1[1 ][] [In the other hand, if the concentration data
is missing due to technical reasons, the missing data is then replaced with the mean

concentration of the species in that campaign ((Polissar, et al., 1990), ([lim, et al., 4) and

(Cu, et al., [TT1)).

(IO Matrix of measurements uncertainties (matrix X)

Cimilar and identical in size as matrix [], this matrix includes the values of relative
measurements uncertainties (/) related to the analysis and sampling process. [ € should note
that for below (][ concentration values in matrix [, the uncertainty was raised to 1[11[1. [In
the other hand, for matrix [] missing values, the uncertainty is raised to 4111 ((Polissar, et

al., 1990), (im, et al., [1T4) and ([iu, et al., [TTT)).

0T Da | 00 L)oo (Ha |...
TOOT(TEDT | 1400 J1C0T ) 1400 [ 1007 ...
1400 (1400 1400 1007 1400|1000 ...
TOED(TEE | 1400 1001 100% | 1017 ...
TEOD(TEDH | 100 J1EE 1 100% | 101 ...
1400|1710 [ 100% (14001 100% | 1407 | ...
1| 1000 | 140 (1400 1000 | 1400 ...
1400|1400 1400 (1400 1000 | 1007 ...

CifuT13007] section from a matrix X of
un [ Ttainti (LTI in [J
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OMT300 atADoCinitia il ation [Ty

The matrix of initialization (Fini) serves as a starting point to launch the calculations.
The initialization represents a crucial point when using factorization methods (Frang! ou, et
al., [T11). Fjy; matrix values should be carefully defined in order to avoid reaching any local
minimum and to ensure the best [uality in the obtained results. This matrix contains chemical
profiles of each source of emissions (Figure 4). [lence, a line represents the chemical
composition of particles emitted by a given source. The number of sources is defined by the
users, as well as their chemical composition which includes the same list of analyzed species
as the ones in matrix [ and X. The values of each species within a profile are defined based
on bibliographical analysis of previously conducted studies on the same type of emission

source. The values in each profile are finally normalized to 11T}

Chnic 0o Ca 0 O 00 Na 00 |oog
Profil | C1909| 104 T 1O9UTT | C T | U111 1000
Profil [ | CI1CIT| 9.0TT| CICTTT| TOICDLT| CTI4CIT| (4CITr| ... | 10I0111] 1000
Profil O | CT1.0TTT| (104091 | 1CLI 09T 1040 (101 0T4|  4.9090] ... |1011140] 1000
Profil O | [19CTT| 409CTT| [LI9CTT| 4.1090] C09CIT| C9CTL| ... |1C1I09CT] 1000
Profl | C9CIT| 4CI(I11| (41090 C9CI1] C090T0| C90I1] ... [1901409C] 1000

Cilu DLl tCation ola [T1tion o[y, [atlil]

The data used to fill the F;,;; matrix were selected based on numerous studies conducted
using modeling or [1[7[] methods for source apportionment analysis. Table 1 illustrates all
identified sources in this study as well as the malor constituents on which sources profiles are
based. [letween these latter, only two profiles are found to be related to natural emissions
(sealsalt and crustal), whereas the remaining are all emitted or chemically modified by

anthropogenic emissions.
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OallmTDatulalanJant[ oo [Thil)[ i Tion Jlou TTTI T o AT an It A Talalt(Tilin T TilT]

o[l EilTion t0 1| Clalalt T [ nill
([Mallius, et al., [T1T)
1, Ca, (0,7, g, Dand | (Du,etal., [11T)
calsalt atural [a (D ooibroel] et al., [T11)
) ([ oreno, et al., (T11)
.| 00 Da, (L, 0, Og, | (Du, etal., [T11)
Uged Lealsalt -nthropogenic 0, TO, Ca and [t (Omato, et al., [119)
71, Ca, Fe, [, T(, (g, Eg"ﬁh:ts’a let al., [111)
Crustal Catural 0,7 Ti, 00, 01, Da (0 oéibroéhme tal, (111)
and [a (Uoreno, etal., [T11)
M 0 0 (Du,etal., [T1T)
Cecondary sulfates [nthropogenic B?D, %S?bT%lEnj(‘i‘:Fi (Cmato, et al., [TT9)
T ([Jooibroel] et al., [T11)
0 0 ([Ju, etal., [111)
Cecondary nitrates [nthropogenic Bnmz;r;gE;DD4 > [, Fe, (Cmato, et al., [TT9)
(O ooibroe[] et al., [T11)
u, [b, Fe, [in, L1, [a, auer, et al.,
[u, [b, Fe, [, (1, [] [ch |
Traffic nonléxhaust [Inthropogenic | [Ir, [1i, Pb, Ti, [, [], [Id, | ([Jmato, et al., [119)
[In, [nand [t (O ooibroe[] et al., [T11)
M 0 (Dallius, et al., [TTT)
EE’ DDIE“[’ E’?’PDbDTJ’erf (Cchauer, etal., [111)
Clombustion 1 [Inthropogenic ﬂd’ To’ ﬂ’u T’n ’ﬂ Tg > | (Du,etal, [TT1)
an(i [h, o (Omato, et al., [119)
([ ooibroe[] et al., [T11)
TO, O, O, OO0, 00, .
Uombustion [ [nthropogenic | [Ta, 104, Fe, 011, [ g, Eg;ﬁh:ts ,ale t aDl':"D )
a, [uand On ’ N
Fe, (a, [n, (1, (g, [n, .
M7 Cfugitive [nthropogenic | Pb, [, [g, s, [a, [T, ES}Z:Z’ é.j;lm) 10
A1, 0, and O P
1, [, Fe, T, ([, [a,
. .| Da,Pb, (I, (1,7, (g, (Cleis, (T10)
[T Csintering stac’! | [Inthropogenic Dg, Os, Od, Ob, On and (Tleis, et al., (110)
[lu
[Jased on the composition of
. . -n, Fe, g, [a, Un, I.)b’ some samples selected under
[lectric steel plant [Inthropogenic | [, [u, [J1, [s, [1d, (i, . . .
b and Ch the corresponding industrial
sector
Tased on the composition of
Glassma ing “inthropogenic U1, [a, [n, [, s, Fe, some samples selected under

Ti, Pb, [Ir and [a

the corresponding industrial
sector

Cletween the profiles of Table 1 we define the following profiles:

— Traffic nonlexhaust: including road resuspended crustal dust mixed with emissions

from bral e linings and tyre wear abrasion.
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— [Jombustion 1: including fossil fuel combustion (coal, diesel, gasoil, and oil). 1 this
profile we also regroup tailpipe emissions from transportation, which encloses road
traffic, heavy industrial and marine transportation.

— [Jombustion [} representing the combustion of biomass materials such as wood logs,
grass and green wood pellets.

— [ Cfugitive: is the integrated steel worl s non point sources emission in [Junler[ue.

— [II [sintering stacl! is the main point/Source emission of the integrated steel worl s

plant in Cunlerlue.

CHITITITEC) atfillo[ #Lqualit[?” [on tlaint[ ]

The first constraints used by [I[1F are the elnality constraints, which consist of two
matrices. The first one (Figure [) signals the presence (cell value [11) or absence (cell value [
) of the constraint. [n this last case, even if the second matrix contains a certain value, the

model will not consider it.

