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GENERAL INTRODUCTION 

Air quality is a major environmental, social and economical issue in this day and age. It is a 

complex problematic hard to manage and mitigate, and has been proven to be the largest 

environmental health risk in Europe (WHO, 2016). Although particulate matter (PM), also 

commonly referred to as ‘aerosols’, is present naturally in the atmosphere, its number greatly 

increased with the Industrial Revolution in the end of the 19
th

 century due to anthropogenic 

activities. However, just in 1980 the first legislation concerning PM limit values was put in 

place in Europe with the Directive 80/779/EEC (Kuklinska, Wolska, and Namiesnik 2015). In 

order to control and reduce PM emissions it became crucial to understand the nature and 

sources of these particles in the atmosphere. 

PM can then be distinguished by being from natural origin (marine sea salt, biogenic particles, 

crustal matter from soil erosion, volcanic activity, wild fires, etc.) or anthropogenic origin 

(industrial activity, processes of fossil fuel combustion, agriculture, traffic, etc.). The nature 

of the aerosols is directly related with their impact on human health with several studies 

reporting links between PM chemistry and respiratory and cerebrovascular diseases 

(Anderson, Thundiyil, and Stolbach 2012), heart disease (Pope III and Dockery 2006) and 

even carcinogenic potential (Sun et al. 2004; Giakoumi et al. 2009). 

Driven by evidence of the ill effects of PM to human health, a limit value of 40 µg m
-3

 of 

PM10 as an annual average is now imposed in the European Union by the Air Quality 

Directive 2008/50/EC. A limit daily average value of 50 µg m
-3

 is also imposed and it 

shouldn’t be exceeded more than 35 days in one year. These limits encourage local 

governments to invest on the knowledge of these particles and their sources in order to reduce 

its values. 

PM can also be characterized as primary or secondary particles. Primary particles are emitted 

directly to the atmosphere. Secondary particles are formed in the atmosphere from chemical 

or photochemical reactions and/or physical modification. These secondary particles are 

associated with precursor gases like sulfur dioxide, NOx (nitrogen oxide and nitrogen 

dioxide), ammonia or volatile organic compounds. 

The dispersion, transport and deposition of these particles are key parameters to understand 

the impact of air pollution not only on a local scale but also on regional and global scale. 

Starting by the latter, deposition of aerosols can occur by dry deposition (gravity effect 
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(Sehmel 1980)) or by wet deposition (particles may either serve as condensation nuclei for 

droplet formation or they collide with droplets either within or below clouds (Seinfeld and 

Pandis 2006). Dispersion and transport are linked with meteorological conditions and 

particles properties, where the first also depends on emission patterns. 

Although PM10 levels have been gradually decreasing over the last 10 years, the constant 

urban growth of developed and developing countries poses major concerns in terms of the 

impact of air pollution in citizens. In fact, the exceedance of the daily limit value of PM10 

mentioned above was observed in 22 Member States of the EU at one or more stations in the 

year of 2015. A stricter value of 20 µg m
-3

 is suggested by the World Health Organization 

(WHO) and this was exceeded at 67% of the stations and in 27 European countries, according 

to the “Air Quality in Europe” report (EEA, 2016). 

In France, where an estimated 42 000 premature deaths per year occur due to air pollution 

exposure, PM10 is monitored in over 338 stations, most of them inserted in urban 

environments (~60%), some in close distance to intense traffic activity (~20%) and in rural 

areas (~7%). Just 4 of these stations exceeded the annual limit value for PM10 levels in 2013 

(all in traffic sites), however 12% of all the stations recorded more than 35 days where the 

average daily value was exceeded, mostly urban and traffic stations. In fact, PM10 levels in 

France have barely decreased during the last 5 years, and 8 of the 41 largest metropolitan 

areas (over 250k inhabitants) exceeded PM10 daily limit values (LCSQA, 2016).  

The north of France in particular is characterized by short but frequent pollution episodes. In 

fact, a study from LCSQA identified the Nord-Pas de Calais region as one of the most 

polluted in France, where about 90% of its population was exposed to more than 35 daily 

exceedance episodes in the year of 2007. Although the average annual value is below the EU 

limit (24 µg m
-3

 in 2014) it is still above the one recommended by the WHO, and the number 

of daily exceedance episodes is concerning (over 35 in 6 urban areas). 

To understand and better tackle this issue, information on all these aspects needs to be 

gathered and measures on the controllable parameters have to be put in place. This requires to 

assess what are exactly the sources of PM on a given place/region, and to do so several 

mathematical methods of data treatment are put in place. This work will be based on the ones 

that are receptor-oriented, meaning that PM is collected at a given sampling site, characterized 

and this information is used to calculate its probable sources. Based on observations on 
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chemical speciation, our approach will aim at apportioning and locating source of PM 

impacting the north of France. 

This document will start with a first chapter dedicated to the state of art in order to introduce 

the main issues and present the objectives and approaches of this work. A second part will 

present the material and methods used during this work, with a first presentation of the results 

obtained for the chemical characterization of the samples collected. A third chapter, based on 

a publication already submitted, aims to present the methodology used on a full source 

apportionment study on a single sampling site in the north of France. Finally a fourth chapter 

based on a publication as well, will present the main results of a multi-site approach of the 

methodology suggested in chapter 3. This manuscript ends with the conclusion where the 

summary of the main results will be provided and with the suggestion of some perspectives 

for future improvements. 
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CHAPTER 1 - BIBLIOGRAPHY ON COMPOSITION AND SOURCES OF 

TROPOSPHERIC AEROSOLS 

 Particulate matter 1.1

Particulate matter (PM) is a mixture of solid or liquid particles suspended in air. PM, also 

commonly referred as “aerosols”, is found in the atmosphere with a multitude of shapes and 

sizes, originated from wide range of sources which are important characteristics that will 

determine the lifetime of these particles in the atmosphere. Spanning from a few hours to a 

few weeks, the lifetime of aerosols (and their link to very specific sources) explains the highly 

non-uniform distribution of concentrations seen around the globe. In direct relation, the size 

distribution of PM can range from hundreds of micrometers down to just a few nanometers 

and it can be used to categorize aerosols by different size modes and relate them with specific 

sources, chemistry and removal processes. To do so, one can use the aerodynamic diameter of 

PM as physical property to characterize size modes. Aerodynamic diameter is defined for an 

irregularly shaped particle in terms of the diameter of an ideal spherical particle of unit 

density that has an aerodynamic behavior identical to that of the particle in question (Hinds 

1982). Based on the equality of their settling velocities, equation 1 gives the relationship 

between the characteristics of a real particle (effective diameter, particle density, shape 

coefficient) and its aerodynamic diameter: 

𝑑𝑎 = 𝑑𝑒 ∙ √
𝜌𝑝

𝜌0∙𝜒
     (Eq. 1) 

da aerodynamic diameter of a sphere of unit density (µm) 

de effective diameter of the real particle (µm) 

p real particle density (g cm
-3

) 

0 unit density (1 g cm
-3

) 

 shape coefficient of the real particle ( of a sphere equals to 1) 

 

According to the International Standards Organization (ISO), PM10 is defined as particles 

which pass through a size-selective inlet with a 50 % efficiency cut-off at 10 μm aerodynamic 

diameter. PM10 is therefore a standard size fraction where the median diameter is 10 microns. 

Similarly with other size fractions, 50% of the PMx have a diameter greater than x microns 

(Seinfeld and Pandis 2006). 
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 Sources of PM10 1.1.1

Atmospheric particles can be classified according to their origin. This term can however 

encompass different meanings, that is to say geographical origin, emitting source or formation 

process. Before discussing the sources of particles, it is necessary to distinguish between 

primary and secondary aerosols. Primary aerosols are directly released as particles in the 

atmosphere. On the other hand, secondary aerosols are formed by gas-to-particle conversion 

processes from semi-volatile gaseous species or precursor gases through physical or chemical 

processes. 

Concerning sources of particles or their gaseous precursors, two main origins can be 

distinguished in the atmosphere: natural and anthropogenic sources. 

1.1.1.1 Natural sources 

The main natural primary aerosols are sea salt particles with contributions that can range from 

10% up to 60% (Carslaw et al. 2010), and on average sea spray accounts for half of the 

natural PM10 (IPCC, 2013) – about 4100 Tg yr
-1

, which are emitted from the oceans by 

evaporated sea spray. Mineral dust, originating from arid and semi-arid regions of the world 

(mainly Saharan and Gobi deserts), is the second important contributor of natural primary 

particles on average – 2500 Tg yr
-1

 (IPCC, 2013) and the main contributor in continental 

regions like South Asia and China. Because mineral desert dust can be transported over 

thousands of kilometers, it has a global impact. The chemical composition of mineral particles 

is highly variable and depends on the source region and transport pathways. The main 

constituents are silicon oxides (SiO2), carbonates like calcite (CaCO3) and dolomite 

(CaMg(CO3)2), sulfates, phosphates and iron oxides like hematite (Trochkine et al. 2003). 

Volcanic dust and biogenic particles (e.g. pollens) are other natural primary particles. All 

these natural primary particles are mainly found in the coarse mode (i.e. over 2.5 µm) of the 

aerosol size distribution (see figure 1). Typical natural sources of secondary aerosols are the 

biosphere and volcanoes that emit sulfur (e.g. in form of dimethyl sulfide, DMS, and sulfur 

dioxide into the atmosphere) which can be oxidized to sulfate and form sulfuric acid nuclei. 

These nuclei may then coagulate and grow by water uptake to form small droplets in the 

accumulation mode. The biosphere can also emit volatile organic compounds (VOCs) that can 

be oxidized and form new particles, with emissions ranging from 20 up to 380 Tg yr
-1

 (IPCC, 

2013; Kanakidou et al. 2005). 
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Figure 1: Principal modes, sources, and particle formation and removal mechanisms shown for an idealized aerosol surface 

size distribution (Zieger 2011) 

 

1.1.1.2 Anthropogenic sources 

Anthropogenic emissions of primary particles include black carbon (ranging from 3.6 up to 6 

Tg yr
-1

, averaging 4.8 Tg yr
-1

 around the globe, according to the IPCC report (2013)) from 

incomplete combustion and organic matter, which can be the main contributor of 

anthropogenic emissions in urban areas in the American continent – 20% or more, or around 

16% in other regions being the second or third contributor (IPCC, 2013). Dust emissions, 

although still ill quantified, also have a significant anthropogenic component mainly 

originating from agricultural and industrial processes and road traffic, with contributions of 

20% to 25% of the PM (Ginoux et al. 2012). Secondary aerosol sources of anthropogenic 
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origin include sulfates from SO2, nitrates from NOx and ammonium from ammonia emissions, 

as well as biomass burning and organics from anthropogenic VOCs. These gases can be 

emitted, for example, through domestic heating systems based on coal or wood combustion, 

industrial plants, vehicle emissions and agricultural activities. Although the global emissions 

are dominated by the natural sources, Seinfeld and Pandis (2006) give an estimate of 3100 

Tg yr
-1

, and more recently IPCC (2013) ranged this emissions from 2920 up to 13000 Tg yr
-1

, 

they are mainly related to contributions from the coarse mode, while the emissions from 

anthropogenic sources (Seinfeld and Pandis, 2006, estimate 450 Tg yr
-1

) are mainly 

contributions from the fine mode (with correspondingly higher number concentration). 

However anthropogenic emissions are mostly seen either in highly populated areas either near 

them, having a direct effect on inhabitants of these regions. 

 

 PM10 composition 1.1.2

As mentioned above regarding the main origins of tropospheric aerosols, PM can be classified 

as primary or secondary aerosols, as previously mentioned. From an analytical point of view, 

they can also be mentioned as organic or inorganic aerosols. The IPCC report of 2013 on air 

quality compiled studies where PM was sampled and chemically analyzed, identifying the 

major components to its mass and their dependence with site typology and region of the world 

(figure 2).  
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Figure 2: Bar chart plots summarizing the mass concentration (μg m–3) of seven major aerosol components for particles with 

diameter smaller than 10 μm, from various rural and urban sites (dots on the central world map) in six continental areas of the 

world with at least an entire year of data and two marine sites (IPCC, 2013) 

 

1.1.2.1 Carbonaceous aerosols 

The organic fraction represents a major component of PM, contributing between 20 and 80% 

of the total mass of PM in urban and industrialized areas (Cheung et al. 2011; Jacobson 2002; 

Nunes and Pio 1993; Stone et al. 2010). Organic matter (OM) or organic aerosols (OA) can be 

emitted directly into the atmosphere in the form of particles (POA), or can be formed in the 

atmosphere due to oxidation reactions of volatile organic compounds (VOCs) followed by 

gas-particle conversion processes (Seinfeld and Pandis, 2006) forming secondary organic 

aerosols (SOA). OM mass is not measured directly, but can be estimated by multiplying the 

measured organic carbon by a determined factor (OM = OC × α) to take into account the level 
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of organic carbon functionalization in the particle (mass of hydrogen and hetero-atoms). This 

factor has been first estimated by White and Roberts (1977), calculating a ratio of 1.4 for 

specific organic compounds measured in Los Angeles (USA). Later, Turpin and Lim (2001) 

concluded that this ratio should be higher than 1.4 and around 1.6 for more urban areas, 

whereas 1.9–2.3 were suggested for aged aerosols. Unfortunately, there are only a very few 

experimentally derived conversion factors reported. 

The main sources of POA are biomass burning, fossil fuel combustion (industry, domestic, 

traffic), and wind-driven or traffic-related suspension of soil and road dust, biological 

materials (plant and animal debris, microorganisms, pollen, spores, etc.), and spray from the 

sea or other water surfaces with dissolved organic compounds (O’Dowd et al. 2004). 

SOA is formed by chemical reaction and gas-to-particle conversion of volatile precursors 

within the atmosphere. The SOA precursors can be both anthropogenic and biogenic. Current 

knowledge of precursor emissions and the aerosol formation potential of the individual 

precursors suggest that SOA formation from biogenic precursors dominates (Andersson-Sköld 

and Simpson 2001; Mattias Hallquist et al. 2009). 

Elemental carbon (EC) is actually a mixture of graphite-like particles and light-absorbing 

organic matter. Moreover, the surface of EC particles contains numerous adsorption sites that 

are capable of enhancing catalytic processes (Cao et al. 2004). As the result of its catalytic 

properties, EC may intervene in some important chemical reactions involving atmospheric 

sulfur dioxide (SO2), nitrogen oxides (NOx), ozone (O3) and other gaseous compounds 

(Gundel et al. 1984). On the atmosphere EC is primarily emitted from combustion processes 

related with anthropogenic activities, such as fossil fuel combustion and biomass burning as 

house heating method, and naturally also from biomass burning but associated with wild fires. 

On urban environments, EC is associated with anthropogenic like traffic emissions associated 

both with exhaust emissions – diesel soot – and non-exhaust emissions – abrasion of tire 

wearing. 

1.1.2.2 Organic tracers 

OM contains numerous organic species, including alkanes, alcohols, carboxylic acids, 

carbonyl compounds, and aromatic compounds, some of which can be used as source, 

transport, or receptor tracers in conjunction with volatile and inorganic species (B. R. T. 

Simoneit 1984; B. R. T. Simoneit 1989; Rogge et al. 1996; Schauer et al. 1996). Is then 
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interesting to understand not only the chemistry associated with PM but also the close 

connection with between specific species and sources: 

 Alkanes (CnH2n+2) 

Particulate n-alkanes have been determined in vehicle exhaust (Rogge et al. 1993; 

Schauer et al. 1999; Schauer et al. 2002), tire abrasion, brake lining dust as well as in 

road dust (Rogge et al., 1993). They are emitted in natural gas combustion (Rogge et 

al., 1993), from boilers (Rogge et al. 1997), and are contained in smoke from coal 

combustion (Oros and Simoneit 2000). The smoke of wood and synthetic logs burning 

is another source of particulate n-alkanes (Rogge et al. 1998; Schauer et al. 2001; 

Didyk et al. 2000; Fine, Cass, and Simoneit 2001; Fine, Cass, and Simoneit 2002). A 

carbon preference index (CPI) has also been commonly used to quantify the relative 

abundance of odd versus even-numbered carbon chain n-alkanes. It is a key diagnostic 

parameter in tracking the origin of organic inputs to determine the biogenic and 

anthropogenic nature of n-alkane sources (Pietrogrande et al. 2010). In particular, 

anthropogenic emissions from utilization of fossil fuel generate a random distribution 

of odd vs even terms yielding CPI values close to 1. On the other hand, hydrocarbons 

originated from terrestrial plant material show a predominance of odd-numbered terms 

showing CPI ≈ 5-10 (Cheng et al. 2006; Bi et al. 2005; Cincinelli et al. 2007). 

 Anhydrosugars 

Anhydrosugars (levoglucosan mannosan, galactosan) are derived from pyrolysis of 

cellulose and hemicellulose at high temperatures (>300°C) (B. R. Simoneit et al. 

1999). They are better molecular tracers of biomass burning aerosols compared to 

traditional tracers (e.g. K
+
 and BC) because of their single source (figure 3). 

Levoglucosan presents the higher concentrations. Although it can be degraded in the 

atmosphere, especially oxidized by OH radicals as reported in some simulation 

experiments and model studies (M. Hallquist et al. 2009; Hennigan et al. 2010), it is 

still considered as an ideal tracer for biomass burning due to its relative stability and 

high emission factors. Levoglucosan has been widely used as a tracer of biomass 

burning aerosols in many studies in continental and coastal regions (Fraser and 

Lakshmanan 2000; Xiaolei Zhang, Yang, and Blasiak 2012; Fine, Cass, and Simoneit 

2002; Giannoni et al. 2012; T. Zhang et al. 2008; Sang et al. 2011; Křŭmal et al. 2010; 

X. Zhang et al. 2010). 
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Figure 3: Relative mass concentration of anhydrosugars in PM per source category (adapted from Pernigotti, Belis, and 

Spanò, 2016) 

 

 Monosaccharides and Polysaccharides 

Polysaccharides are complex carbohydrates (sugars), composed of 10 up to several 

thousand monosaccharides arranged in chains. Monosaccharides like glucose, 

mannose and galactose are aldohexoses and can form six-membered rings. These 

compounds are important thermal degradation products of cellulose, and therefore 

used as tracers for biomass burning activities (Saffari et al. 2013). Also, B. R. 

Simoneit et al. (2004) suggested that monosaccharides can also be tracers of soil 

material and associated with microbiota, adding as possible sources other 

anthropogenic activities like ploughing during agricultural activities (K. E. Yttri et al. 

2007). The same study also showed a close relation between the emission of these 

sugars and ruptured pollen emitted during late spring and early summer, later 

confirmed by (P. Q. Fu et al. 2012). 

 Sugar alcohols 

Sugar alcohols are polyols in which the aldose or ketose forms get hydrogenated, 

keeping the same linear structure as in monosaccharides but with the aldehyde (-CHO) 

group replaced by an alcohol -CH2OH group in each unit. Recently, Bauer et al. 

(2008) suggested that mannitol and arabitol concentrations are correlated with the 

fungal spore counts in atmospheric PM10. This finding was confirmed by X. Zhang et 

al. (2010) who measured arabitol and mannitol during April and May 2004 in southern 

China. These sugar alcohols are common storage substances in fungal spores. Bauer et 

al. (2008) suggest that using these polyols for spores simplifies sampling, analytical 
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analysis and evades the need for parallel aerosol collection. Mannitol, although 

common in fungi, is also a common sugar alcohol in plants; it is particularly abundant 

in algae and has been detected in at least 70 higher plant families. 

 Oxalate 

Oxalic acid is the dominant dicarboxylic acid (DCA) in atmospheric PM followed by 

malonic and succinic acids (Kawamura and Ikushima 1993; Kawamura and Usukura 

1993; Yao et al. 2002; Yao, Fang, and Chan 2002), and it constitutes up to 50 - 70% of 

total atmospheric DCA (Sempére and Kawamura 1994; Sempéré and Kawamura 

1996). Main sources of oxalic acid are thought to be photochemical oxidation of 

anthropogenic, biogenic and oceanic emissions and/or primary traffic emissions 

(Kawamura and Kaplan 1987; Kawamura, Kasukabe, and Barrie 1996). Very high 

concentrations of oxalic acid were detected in biomass burning plumes, suggesting 

that either oxalic acid is directly emitted or formed in the plume from a biogenic 

precursor (Jaffrezo, Calas, and Bouchet 1998). Oxalic acid is likely an end-product of 

the photochemical oxidation reactions and can accumulate in the atmosphere (Chebbi 

and Carlier 1996; Kawamura and Ikushima 1993). Once formed, it is expected to be 

very stable and to exist as fine particles. Hence, the major removal mechanism is 

expected to be wet deposition. 

1.1.2.3 Inorganic PM 

The inorganic fraction includes mainly the ionic species sulfate (SO4
2-

), nitrate (NO3
-
) and 

ammonium (NH4
+
). Although these species are predominantly from secondary origin, they 

may also be directly emitted from primary sources such as ship engines (Agrawal et al., 2008) 

and sea salt (ssSO4
2-

). This inorganic water-soluble fraction is generally present in the fine 

PM fraction as ammonium sulfate ((NH4)2SO4), and ammonium nitrate (NH4NO3), and are 

formed in the atmosphere from gaseous precursors, such as ammonia (NH3), nitric acid 

(HNO3), and sulfuric acid (H2SO4) (Seinfeld and Pandis, 2006). Ammonium nitrate is 

characterized by its semi-volatility and its presence in the particulate phase depends both on 

weather conditions and concentrations of its gaseous precursors (NOx and NH3). 

According to emission inventories, the sources of NH3 are almost exclusively related to 

agriculture (livestock, fertilizer use). The major identified sources of ammonia include excreta 
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from domestic and wild animals, synthetic fertilizers, oceans, biomass burning, crops, human 

populations and pets, soils, industrial processes and fossil fuels (Bouwman et al. 1997). 

HNO3 is formed in the atmosphere from the oxidation of nitrogen oxides (NO and NO2), 

emitted during combustion processes (biomass burning, combustion of fossil fuel) and 

lightning (S. E. Bauer et al. 2007). 

Sulfuric acid is formed from oxidation reactions in the gas or aqueous phases, involving SO2 

emitted directly into the atmosphere by fossil fuels rich in sulfur (oil, coal) and by volcanic 

activity, or by other sulfur-rich VOCs such as DMS (dimethyl sulfide) emitted by marine 

sources (Seinfeld and Pandis, 2006). 

1.1.2.4 Inorganic tracers 

Among the inorganic components of PM, metals are often used as markers of various sources 

(table 1), which can be found in different size fractions ranging from below 0.01 to 100 μm 

and larger. Metals such as As, Au, Cd, Co, Cr, Cu, Eu, Fe, Ga, Ni, Mn, Mo, Pb, Se, Sb, V, W, 

and Zn exist in both the coarse and fine fractions in ambient air. Al, Ca, La, Hf, Mg, Sc, Th, 

and Ti exist predominantly in the coarse fraction. Metals such as Ba, Cs and Se enrich the fine 

fraction of PM. 

The toxic metals arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg) and nickel (Ni) are 

mainly emitted as a result of various industrial activities and the combustion of coal. In 

Europe, their concentrations in ambient air are monitored and regulated (4th Daughter 

Directive 2004/107/EC). Although the atmospheric concentrations of these metals are 

generally low, they still contribute to the deposition and build-up of heavy metal contents in 

soils, sediments and organisms. They bioaccumulate in the environment, causing a long-term 

poisoning of plants, animals and food chains (EEA, 2016). 
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Table 1: Main anthropogenic sources of metals in atmospheric particles (source: Riffault et al. 2015) 

Sources Metals 

Construction industry (building boards) Al, Fe, Mn, Si and Ti 

Exhaust and non-exhaust emissions  

 (combustion, brake/tire wear, etc) 
Ba, Br, Cd, Cr, Cu, Fe, Pb, Sb and Zn 

Industrial oil combustion  

 (petrochemistry, refinery and power plants) 
La, Ni and V 

Energy production As, Bi, Cd and Hg 

Coal combustion Al, As, Co, Cr, Cu and Se 

Metallurgy (steel and non-steel industry) As, Cu, Fe, Mn, Ni and Pb 

Waste incinerators Cd, Cu, Hg, K, Pb, Sb and Zn 

 

 Impacts and Regulation 1.2

The impact of aerosols on the atmosphere is widely acknowledged as one of the most 

significant and uncertain aspects of climate change projections. The observed global warming 

trend is considerably less than expected from the increase in greenhouse gases, and much of 

the difference can be explained by aerosol effects. There is also a growing concern for the 

impact of aerosols on human health and interest by many sectors such as weather prediction, 

the green energy industry (regarding their influence on solar energy reaching the ground) and 

the commercial aircraft industry and military (regarding the impact of PM on visibility and of 

volcanic ash and dust storms on operations and aircraft). 

 

 Climate impact of PM 1.2.1

Aerosols play a significant role in the global energy balance and especially in atmospheric 

and surface energy balances regionally. A combination of surface direct radiative cooling, 

atmospheric warming through adiabatic heating, and indirect effects of aerosols on clouds, all 

contribute to the net aerosol effect. They are represented in modern climate models, yet their 

magnitudes are highly variable in space and time, and all are highly uncertain. 

The term “radiative forcing” has been employed in the IPCC Assessments to denote an 

externally imposed perturbation in the radiative energy budget of the Earth’s climate system. 

Such a perturbation can be brought about by secular changes in the concentrations of 

radiatively active species (e.g., CO2, aerosols), changes in the solar irradiance incident upon 
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the planet, or other changes that affect the radiative energy absorbed by the surface (e.g., 

changes in surface reflection properties). This imbalance in the radiation budget has the 

potential to lead to changes in climate parameters and thus to result in a new equilibrium state 

of the climate system. 

Anthropogenic aerosols scatter and absorb short-wave and long-wave radiations, thereby 

perturbing the energy budget of the Earth/atmosphere system and exerting a direct radiative 

forcing (figure 4). 

 

Figure 4: Radiative forcing components (adapted from IPCC Fourth Assessment Report) 

 

Aerosols also serve as cloud condensation and ice nuclei, thereby modifying the 

microphysics, the radiative properties, and the lifetime of clouds. The aerosol indirect effect is 

usually split into two effects: the first indirect effect, whereby an increase in aerosols causes 

an increase in droplet concentration and a decrease in droplet size for fixed liquid water 

content (Twomey 1974); and the second indirect effect, whereby the reduction in cloud 

droplet size affects the precipitation efficiency, tending to increase the liquid water content, 

the cloud lifetime (Albrecht 1989), and the cloud thickness (Pincus and Baker 1994). Finally, 

it has been also reported a semi-indirect effect of aerosols on the energy budget of the 

atmosphere linked with the chemical nature of these particles. The presence of light absorbing 
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compounds (black and/or brown material) leads to an increase of cloud temperature. This 

increase in cloud temperature then leads to a consequent decrease on the relative humidity of 

the cloud and increase on the evaporation process of droplets (Lohmann and Feichter 2005). 

 

 Health impact of PM 1.2.2

PM10 corresponds to the so-called “thoracic convention” (ISO 7708:1995, Clause 6). The 

10 micrometer size does not represent a strict boundary between breathable and non-

breathable particles, but has been agreed upon for monitoring of airborne PM by most 

regulatory agencies. Particles larger than about 10 microns are mostly deposited higher up in 

the respiratory system and removed on the mucociliary escalator and may then be swallowed 

and subsequently absorbed through the gastro-intestinal tract. Many health effects of PM 

remain unknown and are estimated by epidemiological studies. These studies have shown a 

strong correlation between mortality and exposure to PM10 or PM2.5, the mortality being due 

to bronchial, heart disease or cancer (Analitis et al. 2006; Pope III and Dockery 2006). Indeed, 

the number of deaths from lung cancer due to exposure to PM2.5 represents approximately 

11% of total lung cancer (AFSSET, 2005). Furthermore, PM exposure is also associated with 

the occurrence of diseases such as asthma, chronic bronchitis or chronic obstructive 

pulmonary disease (COPD) (Sunyer 2001; Liu et al. 2009). Indeed, it appears that a fraction 

of inhaled particles in the lung persists despite pulmonary clearance mechanisms (Churg et al. 