OO Claf COT) O (O O] Cla
Profll |1 |1 (1 | O O O
Proflll | 1|11 ]1]1 1
Profl O] | CI| OO OO OO OO O
Proflll | 1|11 1|1 1
Profil (] | | CI| OO O 1 1

Lilul [T Equalit[! [on[tlaint[ G 1t [at[{il)
[(Tollin[t[]]lolation o 0[] Il on t aint[ in t I
(o]

[In the other hand, when cell value [ 1, the second matrix defines the value of the
constraint for a selected chemical species within the profile. This defined value is considered
at each step of the calculation and constraint the model to find this value in the final [ matrix
result. The values that can be inserted in the matrix should range between [1and 107T]
CInowing that the final result is automatically normalized to 1[1T] but will always respect the

constrained values.
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O Dal OO O (O O Cla
Profl J | I\ O] OO O] O
Profil [1 | (1| CLIf 100 | (9 [[14
Profl (] | | O] OO OO O O
Profil (] | [J| 1 Chf oy ol
Profl (] | CI| O] O] OOf 1 []

CilulT T Equalitl fon[tlaint[[TTon[] [ atlil]
Molin[(tTamlTlo[ e [1Con[tlain[T] (11T Mt lin
fo[ ] CfoulTTITo [T

The use of such constraints is unfavorable because it limits the flexibility of the model
in finding the results by itself. Furthermore, it shifts from the advantage of having the ability
to guide the model calculations to the inconvenience of hardly constraining the model, and

forcing it to search certain results.

CHTOTIT) atlil o *in qualit[?” [on[t[aint[]

"less rigid than the “eluality” constraints, the inel uiality constraints can also be used in
the weighted [1[1F to softly guide the calculations without forcing any values in the final
results. An example of the “inequality” constraint matrix is illustrated in Figure []

For each chemical species, we have the ability to assign an order of abundance for each
species according to the source profile. The abundance classification starts with “1”” and can
get to a maximum that corresponds to the total number of profiles under study. [n the other
hand, ineluality can be removed for any given species in any profile by putting “0” in the
corresponding case. Hence, “0” is not considered in the matrix as the lowest level of
abundance but an absence of the ineluiality constraint. Finally, a chemical species can also
have comparable levels between different profiles, for this reason it is sufficient to insert the
same number many times in the column. For example, in the matrix sample illustrated in
Figure [] “inequality” constraints were applied on [l to define that [['1[}in sources [ and [
are inferior to [1/1[in sources [, [, [], [) which themselves are inferior to [[/1[in source G. [o
classification is given for sources holding the same value of “inequality” constraints, like in

the cases of [1J1in sources [ and [] on one hand, and [1/1Cfin sources [, [, [, [Jon the other.
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These inelniality constraints are favored when compared to the “elality” ones because
of their flexibility and lightness on the calculations. [n fact, these constraints do not force the
CJLJF model to calculate under stringent conditions! instead, it pushes only towards the

respect of an order of abundance of species between different source profiles.

LT GECe 00 Dol Tatinl] lonl ition [

The use of the weighted [I[1F allows us to acluire chemical profiles as well as their
contributions to P[] composition. The profiles allow us to identify the emission sources of
P[], whereas the second represents an estimation of the identified sources impacts on the
total analyzed P[] value.

"] e have demonstrated at the beginning of this chapter that P[] ;- collected at the three
selected sites exhibits similar but also different influences. Thus the [I[]F calculations using
each site dataset should identify similar as well as different source profiles between these
sites. [Jowever, similar profiles between the sites could be attributed to similar local sources
such as local traffic, but they could also be linled to common regional sources. [dditional
specific local sources can be added if found by the model. This profile buildup is actually
defined in the literature as the [enschow method ([‘enschow, et al., [1TT1). This latter
considers that the atmospheric P[] concentrations are resulting from the addition of many
contributions: regional baclground [ urban baclground [ local traffic [J local industries

"l..etc. The regional bacl ground contribution is considered to be originating from large scale
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emissions, to which is added the local traffic. This last source can also be considered as an
urban bacl ground stage, but at the local sampling region level.

“lowever, in order to evidence a regional versus local scale contributions, the use of
Pl chemical data obtained simultaneously in two different sites is an essential step. [t is
made possible through our sampling strategy described in [hapter [1)thus we will achieve
this phase by comparing source profiles identified in two sites for the same period. The results
of the [1[1F modeling will be examined to uncover these profiles buildup, in case they
existed. Furthermore, the model will allow us to [hantify the impact of each of the identified
sources, which will eventually lead to uncovering the contribution of regional and local
influences.

The strategy used while performing [I[JF calculations is based on increasing the
number of sources until the identification of an additional source profile is not possible. 1
parallel, constraints were considered in the form of a matrix that was initially built relying on
a-priori knowledge on the sources profiles. The “equality” constraints were used in very few
cases in order to exclude some species from certain profiles (in this case their values were
forced to “0” in the final output). On the other hand, the “inequality” constraints were malorly
used to guide the model to refine the final results.

The operational strategy was based on three calculation procedures, considering three
datasets respectively, each of which corresponds to one sampling site and is independent from
the season. Furthermore, considering our a-priori [ Inowedge on the local sources influencing
the site, the preliminary [1[]F calculations showed that the best results can be obtained when
considering [] 11 and 1[Jsource profiles for [Joulognelsur(ller, [lunlerlue and [aint[TImer

respectively. Table [Ilsummarizes the characteristics of the data sets used to run the [ /[ F.

CallI 0 Calaltl Tt Do ¢ Catal Tt u (I eI [ Callulation]

. Cal] [T OOE Coul[TT]
Lt Lalllailn 0 TO in
Coulognelsur(ller []inter 1] ] 0
Clunlerlue Cinter [ [pring  1001I0917) 1] 11
Caint[Tmer Cpring 9l 1] 10

The [Isource profiles were identified using [oulognesur(l]er data in the beginning of
this search. Then followed a second step in which we used Dunkerque’s data, which allowed

us to increase the number of profiles to 11. The third step allowed us to determine the 107
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source profiles found for [aint[l/mer by relaunching the [/[1F with []sources as starting
point (identified at the first step), and then finally adding [Tnew source profiles.
Finally, under these conditions, the developed weighted [I[1F calculations gave

interesting results, which will be discussed extensively hereafter.

T T Cation ol L alluation[ [ lia it

“lefore discussing the results of the weighted [1[]F, we verified that the calculations are
not biased by comparing the modeled data to the observed data. (n order to accomplish this
tas[] we recalculated the concentrations of each chemical species, while considering the
contributions (matrix [1[Jand the profiles (matrix [I[]of sources. m fact, the matrix
multiplication of [ and [Jallows us to calculate the modeled concentrations of each analyzed
species based on the [1[1F calculations: these ones are named “calculated” concentrations. [ In
the other hand, matrix [ represents the observed concentrations obtained by direct chemical
analysis of the samples. The verification of calculations reliability can be realized on two
scales:

— Global: by summing, for each sample, all the calculated concentrations for each
species, we are able to acluire the total calculated concentration of analyzed
species in the P[], samples. The same procedure can be done using the
observed data, and thus we obtain the total observed concentrations in P[] -~
Then by comparing the “total calculated concentrations” to the “total observed
concentrations”, it becomes possible to evaluate the reliability on a global level.
"Then plotted, if “total calculated” versus ‘“total observed” shows a linear
relationship with a slope eluals to 1, that means that the total P[] - mass has
been correctly modeled, globally spealing.

— [pecific: this phase is realized by comparing, for each species, the “calculated
concentrations with the “observed” ones. In general, a slope equals 1 means no
data reconstruction problems occurring. [] hereas if the slope in superior to 1,
the calculated concentrations are overestimated, and inversely, when the slope is
below 1, the calculated concentrations are then underestimated. This specific
species by species checllcan point at specific problems in data reconstruction.

Finally, it is always recommended to consider the reconstruction of each species by

itself, because when following the global checling method, an overestimated species
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concentration can compensate an underestimated one to give a final appearance of good

correlations, when in reality they are not.