2003). Moreover, the effects of PM are associated with their pulmonary penetrability, PM10 

are deposited primarily in the upper alveolar regions while smaller particles penetrate to the 

airways (figure 5).  
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Figure 5: Deposition of particles in the respiratory tract as a function of their size, with inset illustrating the proximity of the 

air spaces (alveoli) to the vasculature (in pink) (source: Elder, Vidyasagar, and DeLouise 2009) 

 

A recent study (Quan et al. 2010) indicates that PM2.5 leads to high plaque deposits in arteries, 

causing vascular inflammation and atherosclerosis — a hardening of the arteries that reduces 

elasticity, which can lead to heart attacks and other cardiovascular problems. Nawrot et al. 

(2011) concluded that traffic exhaust – being responsible of 7.4% of all heart attacks in the 

general public – is the single most serious preventable cause. Recent studies have shown the 

influence of PM on short-term morbidity and annual mortality. It was also seen that the 

toxicity of PM is driven by a complex interaction of size, location, source and season 

(Lippmann et al. 2013). PM exposure has also shown to have a small but significant adverse 

effect on cardiovascular, respiratory and cerebrovascular diseases (Anderson, Thundiyil, and 

Stolbach 2012). The link with specific aerosol sources is also important to understand the ill 

effects of anthropogenic activities and Kelly and Fussell (2015) suggested that a higher degree 

of toxicity is associated with traffic-related PM emissions both on fine and ultrafine fractions 

leading to increased morbidity and mortality from cardiovascular and respiratory conditions. 

Penetration of particles is not wholly dependent on their size; shape and chemical composition 

also play a part. A further complexity that is not entirely documented is how the shape of PM 
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can affect health. Geometrically angular shapes have more surface area than rounder shapes, 

which in turn affects the binding capacity of the particles to other possibly more dangerous 

substances (Nieuwenhuijsen, Gomez-Perales, and Colvile 2007). 

Among these dangerous substances, trace elements and aromatic compounds are now 

considered of paramount importance in the chemistry of the urban atmosphere and for local 

environmental researches, because of their suspected carcinogenic nature and their abundance 

in motor vehicle emissions (Monod et al. 2001; Barletta et al. 2005; Sun et al. 2004; 

Giakoumi et al. 2009). Various trace metals have been investigated regarding their 

carcinogenic and allergic properties, as e.g. Cd, As, Ni and Pt. For exact risk assessment, it is 

not sufficient to determine the total concentration of the various trace elements, since their 

effect on the biological systems strongly depends on their speciation and on the association 

form with the solid phase to which the element is bound. The bioaccessibility inherent to 

these metals is also an important characteristic that has to be taken into account. It has been 

demonstrated that bioaccessibility is completely (but not only) component dependent, ranging 

from 3.3% for Pb to 92.5% for Zn (Caboche et al. 2011). It has been proven that metal 

bioaccessibility is also linked with number concentrations and specific surface area and 

demonstrated that it increased to areas close to emission sources (Mbengue, Alleman, and 

Flament 2015). In recent decades, it was observed that there has been a growing concern for 

the potential contribution of ingested dust to metal toxicity in humans (Chirenje, Ma, and Lu 

2006; Inyang and Bae 2006). Some trace metals are harmless in low concentrations such as 

Cu and Zn, but some metals like Pb and Cd are toxic even in extremely low concentrations 

and are potential cofactors, initiators or promoters in many diseases including cardiovascular 

diseases and cancer. 

 

 Regulations 1.2.3

Measurements of particulate matter have been carried out in Europe since many years. During 

the 80’s total suspended particulates were measured, referring to the “Black Smoke OECD” 

method (Andersen et al. 2007) (Directive 80/779/EC). Studies on health impact assessment of 

particles have led to the revision of European air quality policy during the 90’s. The PM10 and 

PM2.5 fractions of PM, considered as inhalable, were introduced with the publication of 

Directive 1999/30/EC. In line with the “Clean Air for Europe” strategy of the European 

Commission to minimize harmful effects of pollution on human health and the environment 
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and to improve monitoring and assessment of air quality, the measurement of PM10 and PM2.5 

has been updated by the Air Quality Directive 2008/50/EC. Member States now measure 

PM2.5 concentrations as well on the basis of “common methods and criteria”. The Directive 

refers to the European Standards EN 12341 (CEN, 1998) and 14907 (Ambient Air Quality, 

2005) for the measurement of fine particles in ambient air. Siting criteria are given for 

sampling locations. Quality objectives are set regarding the accuracy of the measured value 

and minimum data capture. 

A need for quality control and harmonization derives from experience showing that even 

though common methods and criteria are applied, reported values on PM concentrations may 

differ considerably. To ensure compliance with the data quality objectives set in the Air 

Quality Directive, Member States have to establish a quality assurance and control system, as 

well as a traceability chain in accordance with international guidelines. In addition, 

institutions designated for QA/QC shall participate in the Community-wide quality assurance 

programs organized by the Commission. 

Currently, under Directive 2008/50/EC, there are 3 different thresholds existing for airborne 

particles in ambient air: 

 PM10 limit value calendar year average 40 μg/m
3
 

 PM10 limit value daily average 50 μg/m
3
 not to be exceeded more than 35 times a year 

 PM2.5 target value calendar year average 25 μg/m
3
 

Since 2009 Member States are obliged to evaluate as well an Average Exposure Indicator, a 

three-year average based upon PM2.5 measurements in urban background locations. In fact, a 

recent study from WHO (2016) estimated that about 80% of people living in urban areas that 

monitor air pollution are exposed to air quality levels that exceed these limits, with a special 

impact on low-income cities. Also, the limit values of PM10 recommended by the WHO are 

still inferior to the ones in practice (20 μg/m
3 

as an annual average for PM10). 

 

 Source apportionment 1.3

Source apportionment (SA) of PM10 aims at identifying and estimating the contributions of 

the different sources impacting given receptor sites, where data have been recorded (Viana et 

al. 2008). Its implementation requires the choice of a modeling approach among different 
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available options. Traditionally source-oriented models were used to estimate contributions, 

in combination with source emission inventories and the physico-chemical conditions of the 

atmosphere. The most advanced source-oriented models are deterministic chemistry-transport 

models (CTMs), which solve both the equations of fluid mechanics for the simulation of 

pollutant atmospheric transportation and the equations related to the thermodynamics and the 

kinetics of the atmospheric chemical transformation of pollutants. CTMs are particularly 

suitable when dealing with reactive species that may be transformed between their emission 

point and the receptor sites. In addition they are particularly used for running sensitivity 

analyses to test different strategies of air pollution mitigation and to forecast future trends in 

atmospheric pollution. Nevertheless, the complex nature of pollutant formation, reactivity and 

transport, and the uncertainties of estimation and time-variability of emission rates render 

modeling using CTMs very complex. Therefore, other approaches of SA have been 

developed, such as the receptor models (RMs or receptor-oriented models), based on real 

observations made at receptor sites, to overcome some of the limitations of CTMs related to 

the need for an a priori exhaustive knowledge of the sources, of the physico-chemical 

processes occurring in the atmosphere and of the state of the atmosphere (figure 6).  

 

 

Figure 6: Scheme of the different methods for source apportionment (source: Belis et al., 2014) 

 

Following the definition given by the European Joint Research Centre (JRC), “Receptor 

models (RMs) apportion the measured mass of an atmospheric pollutant at a given site to its 
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emission sources by solving a mass balance equation” (Belis et al., 2014). The simple mass 

balance used for identifying and quantifying the sources of ambient air pollutants at a receptor 

site is independent of the meteorological conditions and emission rates variability but works 

only on conservative species, i.e. on components that do not change their chemical form over 

time. . Other achievements of RMs are the determination of the chemical signature of sources 

and the characterization of the mixing process of PM.  

Several RMs are being used today towards air quality management. SA techniques use the 

information on the receptor monitored concentrations and the source emissions to identify the 

source contributions. Some models that are currently used for receptor modeling are given in 

figure 7. 

 

Figure 7: Synthesis of different approaches for estimating pollution source contributions using receptor models 

(source: Viana et al., 2008) 

 

The fundamental principle of receptor modeling is that mass conservation can be assumed and 

a mass balance analysis can be used to identify and apportion sources of PM in the 

atmosphere (Zhao and Hopke 2006). One of the main differences between models is the 

degree of knowledge required about the pollution sources prior to the application of the mass 

balance equation. The two main extremes of RMs are, at one end, the chemical mass 

balance (CMB) model which requires an exhaustive knowledge of all the impacting sources 

and only one observation, and, on the other end, statistical multivariate models, like the 

principal component analysis (PCA) which do not require any knowledge on sources but 

needs a statistically-significant number of measurements of conservative species observed at 

the receptor site. Although several RMs have been developed and adjusted, all of them 

present strengths and weaknesses. Many factors like the size of the database, sampling 
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methodology, time resolution, site selection, uncertainty estimation, among others, may 

influence the model performance. To overcome the lack of a priori information on impacting 

sources, most RMs will require large datasets, containing multiple observations on several 

chemical variables that, ideally, should be conservative and specific to given sources. The 

larger the number of observations, the more likely they might be impacted by the different 

possible sources. Similarly, the larger the number of chemical variables analyzed, the more 

likely the different possible sources can be identified through specific associations of tracers. 

 

 Source apportionment studies worldwide 1.3.1

Receptor oriented methods have been extensively used for the apportionment of air pollution 

sources in the last three decades. A study from Karagulian et al. (2015) gathered SA studies 

covering the period between 1990 and 2014 (year of publication) using the Scopus database 

and Google search for specific keywords (source apportionment, receptor models, particulate 

matter (PM), aerosols, PM10, PM2.5). Six categories of main sources of ambient PM, 

commonly found in SA studies which used RMs and compatible for grouping, have been used 

for the purpose of this analysis: (1) traffic, (2) industry, (3) domestic fuel burning, (4) natural 

sources including soil dust (re-suspended), (5) sea salt, and (6) unspecified sources of 

pollution of human origin. A total of 529 SA studies were collected, with approximately 47 % 

of these studies carried out just in Europe and 77 % made on an urban receptor site. 
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Figure 8: Population-weighted averages for relative source contributions to total PM10 in urban sites 

(source: Karagulian et al., 2015) 

 

Regarding source contributions across the globe, significant differences can be observed 

(figure 8). This was expected due to the wide variety of not only PM10 sources but also site 

typologies, source chemical profiles, emission factors, cultural differences, proximity to 

specific sources, etc. Traffic appears as one of the main sources to PM10 mass concentration, 

being the main contributor (on average) in studies carried out in South America, Africa, India, 

Northern China and Western Europe. Another significant anthropogenic source of PM was 

industrial emissions, which seem to have special importance in developed and developing 

countries/regions like South America, the Middle East, Western Europe, China and Korea. 

Natural sources also appear contributing relevantly in regions like Africa and the Middle East 

(dust), Northern Europe (sea salt) and Southern Europe (sea salt and dust). In general, 

unspecified sources of secondary particles showed lower contribution to PM10 rather than 

PM2.5. This is in line with the evidence that secondary particles occur in the nucleation and 

accumulation size modes and are therefore assigned to PM2.5. Major contribution of this 

source to PM10 was found in the USA (44%, based on only one study), Republic of Korea 

(43%, based only one study), Turkey (39%), and in the Southern China region (27%). In their 

survey, Karagulian et al. (2015) pointed out some limitations of this kind of approach, 

regarding unclearly attributed sources. In certain regions the total share of unclearly attributed 

particles can reach more than 50%, e.g. in North America (Canada) or the Middle East. This 
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may come from mixtures of primary particles emitted by industrial activities (such as power 

plants) with particles generated by secondary reactions of precursor gases, attributed to long-

range transport emissions that render attribution more difficult. In the Middle East, desert 

dusts can amount for a large share of fine particles. In addition, there is a lack of information 

referring to source tracers that is to say to specific chemical compounds that permit 

identification of unique pollution sources. 

 

 Source apportionment in Northwestern Europe 1.3.2

According to the review of PM10 SA studies gathered by Karagulian et al. (2015), it appears 

that Northwestern Europe presents the lowest average PM10 mass concentration of all the 

regions considered (figure 9). Its main contributing sources seem to be related with domestic 

emissions (biomass burning) and natural sources (sea salt), the unspecified anthropogenic 

sources being at the third place. 

 

Figure 9: Absolute contribution to total PM10 by region and source category (source: Karagulian et al., 2015) 

 

To better understand the scope of these results it is important to detail some aspects of the 

different methodologies used in the gathered studies (table 2).  
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Table 2: WHO database on local source apportionment studies of particulate matter in air. The studies performed with PMF are highlighted in green (source: WHO) 

COPREM (Constrained Physical Receptor Model), PMF (Positive Matrix Factorization), PCA (Principal Component Analysis), APEG (Airborne Particles Expert Group receptor model), CMB (chemical mass balance 

 

Site location (Country) Site typology Method Time period 
Number of 

sources 
Period Reference 

Copenhagen ( Denmark) urban COPREM 2002-2003 5 year Andersen et al. (2007) 

Copenhagen ( Denmark) urban COPREM 2005-2007 5 year Wåhlin (2003) 

Virolahti (Finland) rural PMF 2007-2008 2 year Vestenius et al. (2011) 

County Cork (Ireland) industrial PCA 2005-2006 4 year 

Byrd, Stack, and Furey (2010) 
County Cork (Ireland) rural PCA 2005-2007 3 year 

County Cork (Ireland) urban PCA 2005-2006 4 year 

County Cork (Ireland) urban-coastal PCA 2005 4 spring 

Mace Head (Ireland) remote-coastal PMF 1988-1994 2 year Huang, Arimoto, and A. Rahn (2001) 

Lycksele (Sweden) urban PMF 2006 3 winter Krecl et al. (2008) 

Stockholm (Sweden) urban- traffic PMF 2003-2004 4 year 
Furusjö, Sternbeck, and Cousins (2007) 

Stockholm (Sweden) urban- traffic PMF 2003-2004 4 year 

Belfast (UK) urban APEG 2002 4 year 
DEFRA (2005) 

Birmingham (UK) urban APEG 2002 4 year 

Birmingham (UK) rural CMB 2007-2008 4 year 
Yin et al. (2010) 

Birmingham (UK) urban CMB 2007-2008 4 year 

Bury (UK) urban- traffic APEG 2002 4 year 

DEFRA (2005) 

Glasgow (UK) urban APEG 2002 4 year 

Haringey (UK) urban- traffic APEG 2002 4 year 

Harwell (UK) rural APEG 2002 4 year 

London Bexley (UK) urban APEG 2002 4 year 

London North Kensington (UK) urban APEG 2002 4 year 

M25 Staines (UK) urban APEG 2002 4 year 

Manchester Piccadilly (UK) urban APEG 2002 4 year 

Marylebone Road London (UK) urban- traffic APEG 2002 4 year 

Port Talbot (UK) urban-industrial PMF 2012 4 spring Taiwo et al. (2014) 

Thurrock (UK) urban APEG 2002 4 year DEFRA (2005) 
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It appears that the countries used to characterize PM10 pollution in NW Europe were 

Denmark, Finland, Ireland, Sweden and the United Kingdom, representing only about half of 

the area and one third of the population, while Belgium, Germany, the Netherlands and 

France were not taken into account. Table 2 also shows the SA methodology employed; out of 

the 25 sites where PM10 SA studies were carried out, only 6 used PMF, and only 4 were at 

least one year long. Interestingly, in these latter studies, the number of sources increases with 

the density of population, from 2 at remote/rural sites to 4 at urban/traffic ones, as more 

sources are present and identified, but nevertheless the number of identified sources remains 

low. It is then important to gather more information concerning PM10 concentrations and 

sources in NW Europe, through long-term studies and different typologies of sites. Results 

obtained from recent studies performed in the North of France, UK and Benelux countries are 

presented hereafter. 