C.LI1. LI F calculated versus observed data for [loulogne surl ] er

The comparison between total [I[JF calculated and total observed species

concentrations in P | for [oulognesur(T] er winter campaign is illustrated in Figure [

ouloln [ TTwlIT] [T
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CilfulTITHo 0 falilen [Tt Th tota T[] [J [allulat TlanItotal o I TTTTT] ] 1 [T Til Tl on[ ThtCation[
M Cin Coulo n [ TTu 1T (1] ulin[Jt ] int T(all (ailn

The results shows that the total calculated concentrations are very well correlated
(1171191) with the total observed concentrations. The slope value is (1911 which means that
the global reconstruction error for total species concentration is below [ 1. [In the other hand,
the specific comparison gave similar results for malor ions, T[], and some of the most
concentrated metals lile: [, [Jg and [Ja (Figure 9). [lighly concentrated species are well
reconstructed, which partially explains the closeness of our total calculated and observed

species concentrations.
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The remaining analyzed species calculated concentrations were found well correlated to
the observed ones, with the exception of [Ig, [Is, [lo, ['b, [ and Ti. [] e must pay attention that

in general, if some species are not well reconstructed, this means that the contribution value is
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not correct or that the species is not correctly represented in the source profiles. Therefore, the

identification of the source profiles should not be based on the presence of such species.
lopes values did not exceed 1.1 (value for [I[l4 ), proving that the model we used

does not overestimate the species concentrations and conseluently the total Pl

concentrations.

(LI OO F calculated versus observed data for [lunlerlue

The total calculated concentrations in [Junlér[ue in both winter and spring correlated
very well (" [0 199) with the corresponding total observed concentrations (Figure 10). The

slope value (1.[11) proves that the total species concentration in P[] is also very well

estimated.
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Furthermore, anions concentrations are well reconstructed (Figure 11). Correlations of
Tl and [1[14[] are not as good as those obtained in the case of [loulognelsur(ller, but
remained very acceptable nonetheless. The remaining species are found well correlated when
comparing calculated to observed concentrations, except for g, [Is, [d, [Jo, [In and Ti.

Clevertheless, in the case of [Is, [1n, and [ld, some tendencies seem to exist only for the

lowest concentrations, whereas at high concentrations these tendencies disappear.
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C1LCICI OO F caleulated versus observed data for [Caint[ 1 mer

1 a similar procedure, the total calculated concentrations in [aint/lJmer were found
very well correlated ([1 [11.[T) to the total observed concentrations as illustrated in Figure
1] The slope between the two correlated data eluals [1997] which proves that the total

calculated species concentration in P[1 | is perfectly modeled.
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"In the other hand, as observed in the case of [loulogne(sur(l er, ions and T calculated
and observed data were well correlated, with a slope value close to 1 (Figure 10). [Jther
metals are also found well correlated except for [lg, [Is, [lo, [1n and Ti, which are found less
correlated with the corresponding observed concentrations.

Cetween these elements, [ld and [In shows good reconstruction tendencies at low
concentrations, whereas in the case of [ s and Ti, some values are reconstructed well for some
samples, and in the same time not reconstructed at all for others. This indicates a lacllof [s
and Ti in some source profiles, which prevents the correct modeling of [Is and Ti

concentrations in some P[] samples.
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T O Callalat T fou [T T Lo AT at il [

1.[11. Common calculated profiles

"Ifter running the [1[]F under the conditions described in section [1.[] we were able to
identify eight profiles shared between [oulognelsur(l]er, [lunler[ue and [aint[Tmer. The

profiles are illustrated in Figure 14.

U Calla €]

The “Sealsalts” profile did not show many differences between the three sites. The
presence of high loads of [Ja and [, as well as some malor metals ([la, [] and [g) and
sulfate ions constituted a signature of this profile. [In the other hand, the “Aged [ealsalts”
profile shows more elemental loads than the “Sealsalts”, especially trace elements like Ni, Pb,
[T and . Dowever, some differences in some ions levels can be found between the sites. For
example, additional sulfate can be found in the profile of [unlerlue, meanwhile more
nitrates are found in the profile of [aint[lT/mer whereas more ammonium are found in the

profile of [loulognelsur(T]er.

LT i (ta )

The “Crustal” profile showed similarities in the malor elements loads and some
differences on a minor scale for trace elements and some ionic species. [ alor elements lile
O, Ca, Fe, [1, and [Jg are found the highest, a normal observation since these elements,
which is in accordance with the profiles found in the literature (Table 1). [Inother important
observation concerns [a levels, which are found almost elual between the sites and is the
highest for all three in this “crustal” profile when compared to the remaining common
profiles. [t and Ti also characterize crustal sources” however, the absence of Ti in the profile
of [loulognelsur(lller was unexpected. The reason behind this result might be very possibly

linled to the poor correlations of this element with others at this site (see [ lppendix ).

30 CTenCal Tl Mhol Tanil 1l [To oI

Generally, this profile includes “Secondary Sulfates” and “Secondary Nitrates” which
are mainly constituted with sulfates and nitrates respectively, associated to ammonium. [n this
study, this last hypothesis is found respected in the identified profiles. m addition, these latter
contained (], Pb, [n and 1) which are found in moderate to high amounts.

Cifferences between the sites are found at first in the “Secondary [ulfates” profiles, in

which [Caint[Tmer exhibited relatively non negligible Tl and [I[]- levels. n the same profile,
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(unCerl e exhibited higher [l levels compared to the remaining sites. [lorrespondingly, the
“Secondary [litrates” is also displaying similarities and differences between the three sites.
Cimilar levels are found for (101, (1[04, Pb, [u and [, whereas (1, (17, "and T[] were only

present in [lunler[ue and ["aint/Omer’s profiles.

I e Caltion

This type of profile is found characterized by high T[] concentration, and regroups two
types of combustion: “Combustion 1” and “Combustion 2”. Both profiles show high amounts
of T(, 0101 "and (14", but also non negligible concentrations of trace elements life Pb, [u
and [b.

"In the other hand, the comparison showed also some differences between the profiles.
For example, [i and [ were present in “Combustion 1” showing the impact of oil combustion
in this profile ((Uallius, et al., [TTT), ([lmato, et al., [119) and ([ ooibroe(] et al., [T11)). [In
the opposite, [ levels are found much higher in the second combustion profile, which is a
signature of biomass combustion (([illanpa, et al., [T11) and (Paterali, et al., [T 10)).

0 addition to the differences between the combustion profiles, other distinctions can be
noted within each profile but between the three sites. For example, [la, [li, [t, [ and [ in
“Combustion 17 are higher in [Junler[ue and [aint[l/mer than in [loulognelsurlller.
[Joreover, differences in “Combustion 2” profile are highlighted in the case of NH4 and
14", The first is found higher in [unlerfue and [aint[lmer, whereas the second was

present only in "aint[Omer’s profile.

IO i non 1 T ault

This profile is a typical malor and trace element containing profile, without any ionic or
carbon species contributions (see Table 1). [lur results illustrated in Figure 14 shows that this
characteristic is respected in our [1[]F model. [Jetween the three sites, the common features of
this profile is found expressed by the levels of [11, Fe, [1, [Id, [lu, [In, )i, Pb, [b and ['n. The
differences were limited to the remaining elements, especially [Ja (absent in [Junlerlue), [ n

(high values in [Junlerlue) and [ (low levels in [Joulognesur(T] er).
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C.[I[1 [ dditional calculated profiles in [unler[ e

Three supplementary profiles were identified in [Tun[er(ue, to increase the total number
of identified profiles in this site to 11 in total. These local specific profiles are identified as the
integrated steelwor( s main emissions ([11] [fugitive and (11 [sintering stacl) and the nearby
electric steel plant emissions.

The first two conserved almost the same chemical characteristics of sources samples.
Cligh levels of Fe, [a, [1l, [n, [Ja, Pb and [n were respected as well as the presence of
nitrates and sulfates in the fugitive emissions. [In the other hand, we found that the absence of
[1g in the two [1]] profiles constitutes an unexpected result as its presence was anticipated
([eis, et al., [110). Furthermore, the sintering stacl]emissions profile respected to a certain
extent the chemical composition of these emissions with the presence of Fe, [1, Pb, [Id, ['b,
1 and D100, ([lets, et al., [T11), but with some differences as well: [la, [1g, [la and T[] are
absent in the calculated sintering stacl|profile. These results remain however in accordance
with another study in which the application of P[/F revealed the same elements that
characterized the sintering activities at the same site ([ /lleman, et al., [T10).

These differences between our [howledge on the sources composition and the
calculated ones remain moderate since the species exhibiting these variations do not constitute

the basis of these profiles determination.
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Finally, the electric steel plant calculated profile respected to a high extent the chemical
composition, as we [how it, for this type of emissions: ['n, Fe, [1g, [Ja, [In, Pb, ['r and [u are
all found high to fairly concentrated in the calculated profile, which is in accordance with our
TInowledge on this profile (see Table 14 in [Thapter [T1). [ne difference can be noted in this
case which is the absence of [l in the calculated profile. [Jowever, the final result remains

satisfactory.

.l Cdditional calculated profiles in [aint[[imer

Cimilar to the calculated profiles of [lunler[te, [aint(Omer’s data modeling gave two
additional calculated profiles, which raised the total number of identified profiles for this site
to 1 sources profiles in total.

The first profile resembles to the emissions from the steel worls industrial site of
Clunlerfue. [ deeper lool! on this profile composition shows that it cannot be classified
neither as fugitive or sintering stacl profile. 1 fact, it represents a mixture of both: high [la,
Fe, (g, [In and DD4memphasize the [T fugitive face, whereas Pb, [ld, [b, (1, Dand [,
represent the (1] [sintering stacJside of the profile.
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The second profile exhibits chemical features resembling to glassmaling type of
emissions. The profile is characterized by high [Ja, [Tu, Pb, ['b, [n and [n, all of which can be
emitted by a glassmal ing activity. This latter is present in the region of [Ir[uies, in the form of
a large glass factory located to the [ 1]sector of the city. This calculated profile is found to be

in accordance with the concentration roses calculated for T of [aint[T'mer campaign and
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previously discussed in [hapter (1) (Table 1), as well as with the values found in similar

studies (("J antovan, et al., [T1T) and ([Jampazzo, et al., [TT1)).

LT T oul TTT ontli ution[ /[TTat[il][][]

The [J[JF calculations can also determine the contributions of each identified source
profile in the samples. The result of these contributions is given in matrix [, which will be
discussed hereafter. For this next step, we combined the contributions of the two combustion
profiles in one representing the combustion contribution in general.

1 fact, malor elements in both profiles are similar, which mal es the distinction between
the two sources very difficult as discussed by Franglou (Franglou, et al., [1T11). [Ihile
running the [JTJF calculations, we noticed in many occasions a decrease in [lombustion [
contributions matched by an increase in [lombustion 1. [lowever, the sum of both
contributions did not significantly vary. Finally, having these results in hand, the choice fell
on the consideration of a single global contribution for combustion sources.

n the case of [Junlerlue, sources contributions for each P! sample have been
determined using one [I[JF calculation using the winter and spring samples species
concentrations data combined. Thus, we were able to extract the contributions data

corresponding to each season, and analyze the results separately.

1.9.1. [ lverage contributions

I it fal Cailn all DAl loul T TT L ont[il ution[

Cluring this campaign, the results obtained from the [I[JF calculations showed the
presence of [Jand 11 sources profiles in [loulognelsur(lller and [lunler[ue respectively. The
CI[F based model also calculated these source profiles contributions in the P[] samples,
which allowed us in return to calculate the average contribution of each source to the P[]
load during the winter campaign, and conseluently discuss the evolution of these
contributions between the sites.

The average contribution calculated for [oulognelsur(T]er (see Figure 10) shows that
secondary nitrates and combustion profiles participated in [19.[11] and [11.97 of the P[ ; load
in that site during winter. The secondary sulfates profile came third (11.97). [ must be noted
that these three sources contributed in about 91.[ 1] of the total P[] atmospheric load. [n

the other hand, the marine source contributed in [T divided between aged and freshly emitted

gou
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particles ([1.[1 and [1.47] respectively). The remaining sources contributions including crustal

and traffic nonlexhaust were barely [nantified (C1[17).

Coul [ [T ont il ution[lin [ou o n[ITulIl] [T}
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“n the other hand, Dunkerque’s source profile study showed 3 industrial sources that
are added to the first [J common ones also identified in [oulogne/sur(l)er. Dunkerque’s
winter contributions displayed a slightly different scenario (Figure 10). [ Jombustion emissions
contributed the most at this site during winter (44.4(1), followed by secondary nitrates
([14C17), secondary sulfates (14.401), sealsalts and aged sealsalts ([1.97 and 1.900
respectively). Finally, the integrated steelwor(s average contribution was about 1.017,
including fugitive ([1.[1) and sintering stac[ | (1.1[]) sources, whereas the remaining [1.[I
was resulting from crustal, traffic nonléxhaust and electric steelplant average contributions
combined. For this last source, the contribution is [J.[] L]

The analysis of these results shows that in [Junler(ue, the main sources contributions
are estimated to be 9[I[T] in total compared to 9111 in [loulogne sur(l]er. (n fact, these
values are found very close to each other, which prove that the [Tsources responsible of these
contributions constitute the malor part of P[] measured at the two sites: secondary sulfates,

secondary nitrates and combustion sources.
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Clunler[ue is more populated than [loulognelsur(Tler, and combustion sources
contribution is ranled 1** (4401) between the rest (Figure 10), whereas it is ran’ed (™ ([10.9))
in [loulognelsur(Tl er after secondary nitrates (Figure 10). The reason behind this difference
could be linled to the presence of heating related combustion emissions during winter, which
can also be correlated to very low temperatures recorded during that period. [] comparison
between these observations and the respective ones of the spring season should confirm this
hypothesis.

itrates and sulfates secondary aerosol sources are another malor contributor to the
P[] load. The secondary inorganic aerosol, which encloses both profiles, can be considered
as the first contributor at both sites since its contribution is about [T1]. These results are in
accordance with the diurnal evolution study of 1] and T[] concentrations held in [hapter (T[]
“larine sources contributions are evidenced at both sites, which is not surprising due to their
coastal location. [Trustal and traffic nonleéxhaust sources gave marginal contributions to the
P11 load. Finally, the industrial activities located in [lunler[ e had an impact estimated to
1907 during winter. This relatively low value must be carefully considered since the
industrial emissions could have a specific effect on some elemental concentrations due to the

nature of the industrial activities.
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T e fal) Cailn al TTal T ontlil ution!