A relevant study was coordinated by the regional air quality monitoring network AIRPARIF 

on the sources of PM2.5 in the Paris basin. A latest report issued about impacting sources 

(AIRPARIF, 2012) was based on 6 sampling sites and emission inventories obtained from the 

European Monitoring and Evaluation Program (EMEP), identifying 8 possible source groups: 

energy, industry, residential, crustal, traffic, transported, agriculture and natural sources. The 

source contribution to PM2.5 measured at a traffic site where the importance of local traffic-

related emissions, mainly exhaust ones, was visible showed a large contribution of transported 

particles (nearly 40 %), where secondary inorganic aerosols appear as the main contributors 

for this fraction. 

Using EPA PMF3.0, Bressi et al. (2014) found 7 sources of PM2.5 at an urban background site 

in Paris investigated during 1 year in 2009-2010: ammonium sulfate-rich factor (27% of the 

PM2.5 mass on an annual average basis), ammonium nitrate-rich factor (24%), heavy oil 

combustion (17%), road traffic (14%), biomass burning (12%), marine aerosols (6%) and 

metal industry (1%) were identified. In this study, secondary inorganic aerosols appeared as 

the major yearly contributor of fine aerosols, predomanentely associated with imported 

particles. 

To the north of Paris (180km), a PMF SA study was held in the French city of Lens, on 

sampled PM10 at an urban site, between 2011 and 2012 (Waked et al. 2014). A PMF solution 

of 9 factors was found (figure 10). A clear seasonal pattern of PM10 concentrations was 

observed, with maximum concentrations in spring (29 ± 13 μg/m
3
) and minimum 
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concentrations in summer (14 ± 13 μg/m
3
). During the summer season the contribution of 

primary biogenic emissions, identified through the chemical analysis of specific tracers 

(polyols), increases and accounts for about 20 % of the total PM10 mass concentration at the 

same time that the secondary nitrate factor decreases due to the thermal instability of 

ammonium nitrate (figure 10). In winter, the biomass burning source is the major contributor 

accounting for 25 % of the total PM10 mass concentration, related to the use of wood 

combustion for domestic heating whereas the contribution of primary biogenic emissions are 

largely decreasing (less sunlight and more rainy days). 

 

Figure 10: Contributions of the identified sources in % to total PM10 mass concentration for the full year and according to 

the seasons (a) and on a monthly basis along with weekdays-to-weekends variations (b) (source: Waked et al., 2014) 

 

To the northeast of Lens, a study carried out in the region of Flandres (Vercauteren et al. 

2011b), collected PM10 samples during one year (September 2006 to September 2007) at 6 

sampling sites with different typologies. Results identified a large contribution of secondary 

aerosols for PM10 mass, followed by organic matter and crustal matter. The average chemical 

composition of aerosols showed little variability between the sites, with the main differences 
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seen mainly in specific tracers with low contribution to PM10. However these differences, 

affecting mainly crustal matter and elemental carbon, highlight the contribution of local 

sources and the potential to implement measures to mitigate these values. With data from the 

same work, the impact of agricultural activities and their contribution to secondary aerosols 

was also studied (Buekers et al. 2014). With intense agricultural activities, this region 

comports more than 25000 companies cultivating more than 610000 hectares of land. In fact, 

Deutsch et al. (2010) attributed a contribution of 54% of agricultural processes to PM10 mass 

in the Flemish region in 2007. Buekers et al. (2014) attributed a large contribution of 

ammonia to PM10 mass concentration derived from this activity sector and its increased 

impact during favorable meteorological conditions. However, a more recent study (Hendriks 

et al. 2016) showed that no significant differences in PM concentration would be seen if 

ammonia emissions were reduced up to 75% during high concentration episodes, and this was 

attributed to the emission potential of vegetation if concentrations of ammonia in it are high 

and air concentrations are low due to manure processes.  

An important recent study in NW Europe is the JOAQUIN project which aims at improving 

air quality in the Northwestern European region with partners in Belgium, France, the 

Netherlands and the United Kingdom. During one year, samples were collected and 

chemically characterized and a recent report (Staelens et al. 2016) was issued concerning 

PM10 values and sources in the region. 

A SA exercise was also performed using the EPA-PMF 5 software. A total of 8 sampling sites 

located in 5 cities were selected (2 in Amsterdam-NL, 2 in Antwerp-BE, 2 in Leicester-UK, 1 

in Lille-FR and 1 in Wijk ann Zee-NL). The authors performed a multi-site PMF analysis, i.e. 

applied the PMF model on all the different sites simultaneously. A total of 13 factors were 

found: nitrate-rich, sulfate-rich, road dust, aged marine, sea salt, mineral dust, biomass 

burning, traffic, break wear, metal chemical processing (Cr), residual oil combustion, steel 

industry (Fe) and metal industry (As, Cd, Pb) (figure 11). Secondary aerosols (nitrate-rich and 

sulfate-rich) were seen to be the main contributors to total PM10 mass concentration (44% on 

average), where sea spray-related particles and resuspended road dust particles also appeared 

having significant contributions (16% and 12% respectively). It is also important to point out 

that contributions generally varied from one site to another; in fact, only secondary aerosols, 

sea spray and mineral dust showed standard deviations below 50% of the average 

contribution. Interestingly enough, these are precisely the sources that can be considered to 

have a regional influence over all the sampling sites. 
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Figure 11: Average source contribution during the JOAQUIN project 

 

In the same region, biomass burning contributions were assessed by sampling PM10 and 

measuring specific markers of this source (levoglucosan, mannosan and galactosan) at 7 

sampling sites also with different typologies during one year (February 2010 to February 

2011) (Maenhaut et al. 2012). Findings suggested a possible regional influence of biomass 

burning particles across the region and with a clear seasonal pattern associated with the 

source, more present during cold periods (mainly winter). These findings were later updated 

(Maenhaut et al. 2016) by applying PMF to datasets from 4 sampling sites and quantifying the 

contribution of the biomass burning factor here identified. It was seen that the conversion 

factor of Levoglucosan to estimate biomass burning OC contributions based on Schmidl et al. 

(2008) fall short on predicting the impact of this source in PM10 mass concentrations and 

proving the usefulness of receptor oriented models on quantifying a more accurate impact of 

sources. 

A study by Mooibroek et al. (2011) showed the differences of chemical composition of 

aerosols in the Netherlands. An intensive one-year measurement campaign (from August 

2007 to September 2008) was performed at five locations, consisting of three rural 

background sites, one urban background site and one kerbside site. A seven-factor solution 

was found. The importance of long-range transport into and across the monitored area was 

reflected in the small spatial variability. The nitrate-rich secondary aerosol factor also showed 

a relatively small spatial variability on average. As expected for more local sources, a spatial 

variability was found for the traffic factor as it reached a 21% contribution in Rotterdam 

(kerbside site) compared to a 5% contribution in Hellendoom (rural site) for a 10% 
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contribution on average. Therefore the main advantage of using various receptor sites in the 

same SA study lies on the possibility to identify local and long-range sources. For local 

sources, a big spatial variability is expected, depending on the geographical position of the 

sampling site and its proximity to specific pollution emitters. 

Finally, another transboundary study (Weijers and Schaap 2013) conducted from a combined 

period of 2 years in 8 sampling sites in Belgium, the Netherlands and Germany showed 

considerable conformity on the chemical composition of measured PM10. Secondary 

inorganic aerosols were seen to be the main contributors to PM mass (around 40% on 

average) on the sampling sites, followed by carbonaceous compounds (around 25%). Sea salt 

particles were responsible for 5% to 16% of PM, in direct relation with the distance of the 

sampling site to the coast and the wind speed associated with each daily contribution. In the 3 

countries, urban sites constantly reported higher concentrations of PM10 and their main 

species, with differences being clearer for SIA, mineral dust and EC. An effort to distinguish 

between natural and anthropogenic sources was made, identifying sea salt as the only 100% 

natural source. A range of 25% to 50% of OC was associated with natural sources, whereas 

for the main ions (nitrate, sulfate and ammonium) just 0 to 10% was linked to natural sources. 

From a source apportionment exercise which allocated each species individually, nitrate was 

predominantly linked with power generation processes, residential combustion and transport, 

sulfate with power generation as well, industrial and transport industries and ammonium with 

agriculture activities. In this study was also suggested that the increment seen for nitrate and 

sulfate in urban areas could be associated with the reaction nitric acid and sulfuric acid from 

local sources with sea salt arriving in urban areas – chloride depletion with nitrate and sulfate 

in coarse mode. 

As seen, both regional and local emissions of PM appear to contribute studied sites in this 

region and, in addition to being submitted to multiple sources with seasonal variations, NW 

Europe is also frequently impacted by transient long-range transport episodes of 

anthropogenic pollutants, particularly from Central and Eastern Europe, which episodically 

increases PM10 concentrations in ambient air above regulated limit values. In the case of the 

particulate pollution of the Paris megacity, Bessagnet et al. (2005), in their study using a CTM 

approach of the origins of PM10 pollution episodes in wintertime, found that most of these 

episodes have a continental origin, and that this outside contribution reaches up to 50% of the 

PM10 mass, while during non-episode situations the contribution drops down to 20%. 

Recently, Beekmann et al. (2015) demonstrated that the PM peak levels recorded in Paris 
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were predominantly from a regional origin (about 70% of fine PM) with mainly secondary 

aerosols made of sulfate, nitrate and organics of modern origin (from biogenic precursors and 

wood burning). Similarly in the study led in Lens (Waked et al., 2014), the main sources 

contributing during exceedance episodes were seen to be essentially secondary aerosol based. 

Nitrate rich and sulfate rich recorded a combined contribution of 54% for total PM, an 

increase when compared with the annual average of 29% for these sources. 

 

 Geographical location of sources 1.4

Determining the geographic origin of particles on a given sampling site is a complex task that 

has to take into account several phenomena such as transport, chemical and physical 

transformation of particles, and deposition. Such an exercise can then allow associating 

particle chemical characterization with local sources or long-range transport processes. It aims 

also at guiding public authorities towards more efficiently oriented PM abatement policies. 

According to Charron et al. (2013), there are essentially two ways of gaining a better 

understanding of the geographical distribution of aerosol sources impacting a given receptor 

site: the most frequently used CTMs and alternative statistical RMs which use 

backtrajectories of air masses. 

Several studies have been published on the analysis of air mass backtrajectories to help 

detecting the long-range transport of pollutant air masses that may have an impact on local 

PM10 levels (Salvador et al. 2008), to better describe the related tropospheric circulations 

(Jorba et al. 2004) or to characterize and identify spatial and temporal trends of pollutants 

(Coury and Dillner 2007). Backtrajectories are provided by suitable dispersion models (Stohl 

1998). Usually several trajectories are calculated for each day for backward trajectory periods 

of 3 or 4 days (Belis et al., 2014). Large numbers of trajectories arriving at a given site can be 

analyzed in order to determine the origin of the polluted air masses. Several authors 

performed cluster analyses in order to place trajectories into a relatively small number of 

groups (Dorling, Davies, and Pierce 1992; Dorling and Davies 1995). Such procedures have 

been frequently used to interpret the origin and transport of atmospheric pollution 

(Vardoulakis and Kassomenos 2008; Li et al. 2012). 

Based on backtrajectory analysis, source areas of long-range PM10 transport can be identified, 

such as mineral dust. Escudero et al. (2007) and Cabello et al. (2012) found African origin 
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dust episodes over Eastern Spain. Karaca and Camci (2010) established that the central part of 

Northern Africa (Northern Algeria and Libya) is the most significant potential PM10 

contributor to Istanbul atmosphere during springtime. Grivas, Chaloulakou, and Kassomenos 

(2008) traced back some severe dust outbreaks in the air of Athens, Greece, back to the 

Saharan desert and the Western Mediterranean. Makra et al. (2011) detected an occasional 

appearance of North African origin dust even over Hungary, the middle latitudes of the 

temperate belt. 

Models based on PM concentrations associated with external information such as 

backtrajectories are commonly referred to as Hybrid Receptor Models (Han, Holsen, and 

Hopke 2007) or Trajectory Statistical Methods (TSMs) (Kabashnikov et al. 2011). By 

dividing the studied area into grid cells where the air mass residence times are calculated, 

these TSMs aim at apportioning PM levels measured at the receptor site to the trajectory 

segments, enabling to plot maps where the potential source areas impacting the receptor site 

are visible. There are several variations of TSMs that have been applied to characterize 

atmospheric PM (Zhou, Hopke, and Liu 2004), differing in the metrics employed to attribute 

trajectories to grid cells, and the metrics calculated from the gridded results (Poirot et al. 