The spring campaign average contributions in [Junler[ue (Figure 19) show a malor
contribution from the secondary nitrates profile (C1.[T7). The combustion profile participated
in [T1[T1, followed by secondary sulfates (1[17T1) and the marine particles (4.1(1). The
remaining 1.[1] contributions are found divided between crustal, traffic nonléxhaust and
industrial profiles (1.[1[). For this latter, the (11 contribution appears to be 1] (LI[1] for

each of the [T] sources) and the electric steel plant contribution is el ual to [1[1].
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"] slightly different scenario can be observed for the contributions in [aint[Tmer site.
"econdary nitrates held the first position with [114[] average contribution in the total fine P[]
load, followed by combustion (['1.[17), then secondary sulfates (1[1.[11). [Jarine contributions
were also present in this inland site, and estimated to [I[T1 (CI[T] for sealsalts and [I[T] for
aged sealsalts). The remaining profiles contributions were estimated to (1711, in which the

distant (1] and the glassmaling sources contributed in [1[ 1] and [1.[][]respectively.

gou



[hapter [I: [dentification of sources profiles and contributions using | [/[1F

Coul [T Tontli utionlin [aint[ /[ [T]

N "ealsalts W [Jged sealsalts

B [rugal B [econdary [ulfates

B [econdary itrates I

¥ Jombustion 1] [ Traffic nonlexhaust
Glassmaling

Cilu DO Tall lontliCution o llou [T Tlin tL LI (1 [0allin
Caint[1) ] (T DulnC (T n (]

m spring, P sources contribution at [aint[Timer and [Junler[ue shows evident
similarities. To begin with, the high impact of secondary nitrates in P{load is found to be
between [11] and [ of the total P[]. These contributions were followed by the combustion
source ones which were about [T1] in both sites. [1 hen compared to the winter season, the
combustion sources contributions in [Junlerue decreases from 4[| (winter) to [ [ 1] (spring).
This difference could be linled to the decrease in the use of heating combustion in the spring
season during which high temperatures were recorded. [ence, the hypothesis proposed in the
previous section is confirmed. [Jonversely, secondary nitrates held the third place with 1[1]
and 1011 contributions in P[] - concentrations depending on the site.

“econdary inorganic aerosols appear mainly in the form of nitrates in spring, when its
distribution between nitrates and sulfates profiles is much less defined in winter. [Jowever,
the high [/l contributions found in spring can be highly related to the accumulation
phenomenon that often occurred during the spring campaign.

The marine sources were identified in both sites having similar contributions: 4.1 for
the coastal site versus [1[T] for the inland one. The proximity of the source of emissions to
the sampling site explains that difference, [ust lile in the case of the [/ influence which
contributions were found to be 107 in [Junler[ue and [1[1] in [aint[l/mer.

Finally, two additional remar[s can be noted concerning the used strategy that gave the

contribution results:
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The results obtained for [Junleér[uie in winter are comparable to those for
"oulogne'sur(l]er, and similarly for the spring results between [lunler/ue and
"aint[Jmer. [lowever, the results for [loulognelsur(l]er are found very different
when compared to those found for [aint[lJmer. m addition, the fact that the
calculations were performed using Dunkerque’s winter and spring data, and only
winter or spring data for the remaining sites, proves the good performance of the
weighted [1[JF model in defining the source profiles and their relative
contributions.

The amount of data used to perform the calculations was different in each time,
but globally included: [1] 1[1] and 90[J samples for [loulognesur(l]er,
Clunlerllueand [aint[Tmer respectively, as well as [1]species concentrations
and [to 11 sources profiles. [t is well [hown that the [uality of calculations
results is directly linled to the amount of used data as well as to the number of
variables and sources. The weighted [ /[ F model was able to provide coherent
results between the sites of each campaign, even when running under the
different above mentioned conditions. This proves the good performance of the

model.

[1.9.01 [Hurnal contribution trends

1 order to facilitate the interpretation as well as the visibility of the charts, in this

section, “[ealsalts” and “[Iged sealsalts” will be regrouped in a global “sealsalts” source,

“l[econdary nitrates” and “Secondary sulfates” in “SIA” source, “[lombustion 1” and

“Combustion [ in “Combustion” source, and finally “[T] [fugitive” with “[I1] [sintering

stac[ " and “[lectric steel plant” in “Industry” source.

T int T fal) Cailn Ciulnal Toul IT/ ontlil ution(]

Figure [1 and Figure [ ]illustrates the sample by sample winter contributions trends in

Uoulognelsur(l]er and [unlerlue respectively.
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[hapter [I: [dentification of sources profiles and contributions using | [/[1F

n [oulognelsur(ller, crustal and traffic nonleéxhaust contributions barely existed,
whereas [ealsalts contributions are found low but noticeable most of the sampling period
with some exceptions, during which the contribution increased to [ glm . These exceptions
are found mainly when the total concentration is low, which is in agreement with the situation
under a marine air flux. []oreover, the contribution value of the marine source is very similar
between the two sites, with high and low values found synchronized.

This seems to indicate that the marine source does not contribute on the local scale, but
mostly on a regional one. [In the other hand the mostly regional [T and mostly local
combustion source profiles are found contributing in the malority of P[], atmospheric
concentrations, especially during pollution episodes. [t should also be noted that in some
cases of above P[] limit values measurements, the [T source can be found exclusively
involved in the increase in P[], concentrations.

The contributions in Dunkerque’s case followed to a high extent the trends of
Uoulognelsur(l]er, in the sense where sealsalts and crustal evolved on a low level, and [ 1
and combustion represented the malority of the contributions. [Ine difference between the two
sites is the presence of industrial contributions in [Junlerlue, which contributions appear
episodically and remained low. The industrial source is not directly involved in the increase in

the P[], 1oad to above limit values.

COIIE O An I tal) Cailn Ciahal Tou 11/ ontlil ution!

m [Cunler[ue and [aint[TImer, during the spring campaign, “sealsalts”, “crustal”,
“traffic nonlexhaust” and “industrial” contributions followed a similar hilly shaped evolution
(Figure [T]and Figure [4). [ligh and low concentration periods are found synchronized, but
some minor differences existed between the sites in each concentration period. [T trends
showed very high daily contributions in the total P[] loads, whereas combustion
contributions decreased when compared to the previous observations of the winter period as
shown in section [1.9.1.[]1 The [1][glm[]limit value is brol en very often [ust by taling the
U1 source by itself.
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[hapter [I: [dentification of sources profiles and contributions using | [/[1F

[In the other hand, the diurnal evolution of “sealsalts” source indicates that it
contributes episodically to the Pl | concentration. [Js during the winter campaign, this
evolution i1s synchronized between the two sites, despite the fact that [aint(limer is [ 1] [im
away from the coastline. The sealsalts source seems to contribute at a regional level as in the
case of [} source. The combustion profiles diurnal evolution does not show any large
variations between the samples. [n the spring season, the combustion source can be
considered as essentially related to traffic. This latter can be considered as a local source
having a constant emission factor. [n the other hand, the daily variations could be explained
by the fluctuations of the meteorology (rainfall and wind) which favors, depending on the
circumstances, the accumulation or dispersion of traffic exhaust emissions. Furthermore,
crustal, traffic nonléxhaust and industry exhibited very low daily contributions except during

some days talen in [Junlerlue.

Finally, this diurnal trend study agrees with the stage divisions mentioned in [ enschow
method ([lenschow, et al., [111) about the presence of the regional baclground (sealsalts,
crustal and [1T] in our study), topped by an urban bacl ground (traffic nonexhaust and mainly
combustion), and then on a higher level by local sources (industries). [ e can also conclude
that the regional and urban baclground profiles contribute the most in the total P

concentrations found in this study.

1.9.[1lverage source contributions to the chemical species

m this section we will discuss the origins of each analyzed species between the
identified source profiles. [ly considering the mean contribution and the composition of each
source, we were able to determine which source contributes most in the load of a given
species. [n other words, we were able to identify the main origins of a given species during
this period. [In the other hand, we should remind that certain elements had bad
reconstructions. [t is possible that these elements are not perfectly positioned in the identified
source profiles. Therefore, the contributions of different sources in the load of these specific
elements should be carefully analyzed, and the origins distribution in this case has a higher

uncertainty.