2001). Among them the most used are: Concentration-Weighted Trajectory (CWT), 

Concentration Field (CF) (Seibert et al. 1994) and Potential Source Contribution Function 

(PSCF) (Ashbaugh, Malm, and Sadeh 1985). The CWT and CF methods assign the 

concentrations observed at the receptor site to corresponding backward trajectories, by 

calculating for each grid cell the residence time of air masses weighted respectively by the 

arithmetic (CWT) or the geometric (CF) mean concentration of the pollutant observed at the 

receptor site. The PSCF method links residence time in upwind areas with high concentrations 

through a conditional probability field, defined as the ratio of high-concentration endpoints to 

all data endpoints in each grid cell. Lupu and Maenhaut (2002) made an intercomparison of 

CF and PSCF and found that they agreed well with each other. Kabashnikov et al. (2011) 

made an intercomparison of CWT, CF and PSCF based on artificially generated datasets and 

again found that these three methods were all able to give a first valuable hint on potential 

source areas. 
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 Objectives of the thesis and scientific strategy 1.5

As identified on this first chapter, PM studies are more and more being put in place to 

characterize and improve air quality standards worldwide. However, most of these studies 

show serious practical limitations that compromise the extent of the results obtained. These 

limitations are common and can be linked with several factors: a non-complete chemical 

speciation of collected samples, leading to an incomplete knowledge of the potential health 

and environmental impacts of PM; with the limited regional representation that single 

sampling sites studies offer, that are often directly impacted by close anthropogenic emissions 

and therefore neglecting potential regional contributions; single site studies also mean that 

less data will be available, limiting statistical approaches used for apportioning PM sources. 

 

 Objectives of the thesis 1.5.1

European countries are still facing trouble to comply with regulation concerning PM10 limit 

values in order to improve air quality. Understanding the chemistry associated with these 

particles allow not only to study their human health effects but also to understand their origin, 

their sources and their emission profiles. Providing detailed information on possible PM10 

sources impacting a certain sampling site, city or region allows policymakers to better tackle 

this issue with efficient measures. This PhD work is inserted within a large program (CARA 

program) and focuses on the sources of PM10 impacting the north of France, a region 

recurrently seen to experience high concentration of pollutants derived from its geographical 

position, topographical characteristics, densely populated urban areas and intense industrial 

activities.  

This study aims at answering the following questions: 

 What is the chemical composition of PM10 particles collected on the 5 sites? How this 

chemical composition varies with time and from site to site? 

 What are the sources contributing to PM10 on each site? How do these sources vary 

with time and from site to site? 

 What is the scale of impact of these sources? What are the local and the regional 

sources impacting the north of France? 

 What is the geographical location of these sources? 
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Handling a database from a network of 5 different sampling sites, this works expects to 

improve the knowledge on the main sources of PM10 impacting the north of France. Based on 

a complete chemical characterization, a representative description of the influence of site 

typology to PM levels is possible, as well as source apportionment exercises to assess the 

regional or local nature of collected particles. Furthermore, the geographical location of 

regional sources can be estimated based on extensive data compiled with trajectory based 

models. 

 

 Scientific strategy 1.5.2

To answer these questions, this work was based on PM10 samples collected at 5 sampling sites 

every third day during 18 months and analyzed following the same protocol for all sites in 

order to obtain comparable results. The site presented different typologies but were all located 

in the same region (the north of France). The chemical characterization of a large number of 

chemical compounds allowed a near-to complete knowledge of the chemical composition at 

each site, which were studied and validated individually, its trends analyzed and 

characterized. The average and seasonal chemical composition for each site was assessed and 

compared with previous results when available. Exceedance episodes were also analyzed, 

characterized and compared between sites. Knowing the chemical composition of PM10, a 

receptor-oriented statistical method was first applied (PMF) at each sampling site individually 

to identify the sources and ensure the best mathematical source description. These sources 

were identified and characterized for all sites, their average and seasonal contribution studied 

and their importance to high concentration episodes assessed. 

The daily contributions of each source at each site were then combined with meteorological 

information measured at (or nearby) the sampling site like wind speed and wind direction. 

Local sources, assumed to be associated with lower wind speeds were then linked with 

possible close emitters in the surroundings. Sources associated with high wind speeds were 

assumed to have long-distance geographical origins and a potential regional influence. These 

sources where then compared between sampling sites to assess the extent of possible local 

inputs to each one and then applied on a trajectory statistical method (CF) together with 

computed backtrajectories of air masses arriving at each sampling site. Concentration field 

maps were calculated for each regional source individually and on a multi-site scale to better 

predict the geographical origins of these long-range transported particles. 
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CHAPTER 2 - PM10 CHEMICAL SPECIATION: MEASUREMENTS AND 

RESULTS 

 The CARA program 2.1

The CARA program (chemical characterization of particles) has been created in 2008 to better 

understand the origins of particulate pollution episodes in France, highlighted by PM10 limit 

value exceedances in spring 2007. It is managed by the French national reference laboratory 

(LCSQA), and involves regional air quality monitoring networks (AASQA) as well as 

research laboratories (LSCE, LGGE, LCME, LCP-IRA, and SAGE). Historically based on the 

chemical speciation of airborne particles collected on filters at 6 sites, this program now 

includes offline and online measurements at up to 20 stations (figure 12), with the following 

objectives: 

 Identify the main sources of PM10 in urban environments, to help developing 

appropriate action plans. 

 Optimize the PREV'AIR modelling system (Rouil et al. 2009), through comparison 

exercises between measurements and model outputs, to allow a better forecast of PM 

pollution episode. 

 Provide technical and scientific support to AASQA in implementing PM chemical 

speciation campaigns. 

 Review methodologies and projects conducted at the national level to better 

understand the chemical properties of aerosols, their sources and formation 

mechanisms. 

 Report the French expertise within European standardization programs. 
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Figure 12: Sampling sites involved in the CARA program in 2014 

 

PM10 samplings are performed in "pseudo-continuous" mode, i.e., 4 to 6 days a week, 

alternately with mandatory PAH monitoring. Only a small fraction of these filters are actually 

analyzed to investigate selected pollution episodes or to conduct yearly source apportionment 

studies. More information on this program can be found in LCSQA reports (e.g., Pla, 2016). 

The present work is taking advantage of the CARA program, allowing a comprehensive 

source apportionment study at the 5 sites located in Northern France.  

 

 Sampling sites 2.2

Spread across the North of France (figure 13), the chosen sampling sites allow not only a 

wide coverage of the region, but also to study the influence of different sources at each site 

and at a regional scale. Indeed, these sites are of different typologies: urban background (3), 

traffic (1) and remote (1), in order to investigate various emission sources and to observe 

regional influences of long-distance transformation processes and their interactions with local 

inputs. In addition, the geographical location of these sites allows for the PM characterization 

along the predominant wind direction, from south-west to north-east, and along the 

perpendicular north-west to south-east direction which corresponds to a decreasing maritime 

influence. All the five sites are characterized by having an oceanic climate, with continental 
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influences for the site of Revin. The region usually records cold temperatures during winter 

and mild summers and raining events are frequent as well. 

 

Figure 13: Geographical location of the sampling sites of this work 

 

 Lens (urban site) 2.2.1

The city of Lens (32 000 inhab.) is actually part, with the nearby city of Douai, of a larger 

conurbation of about 500 000 inhabitants located in the former coal mining area of the North 

of France. It is surrounded by other large populated urban areas, including the conurbations of 

Lille ( 1 million inhab.), Béthune ( 200 000 inhab.) and Valenciennes ( 350 000 inhab.). 

Road transport emissions should be considered, with several busy highways (A1, A21, A26) 

passing through this North-South transit region. In addition, many petrochemical, metallurgic, 

and non-metallurgic industrial companies are located in the coastal zone or dispersed in the 

region. Being a densely-populated area (2705 inhab./km
2
), it is also influenced by domestic 

emissions, including residential wood burning (ATMO Nord Pas de Calais, 2009). 
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Figure 14: Geographical location of the sampling site in Lens 

 

The sampling site used in this study (50° 26' 13'’ N, 2° 49' 37'’ E, 47 m above sea level, a.s.l.) 

corresponds to a monitoring station of ATMO Nord Pas-de-Calais located in the vicinity of a 

stadium (figure 14). 

 

Figure 15: Meteorological data for the site of Lens (temperature and rainfall in the left and windrose in the right) 

 

Lens climate is considered to be oceanic. Due to the distance to the sea (80 km), the oceanic 

character of its climate is less marked than on the coast. Low temperatures are seen during 

winter (4 °C on average) and mild in summer (18 °C). During the sampling period (Jan13 - 

Jun14) the average registered temperature was 10.4 ºC, the lowest daily average temperature 

recorded was -9.2 ºC and the highest 26.5 ºC. 

Additional information, such as wind direction and wind speed, was gathered from the closest 

MeteoFrance station, located in Lesquin-Lille, approximately 25 km to the Northeast of the 
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sampling site. Figure 15 illustrates that higher wind speeds are predominately originated from 

the West-South quadrant.  

 

 Nogent-sur-Oise (urban site) 2.2.2

Nogent-sur-Oise (18 000 inhab.) is located in the south of the department of Oise, 48 km 

north of Paris megacity (12 million inhab.), 70 km south of Amiens, 33 km southeast of 

Beauvais and 37 km northeast of Pontoise. The city is housed in the urban unit of Creil (or 

Creil basin) comprising about 100 000 inhab. The area included in the triangle between the 

railway, the Oise river and the busy road RD 1016 is shared between Nogent and Creil 

(figure 16). Emissions from transport (road, river, railway) and industries (industrial area, 

river port) have to be considered along with domestic emissions related to the high density of 

population (2514 inhab./km
2
). 

 

Figure 16: Geographical location of the sampling site of Nogent-sur-Oise 

 

The sampling site (49° 16' 35.004" N, 2° 28' 55.812" E, 28 m a.s.l.) is a monitoring station of 

ATMO Picardie, located in a stadium area and near a swimming pool building. 

The city of Nogent-sur-Oise has an oceanic climate. Rainfall in Nogent-sur-Oise is important 

where even in the driest months, shower events are common. The average annual temperature 

in Nogent-sur-Oise is around 11 ºC. There is an average 629 mm of rain per year. 
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Figure 17: Meteorological data for the site of Nogent-sur-Oise (temperature and rainfall in the left and windrose in the right) 

 

The lowest daily average temperature recorded during the sampling was -6.9 ºC and the 

highest 26.5 ºC. The average temperature between Jan13 and Jun14 was 10.4 ºC. As it is 

visible in figure 17, once again strong winds are associated with the southwest direction, with 

an important contribution also of low wind speeds from the north and north-northeast. 

 

 Rouen (urban site) 2.2.3

Rouen is a city located in the north-west of France at about 70 km east from the Seine river 

estuary and its urban area is the 12
th

 biggest in the country. The city is crossed by the Seine 

river. In 2013 the number of inhabitants was 111 000. The whole urban area accommodates 

about 650 000 people. The influence of anthropogenic pollutants is expected to be of great 

importance, namely from traffic, industrial activity (refineries, river port) and biomass 

burning (the density of population being particularly high with 5180 inhab./km
2
). 

 

Figure 18: Geographical location of the sampling site in Rouen 
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The sampling site used in this study (49°25’41.016” N, 1°3’28.008’’ E, 9 m a.s.l.), 

corresponds to the Petit-Quevilly station of AIR Normand, located beside a swimming pool 

and 100 m away from a 4-lane express road (figure 18). 

The climate in Rouen is considered oceanic, with rain episodes distributed throughout the 

year (with more than 130 days in a year with at least 1mm of rain, on average). Winters are 

mild and summers bearable with the maritime influence of the British Channel sixty 

kilometers away. 

 

Figure 19: Meteorological data for the site of Rouen (temperature and rainfall in the left and windrose in the right) 

 

The average temperature registered between January 2013 and June 2014 was 10.1 ºC and as 

it can be seen in figure 20 stronger winds origin from southwest. 

 Revin (remote site) 2.2.4

Located in the Ardennes forest, in a hilly landscape, the site of Revin is part of the European 

Monitoring and Evaluation Program (EMEP) which is a scientifically based and policy driven 

program under the Convention on Long-range Transboundary Air Pollution (CLRTAP) 

aiming for international co-operation to solve transboundary air pollution problems. 

Located 3 km outside of the city of Revin that has less than 7000 inhabitants, this site (49° 54' 

28.008" N, 4° 37' 48" E, 395 m a.s.l.) is part of the ATMO Champagne-Ardenne air quality 

monitoring network. As an EMEP station, it is located far away from any potential local 

anthropogenic sources of particles. The climate in the region is considered oceanic with 
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continental influence, with relatively cold winters, mild summers and rainfall episodes well 

distributed throughout the year. 

 

Figure 20: Meteorological data for the site of Revin (temperature and rainfall in the left and windrose in the right) 

 

The average daily temperature during this study was 8.6 ºC and, as in the previous sites, 

strong winds have their origin from Southwest. There is also a significant contribution of low 

speed winds from Northeast (figure 20). 

 

 Roubaix (traffic site) 2.2.5

Roubaix is a French commune in the Nord-Pas-de-Calais region adjoining the border with 

Belgium. With a population of just under 100 000 inhabitants, Roubaix, the second city of the 

Nord - Pas de Calais, forms with Lille, Tourcoing, Villeneuve d'Ascq and 81 other cities the 

Urban Community of Lille Métropole, which has about 1.1 million inhabitants. More broadly, 

it belongs to a vast conurbation formed with the Belgian cities of Mouscron, Kortrijk, Tournai 

and Menin, who gave birth in January 2008 to the first European Grouping of Territorial 

Cooperation, the Lille-Kortrijk-Tournai, with nearly two million inhabitants. The city is 

characterized by a green-spaces deficit (10 m
2
/per inhabitant). 

The sampling site (50° 42' 24'' N, 3° 10' 51'' E, 31 m a.s.l.) is located at a few meters from a 

busy road site, so traffic sources of pollution are expected as well as anthropogenic aerosols 

coming from the highly populated area (density of 7246 inhab./km
2
) close by. Also the station 

is situated alongside the municipal horticultural greenhouses. As Lens, it is part of the ATMO 

Nord Pas-de-Calais monitoring network. 



69 

 

 

Figure 21: Geographical location of the sampling site of Roubaix 

 

Due to limitations on the meteorological station situated in Roubaix, only the data from 

rainfall was collected there; data about wind speed, wind direction and temperature were 

obtained from the station in Lesquin – Lille, located 12 km to the south-southwest of 

Roubaix. In consequence, the wind-rose presented in figure 15 is also applicable to Roubaix, 

whereas the graphic of rainfall and temperature is presented in figure 22. 