CIBMIE int T falalat TalTTalllloul T[T/ ontlil ution to t[ 1[I Tilltotalloall
Figure [1] illustrates these contributions for [loulognelsur(ller during the winter

campaign.
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[hapter [I: [dentification of sources profiles and contributions using | [/[1F

m

- <8 O
S

B [ealdalts B [ged sealsalts B [rustal B [econdary [ulfates
B [econdary [litrates [ [Jombustion 1 [ Traffic nonléxhaust ® [Jombustion []

CilaTEETO0 D fou [ TTTICI T Tntal Tl ont[il ution[ to t[1 tota loallol lall analll 1] [T TTillin tC[1al) 1]
talln (o] Uouloln{lulll [T/ ulinl]Jint[1]

"1 e will start our analysis by looling at the chemical species affected by a small number
of sources, lile in the case of T[] and [ which are found resulting from the two combustion
profiles. In addition, V is found to be generated by the “Combustion 1” profile which also
contributed in an important part of [Id, [Jo, [r, [u, [1i and [n. [ulfates and nitrates are also
found originated malorly from secondary sulfates and nitrates respectively. These two last
profiles are found responsible of the malority of (177, also. On the other hand, “traffic non[’
exhaust” profile is found to contribute in most of Ti, [s, [Ig and ['b. Furthermore, [Ja, [] g and
1" are found divided between “sealsalts” and “aged sea(salts”, with more contributions in the
first two elements from this last profile. The “crustal” profile contributed malorly in [11, [Ja,
Fe, [la and [In. [Jowever, Pb, [lb and [n loads are found generated by almost all profiles
except those related to natural emissions ([ealsalts, [lged sealsalts and crustal). Finally, the
"Iged sealsalts and secondary nitrates profiles contributed in the malority of [t loads.

These results representations are important as an additional examination of the model
distribution of the analyzed chemical species between the sources. Ti repartition for example
shows that Ti concentrations are explained by only one source. [lowever, in section [1.[11,
bad correlations were evidenced between Ti reconstructed and observed values, hence we
conclude that the model did not find sufficient source combination possibilities in the case of

Ti concentrations.

gou



[hapter [I: [dentification of sources profiles and contributions using | [/[1F

M [Junlerlue, the contributions in each species total load showed some different
scenarios (Figure (1), and the elements are found well distributed between the sources. The
“sealsalts” profile contributed in most of Na and (1. On the other hand, “Aged sea(salts”
profile is found to contribute importantly in [Ja but also in [a, [lo and [t loads and malorly in
total Mg. The “Crustal” profile participated in important percentages of Al, Ca, Ba and Ti
loads. Meanwhile, “Secondary sulfates” profile is found contributing in almost all (17, " loads
and partial [J[]; . Furthermore, “Secondary nitrates” profile contributions was partially
enriching the [Jo and (1[4 loads, but highly contributing in the [1(] level.

n addition, the first combustion profile ([Jombustion 1) is found to enrich mainly [ and
11, when in the same time the second combustion profile ([ lombustion [) is contributing in a
large amount of [, [Ig, [la, [Jo, [1[]; and TLl. [Jevertheless, trace elements such as [r, [b and

Sn are found enriched by the contributions of the “traffic nonléxhaust” profile.
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B [ galdalts B [ged sealsalts = [Jrustal
B [ econdary [ ulfates B [ econdary [litrates [T (fugitive
= [T]7] [sintering stacl] H [Jombustion 1 [ Traffic nonléxhaust
B [Jombustion [ [ectric steel plant

CituDTT00 O feu T T TTntal T ont i utionto t[ [ totalToalJofalTJanalllT 1] [TITilTlin tC A [T
talln [Tol] DunITquiulin{int[1]

Finally, the industrial influences are found to enrich most of the elements. For example,
the [T Cfugitive profile is contributing in the malor loads of Fe, [Js and [In, as well as
partial percentages of (1, [la, [g, [ir, [, [Ji Pb, [b, [ and [n. The input of the [T []
sintering stac[lis found to be more segregated between [, [g, [ld, Pb, (b and 11" loads. Thus,
the final industrial profile of the “Electric steel plant” contributes the most in Zn, Cr, Cu and

[In loads. These results are not incompatible with the low contribution found for “industries”

gou



[hapter [I: [dentification of sources profiles and contributions using | [/[1F

source in the analysis of P[]~ [n fact, industrial sources contribute at a low level to the total
P[], concentrations, but at a high level to specific metals concentrations that are directly

linled to industrial activities.

I3 hn D Callulat Tlall Talllloul [T ]lontli ution[to tL [I[TI il itotal loal ]

[Jsing the spring campaign data, the [J[1F calculated sources contributions to the
species show that in [Junlerlue (Figure [ 1), the “Sealsalts” profile participated essentially in
the loads of [Ja and [1". [In the other hand, [a, [ g, [la, [lo and [T are found affected by the
contributions of the “Aged sealsalts” profile. The “Crustal” profile contributed in most of Al
and Ti, and partially in [la and []a loads. [levertheless, trace elements such as [, [b and [n
are found enriched by the contributions of the “traffic nonléxhaust” profile.

"In the other hand, the “Secondary sulfates” contribution is found limited to almost all
;" concentrations and to a small fraction of the (1], loads. [Ihereas the “Secondary
nitrates” largely contributed in NO: and [1[1;", and moderately in T(I, Pb, [Ju, [lo and [/d.
Furthermore, the “Combustion 1” profile contributed essentially in most of V and Ni contents,
in the time when “Combustion 2”” was enriching TC, K, [g, [la and [ 04"

The industrial profiles followed almost exact contribution patterns as in the case of the
winter campaign for [Junler[ue. [ small difference can be noted for the contributions of
(] fugitive in [] loads and of (117 [Sintering staclin [d loads, which was slightly lower
than the winter respective contributions.

Finally, the source profiles used to calculate these source contributions in spring were
the same as the ones used in winter. Thus, the difference between the main origin of each
element (Figure [1]and Figure [1) is only due to the different contribution values. The
contribution of a local industrial source could vary when local meteorological conditions,
such as wind directions, also vary. [lonse! Juatly, the difference between winter and spring
campaigns in [ lunlerue can be explained by the different meteorological conditions recorded

during the two seasons.
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The case of [aint[Omer’s contributions (Figure [T), a difference can be noticed in the
distributions. [ealsalts contributed in [Ja, [1g and most of 11, when in the same time the
“Aged sealsalts” profile was contributing in most of Mg loads, followed by Sr then Na and
Ca. The “Crustal” profile was as usual participating in large percentages of []l, Ti and [la
loads, followed by moderate contributions in the case of Fe, [la and [b. The “Secondary
sulfates” profile contributed in the loads of SO,", 1, and some of [1 and [b loads. n
addition, “Secondary nitrates” contributed in most of NO; 'and (11" levels, as well as
moderate contributions noted for T, (114, [, [, Pb, [, To, [id and [1. Furthermore, trace
elements such as [s, [ld, [Jr, [In, Pb, (b and [n are found enriched by the contributions of
the “traffic nonléxhaust” profile, which marked a different behavior when compared to the
usual contributions found for the other sites.

The “Combustion 17 profile is found responsible for most of V and Ni loads, and part of
Co and Sb concentrations at this site. Meanwhile, the “Combustion 2” profile shows a malor
contribution in T[Jand [ loads followed by a less intense participation in the loads of [Ja and
b.

Finally, the industry in [unler(ue (1) participated malorly in the load of (g,
followed by more moderate contributions in the concentrations of Fe, [ls, [Id, [, [In and [b
in [aint(Omer. However, the “Glassmaking” influence was exhibited largely in the case of
"n, pursued by less severe contributions in [Ju, [r and b loads. The previous list of elements

appears to be source specific, which explains the high contributions found when searching for

gou
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their origin. [n fact, the total contributions of [11] and Glassmaling in P[] concentrations at

Caint[T'mer were estimated to [11[1] and [I[TT] respectively.

Dgeo2s88a895856R888808088888¢
2 BE
B [ ealsalts B [ ged sealsalts B [rustal
B [ econdary [ ulfates B [econdary [litrates = (1
¥ [Jombustion 1 M Traffic nonleéxhaust ¥ [Jombustion []
Glassmaling
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T THon [ Tulion

The use of the weighted [I[]F model considering our chemical data evidenced 10!
source profiles divided between natural and anthropogenic: sealsalts, aged sealsalts,
secondary sulfates, secondary nitrates, crustal, traffic nonlexhaust, combustion 1 (close to
fossil fuel combustion), combustion [] (close to biomass combustion), and finally, four
additional industrial profiles, starting with [T1] [fugitive, followed by [T [Sintering stacl]
electric steel plant and glassmal ing.

“letween []and 11 sources that contribute to the load of atmospheric P[]~ were
identified in different sites. The first [Inon industrial sources were identified at [loulognelsur’
Tler. m [unlerlue, [Isteelmaling sources are added to the first [Jidentified profiles. Finally
in [aint/Omer, 2 industrial sources: local glassmaking and Dunkerque’s steel works were
detected in addition to the first [ Inonlindustrial sources.

The study of the contributions of these different sources showed seasonal variations.
"lence, the winter campaign was characterized by a high contribution in Pl loads from
combustion sources (44.[1] in [lunler ue and [T19(] in [oulogne sur(l]er). The contribution
of this source decreases to about [T1], in [aint[Timer and [Tunlerlue, during the spring
campaign, which is a possible conseuence of the decrease in the need for heating. [‘econdary
inorganic aerosols constituted the essential mass of measured P[], which in addition to
combustion sources form 9[I[ 11 ([loulognelsurlller) and 9[I[1] ([aint[limer) of the
measured P[] - concentration.

The diurnal evolution study of the different sources identified at the sites that were
sampled simultaneously ([loulognelsur(l'er [|[lunler[ue and [aint(Timer [][lunlerlue)
showed a synchronized evolution of [[I! and marine salts contributions. Furthermore, we
have demonstrated that the levels of contributions of these two sources were not linled to
local sources, instead it was found to be associated to a regional bac! ground origin, which
fluctuates in time. The variation of this non local bacl ground level is found responsible of the
variation of P[] concentrations. The P[] concentrations beyond the limit values appear
directly lin"ed to the increase of this regional bacl ground level. [Jonseluently, the actions
talen in order to decrease the levels of P[] should stretch to cover a larger scale since local
emission sources are slightly contributing to P[], loads (an exception should be considered
concerning local heating during winter).

The industrial sources are found to directly contribute in fewer amounts of Pl -

measured mass: 1 to [1] in Cunlerfue and about [I[T] in [Caint[lmer. Cowever, these
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sources can sensibly change the sampled P[] - composition, and notably the concentrations
of certain elements such as Fe, [n, [In, Pb, [ld, ['n, [, [s, [g, [Ju and ['b in [lunlerle as
well as in [aint[l/mer. [ fact, we have observed that industrial origins are malorly behind
these elements loads. [levertheless, we must not forget the indirect role that these industrial
sources play on the concentration levels of P[] - in the region, especially through [ and

"'l emissions, which are precursors of secondary inorganic aerosols formation.
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General conclusion

The main oblectives of this study were to compare the levels and the chemical

composition of atmospheric P[] in cities located in the vicinity of the littoral of the [lord

Pas(del(TJalais region, and to identify the different sources that are impacting the load of these

atmospheric particulates.

m order to achieve these obléctives, this worlJ was divided into three successive

sections:

1) The achievement of two P[] sampling campaigns in [lunlerlue, [loulogne!’

sur[T)er and [aintTmer. [n details, the sampling procedure was accomplished
following two sampling campaigns plan (winter and spring), applied
simultaneously at two sites and in a 1[/hours/sample method:
— winter campaign: held between [lovember 17" and [ecember (1% of
CJ[014h [unlerfue and [loulogne(sur(ller( ]
~ spring campaign: held between [Jarch 10" and [pril (1T of (111 in
Clunlerlue and [aint[limer.
| profound chemical characterization of the samples was achieved, with a
scope aiming at the determination of ionic species, malor elements, trace
elements and total carbon concentrations. The diurnal and geographical
variations were analyzed while considering meteorological data and air masses
origins. [ detailed examination of element concentrations allowed to evidence
elemental ratios that can be adopted as tracers of certain emission sources.
Particle sources identification was achieved by the use of a receptor model that
is based of a noninegative matrix factorization method. This section aimed at
the identification of emission source profiles as well as the [tnantification of

their relative contributions in the samples.

Concentration levels and chemical composition of PM s

[Juring the two sampling periods, the average concentrations of P(1  were [4.[1[igim

in winter and [T11 [gim' in spring, based on [Jtmo [Jord[Paside T lalais official air [niality

monitoring networl recordings.

"1hen comparing these data to the chemical composition of the collected particles, we

found that malor species concentrations (DDuﬂ, 1, ", 004 and Total Clarbon) exhibited

similar diurnal variations from one site to the other in each period. The difference in the

concentrations of these species from one site to the other is relatively low, which has been
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General conclusion

attributed to the variability of a regional baclground level, and found heavily related to
meteorological conditions.

oncentrations above (1 glm" were recorded in many occasions in winter as well as in
spring. These high concentrations were encountered mainly under stable anticyclone
conditions and [ast sector winds, which boost the arrival of air masses of continental origins.
n addition, significant high carbon concentrations were measured during cold episodes and
were attributed to the important use of heating systems. mversely, during the spring period,
high concentrations episode was maintained by stable meteorological conditions and stagnant
winds. These high concentrations can hence be related to accumulation phenomenon as well

as the increase in [/ 11! formation which is a consel[ uence of precursor release ([l and [11)).

The influence of industrial emissions on the chemical composition of PM, s

“ignificant concentration differences were observed in the case of metallic and some
trace elements. (n particular, the comparison between [Junl er( e and [loulognelsur(l]er data
uncovered the industrial emissions impact at [Junlerlue, especially when comparing the
levels of Fe, 1, [a, ['n, [In, [d, [, [lu, U1, [] and [Is. This observation was confirmed by an
elemental enrichment factor study ([F). [lsing this approach, the comparison between
Clunlerfue and [aintTimer had not only confirmed the impact of industrial emissions in
Clunler[ e, but also revealed significant enrichments for [n, ['b, Pb, [Id and [Is at both sites.

Furthermore, by examining the elemental concentration roses, it was possible to point at
certain sectors under which metallic and other trace elements concentrations were found
relatively high. This examination allowed the identification of industrial activities that could
be responsible for these high concentrations. [n addition, a selection of certain samples in
which these influences are identified allowed us to calculate elemental ratios that can be
considered as characteristic of the sources:

— the emissions from the integrated steelwor(s and electric steel plant industries in
Thunlerlue are found characterized by specific elemental ratios of [n[Fe, [n[l n,
Cr[llld and Pb(1ld, which allow the distinction between these source!

— the emissions from the glassmaling industry in [aint[l/mer can be identified by
specific ratios of [n[Tr, [nllTb, [ullld and [Is[Tlg.

Finally, by following the observations of the concentration roses, air mass bacl]

traléctories and the examination of elemental ratios, we proved that the integrated steelworl s
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General conclusion

emissions located in [lunler[ue influence the metallic concentrations of P[] - air masses in

[aint[Jmer.

Identification and evaluation of sources contributions using a source-receptor model

The acluired chemical composition data of P[] was used as input data in a source!
receptor model. The used software was developed by our partners of the [T (LI,
Ussentially, it revolves around a weighted version of a nonlnegative matrix factorization
method (C/] F), which considers individual measurement uncertainties, in the sense where the
model relies more on the concentrations affected by low uncertainties. (n addition, this model
allows the consideration of a-priori [nowedge on the sources, which is included in the
calculations in the form of constraints.

“lased on the sources that were identified using our P[] chemical composition data
(chapter (1] and [1), we were able to introduce constraints in the model calculations, which
was essentially in the form of an order of abundance given to the elements between the
different source profiles.