 

Figure 22: Meteorological data for the site of Roubaix (temperature and rainfall) 

 

 PM10 characterization methodologies 2.3

 Filter sampling 2.3.1

At each site, samples were collected using a sequential High Volume Sampler (HVS, Digitel 

DA80, figure 23) equipped with a PM10 sampling head operating at 30 m
3
/h. Particles were 

sampled on pre-heated 150 mm diameter Pall Tissu Qz filters (100% quartz fiber filters). The 

samples correspond to a 24 h collection period, from midnight to midnight, except for the 
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Revin and Nogent-sur-Oise sampling sites where the collection was made from 9 am to 9 am. 

Sampling took place between January 2013 and June 2014.  

 

Figure 23: High-volume sampler Digitel DA80 

 

 PM10 automatic measurement 2.3.2

PM10 data have been obtained and furnished by the regional air quality monitoring networks 

operating the stations. At Lens, PM10 mass concentrations were measured using a beta gauge 

(MP101M, Environment S.A.) equipped with a PM10 inlet and smart heater system (so-called 

RST) allowing for removing water at high ambient relative humidity. At the other 4 sites, 

PM10 mass concentrations were obtained using Tapered Element Oscillating microbalance 

(TEOM, Rupprecht & Patashnick) equipped with a Filter Dynamics Measurement System 

(FDMS, 8500c unit)  

Both of the MP101M-RST and TEOM-FDMS systems have been proved to be equivalent to 

the reference gravimetric measurement method (Fr EN 12341; 2015) required for the 

monitoring of PM2.5 and PM10 in the frame of the 2008/50/EC Directive (LCSQA, 2005 and 

LCSQA, 2006). 

 

 Offline chemical analyses 2.3.3

To determine the chemical composition of the samples collected, different techniques were 

used depending on the type of compound analyzed: 



71 

 

• For trace and major elements, ICP-MS (ELAN 6100 DRC, Perkin Elmer) and ICP-

AES (IRIS Intrepid, Thermo-Scientific) were used, respectively (Alleman et al. 2010). Prior 

to analyses, each sub-samples was acid digested (HNO3; HF; H2O2) with a microwave oven 

(Milestone ETHOS). Repeated measurements were performed on acid blanks, quality control 

standard solutions and standard reference material. Analyses were performed by Mines 

Douai. 

• Soluble anions and cations were analyzed by ionic chromatography (IC, Dionex DX-

600). Briefly, samples were soaked for one hour in 10 mL of Milli-Q water, and then filtered 

using 2 μm-porosity Acrodisc filters before analysis. AS/AG 17 and CS/CG 12A columns 

were used respectively for anions and cations analyses (J. Sciare et al. 2010). Analyses were 

performed by LSCE (CEA-CNRS-UVSQ). 

• Elemental carbon (EC) and organic carbon (OC) were analyzed using the thermo 

optical transmission (TOT) method on a Sunset Lab analyzer (M. E. Birch and Cary 1996). It 

was performed according to the National Institute of Occupational Safety and Health 

(NIOSH) 870 protocol (M. Eileen Birch and Cary 1996). LCSQA (Mines Douai and INERIS) 

was responsible for these analyses. 

• Sugar anhydrides (levoglucosan, mannosan, and galactosan) and sugar alcohols 

(arabitol, sorbitol and mannitol) were analyzed by HPLC-PAD using a set of Metrohm 

columns (MetroSep A Supp 15 and Metrosep Carb1) following the procedure previously used 

by Jean Sciare et al. (2011) These measurements were performed by LSCE (CEA-CNRS-

UVSQ). 

 

 Limits of detection 2.3.4

As an introduction it is important to define an overall detection limit, as it can be associated 

either with the analytical method, or with the sampling method, as follows (equation 2): 

𝐿𝐷 =  𝐿𝐷𝑎 𝑎𝑛𝑑/𝑜𝑟 𝐿𝐷𝑓𝑏   (Eq. 2) 

This distinction is made due to the fact that not always analytical detection limits (LDa) were 

available and field blanks were used to calculate the limits of detection. 

The analytical detection limit (LDa) is directly associated with the analytical method and it 

defines the limit of detection of this method. In the case of ICP analysis, this limit is obtained 
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by analyzing a blank acid solution 10 times during the same measurement exercise. By 

definition, the LDa is obtained by multiplying the standard deviation of these laboratory blank 

measurements (σb) by a factor 3 (equation 3): 

𝐿𝐷𝑎 = 3 × 𝜎𝑏     (Eq. 3) 

The detection limit associated with the sampling method (LDfb) is calculated via the same 

expression where the blanks are in fact virgin filters that were not submitted to an air flow but 

that were handled in the exact same way as the rest of the samples, including transportation to 

the field, handling, storage and analytical procedure (equation 4): 

𝐿𝐷𝑓𝑏 = 3 × 𝜎𝑓𝑏    (Eq. 4) 

where σfb is the standard deviation of the field blanks. 

These measurements are later used to correct and validate all the raw concentrations obtained 

from the analytical methods. In this study, a protocol was developed where all concentrations 

were screened and corrected regarding both the analytical and field blanks detection limits: 

 All the obtained concentrations from filters, including normal samples and field 

blanks, go through a process of validation having into account the LDa, where all the 

samples below this value are replaced by LDa/2. At this point the lowest value seen at 

the obtained concentrations will always be LDa/2. 

 A second data validation step is added now having into account the field blanks. The 

LDfb is calculated and used as a parameter to assess the quality of the field blanks 

recovered. It is also useful to identify possible contaminations on the field blanks by 

comparing each field blank with the average value of all these filters. 

 The final correction of the concentration is made having into account the average 

concentration of the field blanks: if a sample concentration is superior to at least twice 

the average concentration of the field blanks then the final concentration will be 

obtained by subtracting the average concentration of the field blanks (equation 5): 

 

If  𝐶𝑖 ≥ 2 × 𝐶𝑓𝑏   then 𝐶 = 𝐶𝑖 − 𝐶𝑓𝑏  (Eq. 5) 

 

where Ci corresponds to a given sample, Cfb the average concentration of the field blanks and 

C the final corrected concentration of sample i. 
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If a sample concentration is strictly inferior to twice the average concentration of the field 

blanks then the final concentration will be replaced by LDa/2 (equation 6): 

 

If  𝐶𝑖 < 2 × 𝐶𝑓𝑏   then   𝐶 =
𝐿𝐷𝑎

2⁄   (Eq. 6) 

Here the minimum value of LDa was chosen (instead of replacing also by LDfb) to avoid 

obtaining a concentration matrix with minimum values calculated in different ways. By 

defining the absolute minimum for each variable as LDa, the methodology is consistent to all 

species. 

 

 Measurement uncertainties 2.3.5

The uncertainty associated with each measurement depends on each step of the analytical 

process and can, therefore, be linked to the process of sampling, matrix effects, working 

conditions, analytical uncertainties of the instruments, dilutions, even human error…  

One of the classical methods for estimating uncertainty is error propagation. For this method, 

data uncertainties (i.e. standard deviations of observations) are assumed known. Then the 

covariance matrix of computed results is obtained by applying the well-known error 

propagation formula that is based on a linear approximation around the measured values.  

Understanding and knowing the nature of the data in question is crucial, and as suggested by 

the Guide to the expression of Uncertainty in Measurements (ISO, 1993), (that inspired 

Eurachem to develop the guide EURACHEM/CITAC (Ellison et al. 2000), also explained in 

the doctoral thesis of Lamaison (2006), one can divide the process of uncertainty calculation 

in 4 stages (figure 24): 
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Figure 24: Scheme of the protocol to obtain uncertainties linked to measurements (source: Ellison et al. 2000) 

 

Following the proposed diagram, defining the measurand is to clarify exactly what is being 

measured and a quantitative expression relating the value of the measurand to the parameters 

on which it depends. In this case, one is measuring a concentration, defined as the amount of a 

given component in mass per volume unit ( 𝐶 = 𝑚
𝑉⁄ ), specifically in this study is the mass 

expressed in µg per cubic meter of sampled ambient air (µg/m
3
). 
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The second step points out the importance of identifying uncertainty sources. To do so, one 

looks at the expression that defines the measurand and identifies all the potential sources of 

uncertainty associated with each necessary measurement. It should also be said that there may 

be sources of uncertainty that are not directly related with each measured parameter but can 

have an impact on the final value (e.g. contamination, human error, etc). 

As an example, in the work of Yenisoy-Karakaş (2012) using an ICP-MS analyzer, the 

estimation of the uncertainty of the concentration obtained was calculated taking into account 

the main parameters that affected the concentration of the elements, as: mass of sample, 

calibration curve, final volume of sample digested, dilution factor, recovery and repeatability. 

All these parameters can be described under a fishbone diagram, as illustrated in Tanase et al. 

(2015) also for ICP-MS measurements (figure 25): 

 

Figure 25: Uncertainties fishbone scheme for ICP measurements (source: Yenisoy-Karakaş 2012) 

 

On another study, carried out by Leiva et al. (2012), a fishbone diagram was also developed 

for ion chromatography measurements following the same principle: identification of the 

measurand and understanding of all the steps to reach the final concentration (figure 26): 
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Figure 26: Uncertainties fishbone scheme for IC measurements (source: Leiva et al., 2012) 

 

Once identified all the probable sources of uncertainties to the final concentration, it is time to 

quantify these uncertainties. This can be done by calculating the uncertainty associated with 

each individual step of the diagram that later will contribute to the final result. 

In the following, the process to calculate the uncertainty associated with elements 

measurements by ICP-OES and ICP-MS is described, due to the fact that they are the only 

measurements that were entirely carried out in Mines Douai. For the other used techniques, 

the detection limits and uncertainties considered in this study are the ones provided by the 

research laboratories in charge of the analyses. 

The following parameters were involved in the calculation of the concentrations of the 

elements in the samples, following the simplified fishbone diagram of figure 27:  

1. Accuracy (Ac) 

2. Air sampling volume (V) 

3. Repeatability (Rep) 

4. Contamination (Cont) 
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Figure 27: Uncertainties fishbone scheme for metal measurements carried out in Mines Douai 

 

The accuracy of all the measurements is assessed with two standard reference materials, NIST 

SRM 1648 and NIST SRM CZ120, which are submitted to the same protocol as filtered 

samples including the acid mineralization step and the whole analytical method (standards 

preparation, calibration curve, check of the stability of the instrumental response with an 

internal standard, among other steps). The accuracy of the measurements is calculated with 

the quantified recovery of each element. Are considered suitable values of recovery the results 

obtained between 80 % and 120 % of the certified values of the reference material, and if not 

this species is not included. The uncertainty associated with the accuracy of the method 

results is given by (equation 7): 

 𝑢𝐴𝑐 = √𝑢𝑁𝐼𝑆𝑇
2 +

𝑠𝑟𝑒𝑝
2

𝑛𝑟𝑒𝑝,𝑁𝐼𝑆𝑇
    (Eq. 7) 

where uNIST is the uncertainty associated with the reference standards, s
2

rep the standard 

deviation of the NIST analyzed and nrep, NIST the number of repeated NIST analysis. 

The sampling volume flow rate in this work was maintained constant at 30 m
3
 h

-1
. The 

uncertainty of the air sampling volume then depends on the time of sampling. Assuming that 

the uncertainty associated with the time of sampling is neglectable, and considering that the 

flow has rectangular distribution, a relative uncertainty of 5.6 % is obtained according to the 

guide EURACHEM/CITAC (2000). 

The repeatability and its relative uncertainty can be calculated by using the expression 

(equation 8): 

 𝑢𝑟𝑒𝑙
2(𝑅𝑒𝑝) =

𝐶𝑉(𝑄𝐶)2

𝑛𝑟𝑒𝑝,𝑄𝐶
⁄    (Eq. 8) 

where CV(QC) is the variability coefficient of the quality control (QC) samples repeated and 

nrep,QC is the number of QC samples analyzed. 
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The uncertainty associated with the possible contamination is obtained via the field blank 

filters measured, by the expression (equation 9): 

 𝑢𝑐𝑜𝑛𝑡
2 = (

𝐶𝑓𝑏

(2 × 0.1127)
⁄ )

2

   (Eq. 9) 

where 𝐶𝑓𝑏 is the average concentration of the field blank filters and 0.1127 is the analyzed 

relative portion of the filter. 

Thus the relative uncertainty in a concentration is the combination of the relative uncertainties 

of each above mentioned parameters. The combined uncertainty (in terms of relative 

uncertainty) can be calculated by using the equation 10: 

𝑢𝑟𝑒𝑙(𝐶) = √𝑢𝑟𝑒𝑙
2 (𝐴𝑐) + 𝑢𝑟𝑒𝑙

2 (𝑉) + 𝑢𝑟𝑒𝑙
2 (𝑅𝑒𝑝) + 𝑢𝑟𝑒𝑙

2 (𝑐𝑜𝑛𝑡) (Eq. 10) 

This detailed calculation was possible on the analysis of the elements, however, due to the 

fact that the other chemical analyses were not performed in Mines Douai, a standard method 

was used based on the work of Gianini et al. (2012): 

𝑢𝑖𝑗 = √𝐷𝐿𝑗
2 + (𝐶𝑉𝑗𝑐𝑖𝑗)

2
+ (𝑎𝑐𝑖𝑗)

2
     (Eq. 11) 

where cij are samples concentrations, DLj is the detection limit of specie j (calculated as twice 

the standard deviation of the field blanks), CVj the coefficient of variation and a a factor to 

account different sources of uncertainty like the ones mentioned above (a=0.03). 

In the case of some species an expanded uncertainty was used instead of the CV due to the 

very low uncertainties associated with low concentrations. This methodology was also applied 

by Waked et al., 2014 and it takes into account previous studies carried out under the same 

conditions - 10 % (Lim et al. 2003) for OC, 15 % (Schmid et al. 2001; Cavalli et al. 2010) for 

EC and 15 % for monosaccharide sugars such as levoglucosan, arabitol and mannitol (Piot et 

al. 2012; Iinuma et al. 2009). The values used for the calculation of the uncertainties are 

shown in Annex 1. 
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 Ion balance 2.3.6

An ion balance was performed for all sites to assess the nature of the particles collected.  This 

technique calculation is of capital importance because it can give clues about the nature of the 

unaccounted species. For example, if the account of cations is higher than the anions, this may 

indicate that the missing species could be carbonates or organic anions. An increase on in the 

contribution of anions can be associated with pollution episodes driven by secondary particles 

based on sulfate and nitrate. 