The model output analysis allowed us to determine []common source profiles shared
between the three sampling sites:

— marine aerosols: composed from fresh sealsalts and aged sealsalts

— secondary inorganic aerosols: divided into secondary sulfates and secondary
nitrates![

— crustal sourcel]

— combustion sources: composed of two profiles in which total carbon is
dominant

— traffic non/exhaust profile.

"ldditional profiles were also identified following the use of [lunler[ue and [aint/l/mer
data, which reflects the impacts of the industrial emissions located in these sites. Three
industrial source profiles were identified in [Juner[ue, two of which were attributed to the
integrated steelmaling activities (one profile representing the point emissions in the sintering
unit and another representing the fugitive emissions), and the third one was found to represent
an electric steel maling plant emissions. [0 [aint[lJmer, two additional profiles were
obtained: a first one that corresponds to a glassmaling industry emissions, whereas the second

represents the emissions from the integrated steelwor(s located in [lunler[ue.
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General conclusion

These industrial sources are found to have small contributions to the particle average
concentrations. [Jevertheless, we maintain the fact that some of these sources emit particles
charged with metallic and trace elements, some of which have low legislated limit values (['d
and [Js). [lence, it has been demonstrated that the origin of Fe, ['n, [In, Pb, [Id, [n, [, [Is,
"lg, [luand [b is malorly industrial, located in [lunler uie and [‘aint[Tmer.

The secondary inorganic aerosols represent the highest contributions, specifically for
secondary nitrates, in a similar fashion to the carbon rich particles emitted by combustion
sources. The comparison between winter and spring campaign contributions showed
accentuated seasonal variations. The highest impact of combustion sources during winter can
be mainly explained by the use of heating processes. (1 spring, it is the secondary inorganic
aerosols that exhibited the highest contributions, which can explain the high concentration
levels of P[] during this period (around (1] gm").

_ly comparing the contribution results between the two studied sites, during the same
period, we found that the contribution variations of [ [} and marine aerosols are similar. The
contribution trends of these sources are found linl ed to regional scale phenomenon instead of
a local one. This emphasizes the importance of considering large scale pollution reduction
measures, on the national and international level, as recommended by the "uropean [nion. [n
addition, we insist on the fact that these measures should also consider the reduction in the
emissions of gaseous pollutants: [, [1[lx and [, which are precursors of fine particles

formation.
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(PP Ccatter Plot [ atrix (CPLILIL]) of T correlations

Dunkerque winter TE matrix correlations graphs (part 1)’

! The diagonal histograms represent the “Density histograms” which shows the number of samples (Y axis) versus their value range (X axis)
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Dunkerque winter TE matrix correlations graphs (part 2)
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Boulogne-sur-Mer winter TE matrix correlations graphs (part 1)
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Boulogne-sur-Mer winter TE matrix correlations graphs (part 2)
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Dunkerque spring TE matrix correlations graphs (part 1)
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Dunkerque spring TE matrix correlations graphs (part 2)
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Saint-Omer spring TE matrix correlations graphs (part 1)
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Saint-Omer spring TE matrix correlations graphs (part 2)
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LIPPLLJOITI I [ atrix of TL correlation coefficients

Dunkerque winter TE correlation coefficient matrix’
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Boulogne-sur-Mer winter TE correlation coefficient matrix
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Dunkerque spring TE correlation coefficient matrix

0d Ug s [a Ci d Lo L T Cn b i Pb b b [n [r Ti T1 0
lg 1

s oo 1

a 0140 4014 1

i [B{unEn) 1011 1T 1

td Oy Oorm dors 0410 1

To Oomlo omo oioo dlog  oord 1

[ 0000 04040 O 0o 000 O0orm 1

Tu (14090 04000 O 090 O Oolo o GO 1

Cn 04014 OM440  O0O19  OO40 0 0440 0100 04100 0090 1

Lb 014 0019 don G1140 G410 0oy o o Geee 1

Ui OO0 Ol doao dlod Oor9 09m4  Oorn 040 Oor4 0t41o 1

Pb (4001 CiCicn 049900 CICE10 G400 (11900 4000 L4000 OCCrn o4 o 1

b 0010 0010 0400 0400 0019 0100 OO0 OO0 0400 00 Oorm Oorg 1

b 1909 frrn r4rn OO G4 0o Oos G0T4 00910 D440 OO0 D400 D1 1

[n O O0Tn oo G901 0494 O 0o 01114 0014 OO 0404 0o 0400 1

Ir OO0 OOy 4o G4 4 Do G4 Goen Ooin Sl dor4n G Gee9 o4 L9t 1

Ti oim 019a dom  dord 0091 Oldo OOom9 0194 0100 OO0 0091 01990 OO0 Oldo Oo91  O040 1

Tl OO0 OO G Oo9d Orr4 0190 CII9 O1110 01940 D010 O1t4n G910 040940 1091 D99 O L4 1

O (17404 11404 CIOC00 CCC14 0 D740 190900 DONcl OO 04 D090 109090 4 GO Orr Goer o o4 o D11 1
n OO Oore oo 0400 0000 0i0d0 0400 0o 0040 doig oo doom 0o%9  dore 0Oo%0  Oorn OO0 0140 0o 1

aood



OPPOOOMMIID

Saint-Omer spring TE correlation coefficient matrix
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Llsum/[:

"es oblectifs principaux de cette [tude [taient d’acquérir une meilleure connaissance des
niveaux d’exposition aux particules fines PM, ;, de leur composition chimilue et de leurs
sources, dans trois villes situles sur la falade littorale de la rl'gion du [lord[Pas(de(Tlalais. [‘es
particules fines ont [t[Icollectl es dans le cadre de deux campagnes d’échantillonnage menées
entre novembre ([ let avril [ 11 (campagne ‘hiver’ [][Junlerlue et [loulognelsur(ller [
campagne [ Jprintemps [/ [ lunlerlue et [aint[limer. [a composition chimilue des P[] a
tl] dlterminlé suite [] la quantification d’¢léments majeurs, d’éléments traces, d’ions
hydrosolubles et du carbone total. Pour les deux pltiodes consid(t[es, les concentrations et la
composition chimiluie en P[] [Voluent en suivant les mmes tendances sur chacun des sites,
influence de sources locales a été mise en €vidence en comparant I’évolution temporelle et
les roses de concentration de certains ¢léments majeurs et éléments traces, d’un site a I’autre.
lette exploitation a permis de proposer des rapports spl¢ifil ues entre [1/ments, [1i peuvent
‘tre utilis'$ comme traceurs de certaines sources anthropilues. [nfin, 1’application d’un
mod!(le source 1l ¢cepteur, basl Isur la factorisation matricielle nonn’gative ([1[1F), a permis
d’identifier les sources principales des PM;, d’évaluer leur contribution et leur part relative
au niveau de chacun des sites [tudils.

[bstract :

The main oblectives of this study were to acluire a better [ howledge on the exposure level to
fine P | particles and on their chemical composition and sources, in three cities located on
the littoral facade of the [lord[Pasidellalais region. The particles were collected following
two sampling campaigns held between November 2010 and April 2011 (“winter” campaign in
Tlunler[ue and [loulognelsur[Mer; “spring” campaign in Dunkerque and Saint[l'mer). The
chemical composition of the collected P[] was determined through the [hantification of
maldr elements, trace elements, water soluble ions and total carbon. For the two considered
sampling periods, P[] concentrations and chemical composition trends followed similar
tendencies at each site. [local sources influence was evidenced throughout a comparison of
the chronological evolution and concentration roses of some malor and trace elements
between the sites. This analysis allowed the suggestion of specific elemental ratios, which can
be used as tracers of some anthropogenic sources. Finally, the use of a sourcefeceptor model,
based on a non/negative matrix factorization ([/[]F) method, allowed the identification of the
main P[] sources as well as the evaluation of their relative contributions in each of the
studied sites.