 

Figure 28: Balance between anions and cations on each sampling site 

 

Figure 28 shows the sum of anions, which comprises water-soluble chloride, nitrate and 

sulfate and the sum of cations, referring to water-soluble ammonium, sodium, potassium, 

calcium and magnesium. Quite balanced results were seen on all 5 sites, with distributions 

always near the 50-50 balance. The general result of a higher contribution of anions (seen on 

3 of the 5 sites) can be associated with a significant influence of secondary particles rich in 

nitrate and sulfate. 
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Several studies (Ocskay et al. 2006; Koçak, Mihalopoulos, and Kubilay 2007) have shown 

that the fine fraction of the aerosol (<2 μm) is slightly acidic or neutral, while the coarse 

particles (2–10 μm) are alkaline. The seen results are within the expected range seen in this 

kind of studies (Brauer et al. 1995). One should however have in mind that species like 

carbonates were not measured due to limitations in ionic analytical method. 

 

Figure 29: Correlation between anions and cations on all sampling sites (1:1 ratio) 

 

The scatterplot (figure 29) shows the balance between anions and cations for all sites, with the 

tendency already mentioned of a slightly higher contribution of anions. More significant 

discrepancies are seen at higher concentrations of ions. To these samples were also associated 

higher concentrations of PM10 mass concentration, leading to believe that the imbalance here 

identified could be either linked with episodes where the emission of some specific species 

here measured is more significant, or with the presence of chemical species directly affecting 

the ion balance. 
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Figure 30: Seasonal variation of the ion balance on each sampling site
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A clear seasonality in terms of ion contributions was seen on all five sites (figure 30) with 

greater concentrations of all ions seen during winter and spring. Also an interesting result is 

the fact that the winter of 2014 had smaller ion concentrations when compared to the winter 

of 2013. This can be linked to a multitude of reasons like specific weather conditions, 

different emission profiles of sources and also the fact that the winter of 2013 in this study is 

just composed by the months of January and February whereas the winter of 2014 includes 

the month of December 2013. However, concerning the comparison of wintertime weather 

conditions, it is noteworthy that on average winter 2014 was warmer, dryer and with a lower 

average pressure than the winter 2013, all these conditions favoring the partitioning of 

semivolatile species (like ammonium nitrate) more towards the gaseous phase. In addition, 

winter 2014 was also more rainy and with higher wind speed, these conditions favoring 

respectively the wet deposition of water-soluble species and the dispersion of pollutants. 

Therefore the difference in weather conditions may be a plausible explanation for the lower 

ions concentrations in winter 2014 compared to winter 2013 (table 3). 

Table 3: Comparison of the meteorological conditions between the winter of 2013 and the winter of 2014 

 PM10 

(µg m
-3

) 

Rainfall 

(mm) 

Mean 

temperature (ºC) 

Pressure 

(hPa) 

Wind speed 

(m/s) 

RH 

(%) 

Winter 13 28.3 1.8 2.2 1017.0 3.5 89.6 

Winter 13-14 18.3 3.1 5.8 1010.8 4.5 86.4 

 

Despite this difference between winter seasons, the difference between anions and cations 

([Anions] – [Cations]) was calculated to try to better assess a possible seasonal trend 

(figure 31). 
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Figure 31: Difference between anions and cations on each sampling site per season 

 

Although there are significant occasional differences between the sites, a possible trend is 

seen in this study, where the sum of anions seems to be greater than the sum of cations during 

colder seasons. Again, this can be associated with the previous remarks that summertime 

conditions (high temperature, low RH) decrease the atmospheric concentrations of particulate 

semi-volatile species due to more favorable conditions for gases, whereas rainy conditions in 

fall favor wet deposition of water-soluble species.  

 

 Mass closure 2.3.7

In studies where an exhaustive chemical characterization is undertaken, like this one, the 

chemical mass closure allows to assess the extent of which the PM10 mass concentration 

measured can be explained by the contributions of the measured chemical species (Maenhaut 

et al. 2002; Putaud et al. 2004; Terzi et al. 2010).  

In this work, the PM10 reconstructed mass (equation 12) was achieved according to the 

method described in Waked et al. (2014) and it was chosen due to the similarities between the 

studies – similar collection period, measured species, typology of sites and geographical 

location (north of France). 

𝑃𝑀10 = 𝐸𝐶 + 𝑓∗ × 𝑂𝐶 + 3 × 𝑁𝑎+ + 10 × 𝐶𝑎 + 𝑁𝑂3
− + 𝑛𝑠𝑠𝑆𝑂4

2− + 𝑁𝐻4
+ (Eq. 12) 
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where nssSO4
2-

 represents non-sea salt sulphate, calculated as the difference between total 

SO4
2-

 and sea salt sulphate being calculated by multiplying the mass concentration of Na
+
 by a 

factor of 0.252 (following the methodology described by Seinfeld and Pandis, 2006). The OC-

to-OM conversion factor (f*) was estimated based on the work of Turpin and Lim (2001), 

showing a dependence of this factor according to the expected sources and surroundings (with 

lower values close to the emission sources and highest ones at remote locations). Therefore, 

OM:OC ratios chosen in the present ranged from 1.6 (for Roubaix) to 1.9 (for Revin), as 

summarized in table 4. 

Table 4: OM/OC ratio used in each sampling site 

 Lens Nogent-sur-Oise Revin Rouen Roubaix 

OM/OC ratio 1.75 1.75 1.9 1.75 1.6 

 

The value of 1.75 was selected for the urban sites because having in consideration previous 

works in the region, a significant contribution of biomass burning is expected (Waked et al., 

2014). The traffic site followed the recommendation of Turpin and Lim (2001) for the value 

of 1.6, whereas to the remote site, being surrounded by forests was given a ratio of 1.9. 

As summarized in table 5, mean unaccounted masses extend from 0% to 20% of the PM10, 

which is within the expected range reported in previous studies (e.g., Pérez et al. 2016; C. Pio 

and Alves 2013).  

Table 5: Unaccounted masses for each sampling site 

Lens Nogent-sur-Oise Revin Rouen Roubaix 

0 % 15 % 10 % 20 % 5 % 

 

Figure 32 allows investigating chemical mass closures in more detail, presenting the scatter 

plots for the correlations between the measured PM10 mass concentration and the 

reconstructed PM10 mass concentration for each site. 
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Figure 32: Correlation between PM10 measurements and mass closure method 

 

Better correlations were seen in the traffic site as well as in the urban ones. A larger scattering 

of points was seen in the remote site of Revin. The differences between the reconstructed 

mass and measured PM10 mass concentration can be attributed to:  

 Uncertainties over the measured total mass (here by TEOM-FDMS or MP101M-

RST). 

 Uncertainties linked to the estimate of aerosol fractions from specific markers. A 

typical example here corresponds to the choice of the conversion factor between 

OC and Organic Matter (OM). 
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 Uncertainty over the amount of water in the aerosol, not taken into account on the 

chemical analysis but maybe included in the measurements of total mass. 

Figure 33 presents seasonal values of the PM10 reconstructed mass and their difference to the 

ones measured by TEOM-FDMS or MP101M-RST measurements. For each site, differences 

may be seen from one season to another in the amount of unaccounted PM10 mass. The most 

elevated relative unaccounted masses (reaching up to 40% of the measured PM10) were 

observed for Rouen in in the summer of 2013 and winter and spring of 2014, in Lens for the 

summer of 2013 and Nogent-sur-Oise in the winter of 2013. Therefore, no evident common 

pattern could be identified, neither for a given season nor between sites.  
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Figure 33: PM10 reconstructed mass and unaccounted fraction per season at each sampling site 
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 PM10 chemical composition at each site 2.4

Once collected and analyzed all the available filters, and after a process of data validation 

taking into account quality control measurements and blank filters (field and analytical 

blanks), the final selection of variables per site can be seen in table 7. 

Table 6 shows a summary of the samples distribution per site and per season. Due to sampling 

issues, the total number of available filters was not the same for each sampling site. 

Moreover, due to the sampling period encompassing 2 winters and 2 springs but only 1 

summer and 1 fall, the number of available filters varies from one season to another. This is 

an important factor to keep in mind, especially when considering the average contribution of 

species and/or sources throughout the studied period, where a greater weight can be expected 

for winter and spring-related sources/species. 

Table 6: Number of samples for each sampling site - total and per season 

 Lens Nogent-sur-Oise Revin Rouen Roubaix 

Total 167 157 168 168 159 

Winter 49 45 49 50 41 

Spring 59 61 61 61 57 

Summer 29 22 28 31 30 

Fall 30 28 30 26 31 
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Table 7: Validated (checked) species used at each sampling site 

Species Lens 
Nogent- 

sur-Oise 
Revin Rouen Roubaix 

PM10      

EC      

OC      

Cl
-
      

NO3-      

SO4
2-

      

Na
+
      

NH4
+
      

K
+
      

Mg
2+

      

MSA      

Oxalate      

Levoglucosan      

Polysaccharides      

Sugar alcohols      

Monosaccharides  
 

   

Al  
 

 
 

 

Fe      

Ca      

As      

Ba   
  

 

Cd      

Ce      

Co      

Cs  
 

   

Cu      

La      

Mn      

Mo      

Ni      

Pb      

Rb      

Sb      

Se  
 

   

Sr      

Ti  
 

 
 

 

U  
   

 

V      

Zn      
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Figure 34 shows the total average mass concentration of PM10 as well as the average 

concentration per season on each site.  

 

Figure 34: PM10 average concentration on each site per season 

 

The highest average PM10 concentration was recorded in Roubaix, the traffic site, and the 

lowest was seen in Revin, the remote site. Spring is commonly observed as being the season 

where the average PM10 is at its highest, with the exception of Nogent-sur-Oise where the 

winter season recorded the highest average concentration. On the other hand, fall showed to 

be the season where the average concentration of PM10 was at its minimum in Rouen, 

Roubaix and Lens. In Nogent-sur-Oise this minimum was seen during summer and in Revin it 

was seen during winter. This latter result is quite interesting because winter is often a season 

where high concentrations of particles are seen. This can be explained with the absence of 

strong anthropogenic sources near the Revin sampling site. 

  

Figure 35: Average chemical composition of PM10 on each sampling site 
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As observed in figure 35, the chemical characterization of the 5 sites showed the importance 

of organic matter to the total PM10 mass concentration, being the main contributor on all 5 

sites. Nitrate and sulphate also proved to be main components on the sampled particles, nitrate 

being the second main contributor on all sites and sulphate the third. It is also interesting to 

point out the contributions of sodium and chloride, which are assumed to have a marine 

origin, on the different sites according to their distance to the sea (figure 36). The most 

significant difference is seen in Revin, where the sum of these ions showed a smaller 

importance to PM10 mass (5 %) when compared with the other sites (7-8 %). This is in 

accordance with Revin being the sampling site located furthest from the sea. In figure 36, it is 

observed that the chloride ion to sodium ion molar ratio varies from near 1 at Rouen to 0.5 at 

Revin. This phenomenon may be attributable to the well-known chloride depletion of NaCl 

aerosols when mixed with anthropogenic emissions (McInnes et al. 1994), following reactions 

like the one forming sodium nitrate aerosols: 

𝑁𝑎𝐶𝑙 (𝑠)  +  𝐻𝑁𝑂3 (𝑔)  𝑁𝑎𝑁𝑂3 (𝑠)  +  𝐻𝐶𝑙 (𝑔)  (Eq. 13) 

 

Figure 36: Average chloride per sodium ratio for each site according to their distance to the sea 

 

A comparison was made between the results obtained for the sampling site of Lens and the 

study carried out by Waked et al. (2014), equally conducted in Lens for filters sampled during 

2011-2012. Very similar results were found between the two studies. The present study 

recorded an average mass concentration of PM10 of 21 ± 13 µg m
-3

, exactly the same values 

seen in Waked et al. (2014). It should be noted that this study refers to an 18 months sampling 

period, including 2 full spring seasons and nearly 2 winter seasons, where higher PM 

concentrations are often found. Indeed, the concentrations observed throughout the seasons 
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were significantly different between the 2 studies. As an example, during the summer of 2011 

the average mass concentration of PM10 measured in Lens was of 13.7 µg m
-3

 but in the 

summer of 2013 a value of 22.2 µg m
-3

 was seen, corresponding to a 62% increase. As 

another example, the winter of 2013-2014 was the seasonal period where the present study 

exhibited the lowest concentrations of PM10 with 12.7 µg m
-3

, that when compared with the 

value of 19.7 µg m
-3

 recorded during the winter of 2012 represents a decrease of 36%. Despite 

the seasonal differences seen between the 2 studies, not only the average concentration of 

PM10 was quite similar, but also its chemical composition. In both studies OM was identified 

as the main contributor to PM10 mass and the main ions (nitrate, sulfate and ammonium) the 

following main species. 

 

 Carbonaceous aerosols 2.4.1

Organic carbon, when converted to organic matter, is the main contributor to PM10 mass on 

all sites and elemental carbon has contributions ranging from 1% to PM10 mass (on average) 

in Revin up to 6% in Nogent-sur-Oise and Roubaix. 

 

Figure 37: EC (top) and OC (bottom) average concentrations on each sampling site, per season 
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Table 8: EC and OC average concentrations and standard deviations (µgC m-3) at each sampling site, per season 

 
Lens Nogent-sur-Oise Revin Rouen Roubaix 

 
EC ± 1 OC ± 1  EC ± 1 OC ± 1 EC ± 1 OC ± 1 EC ± 1 OC ± 1 EC ± 1 OC ± 1 

Average 0.60 0.58 3.19 2.63 1.15 0.98 4.11 3.49 0.17 0.10 2.16 1.27 0.92 0.79 3.37 2.57 1.29 1.29 4.27 4.27 

Winter 13 0.82 0.86 5.45 5.38 1.27 1.24 6.15 3.98 0.18 0.07 2.61 1.69 1.25 1.07 5.38 3.40 1.34 1.47 5.32 2.95 

Spring 13 0.49 0.61 2.89 1.98 0.81 0.56 3.72 2.02 0.17 0.10 2.27 1.30 0.81 0.36 3.78 2.04 0.91 0.47 4.42 2.62 

Summer 13 0.44 0.24 2.67 1.27 0.81 0.39 3.56 1.40 0.16 0.07 2.70 1.13 0.72 0.21 3.02 1.39 0.96 0.45 3.44 1.50 

Fall 13 0.73 0.54 2.73 1.74 1.40 0.99 3.48 2.62 0.15 0.06 1.95 1.06 1.06 0.60 2.82 1.30 1.66 0.88 4.33 2.44 

Winter 13-14 0.68 0.77 2.84 1.91 1.41 1.26 4.46 6.04 0.18 0.11 1.57 1.03 1.09 1.40 3.25 4.03 1.53 1.05 4.01 2.87 

Spring 14 0.53 0.30 3.27 2.17 1.21 1.07 3.88 2.97 0.20 0.14 2.09 1.21 0.75 0.47 2.58 1.59 1.34 1.17 4.79 3.01 
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The difference in concentration ranges is clearly visible in Revin compared to the other sites, 

and this was expected due the remoteness of this sampling location (figure 38). This 

difference is more evident in the case of EC, usually associated more with anthropogenic 

activities, not found in Revin. Roubaix and Nogent-sur-Oise showed the highest average 

values both for EC and OC (table 8) indicating that the site of Nogent-sur-Oise, although 

labelled as an urban site, exhibits similar characteristics to Roubaix, a traffic site. Being EC 

commonly associated with traffic emissions makes sense to see highest values in Roubaix and 

leads to the conclusion of a more important traffic influence in Nogent-sur-Oise when 

compared to the other urban sites (Lens and Rouen). No clear seasonality was observed for 

both species except for higher levels of OC seen on all sites during the winter 2013. 

 

Figure 38: Correlation between EC and OC on all sampling sites 
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Figure 39: OC/EC ratio at each sampling site per season 

 

Analyzing the ratios between OC and EC clearly demonstrate the completely distinct pattern 

seen in Revin (figures 38 and 39). This is due to the low contributions of EC in this site 

indicating the absence of EC sources near Revin. Between the sites located closer to 

anthropogenic sources, Lens is the one showing a higher OC/EC ratio, and Roubaix, the 

traffic site, showing the lowest value on average. Again, no clear seasonality was observed, 

being however interesting to point out the clear difference between the winter of 2013 and the 

winter of 2013-14. 

 

 Organic species 2.4.2

A total of 9 different organic species were measured. Methanesulfonic acid (MSA), oxalate 

and levoglucosan as main species and then 2 polysaccharides (mannosan and galactosan), 2 

polyols (arabitol and mannitol) and 2 monosaccharides (mannose and glucose). Due to very 

low values of concentration of the last 6 species mentioned, these latter were grouped 

according to their chemistry. For the site of Nogent-sur-Oise the contributions of 

monosaccharides were not considered due to the poor data quality of glucose.  
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Figure 40: Average contribution of the organic species measured on each sampling site 

 

On all sites levoglucosan was the main contributor among the organic species measured 

(figure 40). The lowest contribution was seen in Revin, the remote site, and the highest in 

Nogent-sur-Oise. Levoglucosan is commonly associated with biomass burning activities (B. 

R. Simoneit et al. 1999) as well as other polysaccharides that are the result of the degradation 

of cellulose by combustion (Puxbaum et al. 2007), and Nogent-sur-Oise, together with the 

city of Creil, is known for significant emissions due to house heating practices (ATMO 

Picardie 2014). Oxalate is found in the atmosphere emitted from both biogenic and 

anthropogenic primary sources (Kawamura and Kaplan 1987; Kawamura and Ikushima 

1993), as well as from oxidation processes of organic precursors in the gaseous and 

condensed phases (Dabek-Zlotorzynska and McGrath 2000; Chebbi and Carlier 1996; 

Kawamura, Kasukabe, and Barrie 1996; Myriokefalitakis et al. 2011). MSA (methanesulfonic 

acid) has been commonly used as a tracer for marine phytoplankton activity (Andreae and 

Crutzen 1997; Mattias Hallquist et al. 2009; Gaston et al. 2010).  

Strong seasonality was seen across the five sites (figure 41). Levoglucosan and 

polysaccharides showed their highest contributions during both winters in every site 

supporting the premise of its association with house heating activities. Virtually no 

contribution is associated with these species during summer on all the sites as well. On the 
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other hand, MSA exhibited higher contributions during summer and no significant ones 

during winter also supporting the premise pointed above of it being associated with algae 

bloom phenomena. Oxalate however showed no clear tendency across the sites or a clear 

seasonal behavior. Sugar alcohols, commonly associated with biogenic primary emissions, 

showed an increased contribution during summer and fall on all sites, a result in accordance 

with the results seen in the work of Waked et al. (2014).  
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Figure 41: Organic species concentrations on each sampling site, per season 
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An important characteristic reported in several studies (Schmidl et al. 2008; Maenhaut et al. 

2012; Caseiro et al. 2009) is the ratios observed between species, namely the ratios of 

concentrations of levoglucosan with mannosan and the sum of mannosan and galactosan. 

These ratios have been associated directly with smoke from wood burning activities and could 

therefore be used to predict the contribution of these particles to PM10 mass. 

Assessing the correlations between levels of levoglucosan observed during the same days in 

the different sites, one can have an idea if these particles could have a regional influence by 

showing high correlations. 

Table 9: Between site correlation coefficients for levoglucosan contributions during the studied period from the 5 sites 

 
Lens Nogent-sur-Oise Revin Rouen Roubaix 

Lens 1.00 
    

Nogent-sur-Oise 0.66 1.00 
   

Revin 0.73 0.56 1.00 
  

Rouen 0.50 0.51 0.52 1.00 
 

Roubaix 0.82 0.59 0.64 0.48 1.00 

 

Table 9 shows that low correlations were seen between the sites, indicating that contributions 

of levoglucosan are very specific to each sampling site, suggesting rather local sources of this 

compound. Interestingly, the highest correlation seen was between the site of Lens and 

Roubaix, the sampling sites that are located closer together, at a distance of 37km of each 

other. 

Studies on the combustion of wood showed that different kinds of wood such as softwoods 

(like spruce and larch) and hardwoods (like beech or oak) are associated with different ratios 

of levoglucosan and mannosan in the emitted particles. Several studies have associated lower 

ratios for softwoods (3.9 – 6.7 in the US; 3.6 – 3.9 in Austria) and higher for hardwoods (13 – 

24 in the US; 14 – 15 in Austria) in the US (Fine, Cass, and Simoneit 2004) and in the 

European country of Austria (Schmidl et al. 2008). The latter also associated a lower ratios of 

levoglucosan to the sum of mannosan and galactosan to softwoods (1.2 – 2.8) and higher to 

hardwoods (8.5 – 9.9). Higher concentrations of these compounds were seen during winter, as 

reported above, so the values during these were the ones used to assess the composition of 

wood smoke related particles (table 10). 
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Table 10: Average and seasonal ratios of L/M and L/(M+G) for each sampling site 

Lens 

 L/M L/(M+G) 

Average 88.1 15.5 

Winter 13 6.8 5.2 

Spring 13 5.6 4.6 

Summer 13 445.8 46.9 

Fall 13 9.0 8.1 

Winter 13-14 18.0 13.9 

Spring 14 14.2 11.0 

Nogent- 

Sur-Oise 

 L/M L/(M+G) 

Average 22.1 10.5 

Winter 13 15.5 12.1 

Spring 13 14.2 11.5 

Summer 13 78.8 14.0 

Fall 13 7.9 6.9 

Winter 13-14 14.4 9.9 

Spring 14 13.4 9.6 

Revin 

 L/M L/(M+G) 

Average 11.9 9.6 

Winter 13 14.0 11.6 

Spring 13 13.3 10.6 

Summer 13 9.2 7.6 

Fall 13 14.6 12.2 

Winter 13-14 13.1 9.9 

Spring 14 7.8 6.3 

Rouen 

 L/M L/(M+G) 

Average 27.1 9.0 

Winter 13 11.0 7.9 

Spring 13 33.6 11.4 

Summer 13 83.9 13.9 

Fall 13 9.5 7.6 

Winter 13-14 10.6 8.1 

Spring 14 6.5 4.3 

Roubaix 

 L/M L/(M+G) 

Average 8.1 6.4 

Winter 13 9.5 7.4 

Spring 13 5.8 4.7 

Summer 13 9.2 6.0 

Fall 13 8.3 7.5 

Winter 13-14 9.1 7.5 

Spring 14 7.5 6.0 
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The north of France is characteristic of a dominance of broad-leafed trees, also known as 

hardwood according to the French National Institute of Geographic and Forestry Information 

(Institut National de l’Information Géographique et Forestière – IGN). The results seen for the 

mentioned ratios show a tendency to be in better accordance with characteristic emissions of 

these woods. In Chapter 4 of this work, a comparison was made between the predicted 

contribution of wood smoke particles to PM10 mass and average contributions of the biomass 

burning factor obtained from the PMF exercise on each site. 

 

 Ions 2.4.3

To study the water soluble ions in particles and their contribution is of great importance to 

any PM based work due to their significant presence in aerosols in general and usefulness on 

tracing specific natural and anthropogenic sources. In this study 7 main ions were measured (3 

anions and 4 cations) identifying, as seen above, sulfate, nitrate and ammonium as 3 of the 4 

main contributors in PM10 mass concentration across the 5 sampling sites. 

 

Figure 42: Ion contribution to PM10 mass on each sampling site 

 

No significant differences were found between the sites concerning average contribution of 

these ions (figure 42). Sulfate, nitrate and ammonium were the main ions on all sites followed 

by chloride and sodium. The values of chloride and sodium found in Revin were inferior to 
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the other sites, as explained previously by the bigger distance of this sampling site to the sea. 

Also in Revin, the proportion of non-sea salt sulfate is higher than in any other site. 

 

Figure 43: Ion concentrations on each sampling site, per season 

 

Not like EC and OC, the ions showed a strong seasonality on all sites (figure 43). Higher 

concentrations were seen in winter and spring on all sites, driven by an increase on nitrate, 

sulfate and ammonium contributions during these seasons. Again the difference between the 

winter of 2013 and the winter of 2014 is evident in this exercise. Lens showed a significant 

difference between the winter of 2013 and spring 2013, with a decrease of about 25% of ion 

average concentrations, something not observed on the other sites. Finally, once more we see 

Revin with the lowest average contributions when compared with the other sites, but still 

showing the same seasonal behavior, and similar average contributions in Nogent-sur-Oise 

and Roubaix.  

All these observations contribute to demonstrate that water-soluble ions are mostly related to 

regional pollution, as all the sites show almost the same composition and the same seasonal 

variation. However differences are seen between sites regarding the sums of their mass 
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concentrations (in seasonal average) which may reach up to 20 µg/m
3
 in Roubaix and Lens 

(the most northern sites) but only 15 µg/m
3
 in Nogent-sur-Oise and Rouen (the most southern 

sites) and 10 µg/m
3
 in Revin (remote site). This may be due to different local sources that may 

add their contributions to the regional one, but this may also be related to the impact of a 

strong emission source area located in the north of the investigated region (i.e. maybe in 

Belgium and the Netherlands) which could have a decreasing impact along a north-to-south 

axis. 

In order to understand and predict how these ions are found in ambient air a mass closure / ion 

balance was performed based on the following assumptions and suggested in the work of 

Alastuey et al. (2005): 

 The sodium found in the sampling sites has marine origin and is balanced with 

chloride 

 Ammonium is preferentially associated with sulfate as (NH4)2SO4 (Seinfeld and 

Pandis 1998) 

 In case of excess of ammonium this is associated with nitrate as NH4NO3 

 Due to strong presence of nitrate seen during this work this remaining nitrate is 

associated with excess of sodium and the remaining cations 

This method allows to predict the contributions of 4 main compounds: NaCl, NaNO3, 

(NH4)2SO4, and NH4NO3, where the first and the second are supposed to be associated with 

marine origins (the first with fresher particles), and the 2 remaining with anthropogenic 

activities. With this method, all the main species were allocated, with the exception of around 

15% of the nitrate. Curiously, this value is then perfectly matched by the sum of the cations 

that were not used to in the method (i.e. K
+
, Mg

2+
 and Ca

2+
) The average contribution of these 

main species can be seen in figure 44.  
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Figure 44: Average contributions of the calculated species of NaCl, NaNO3, NH4NO3 and (NH4)2SO4 for each sampling site 

 

Once again is evident the importance of species related with anthropogenic activities. Is also 

interesting to point out the lower contribution of sea salt related particles in Revin, the remote 

site, which at the same showed the largest contribution of more aged marine salts. Revin is 

also the site located farthest from the coast. 

 

 Exceedance episodes 2.5

As reported before and defined by the EU, a limit on PM10 average daily concentration is 

imposed to all EU countries of 50 µg m
-3

, to not be exceeded more than 35 times in one year. 

This study collected samples every third day and found the following number of samples with 

PM10 mass concentration above the mentioned limit during the studied period of 18 months 

(table 11). 
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Table 11: Number of exceedance episodes on each site, during the sampling period 

 
Lens Nogent-sur-Oise Revin Rouen Roubaix 

nº of samples with 

PM10 > 50 µg m
-3

 
6 18 1 13 13 

 

The sampling site with the larger number of exceedance episodes was unexpectedly Nogent-

sur-Oise, which does not present the higher average PM10 mass concentration. On the other 

hand, in Revin just one sample was seen with PM10 concentration above 50 µg m
-3

.  

These exceedance episodes also show a clear seasonal dependence, as most were found 

during spring and winter across the five sites (Figure 45). It is noteworthy also that this study 

includes two cold periods (winter 13 + spring 13 and winter 13-14 + spring 14) and just one 

warm period (summer 13 + fall 13) however, and just including the first 4 seasons of this 

study, most exceedance episodes occur during spring, followed by winter. 

 

Figure 45: Seasonal distribution of exceedance episodes on each site 
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Figure 46: Time distribution of exceedance episodes on each sampling site 

 

It is visible there is some correlation between the 5 sites in terms of exceedance episodes 

(figure 46). Two periods seem to be evident, one in late March 2013 and the other in late 
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February 2014. This correlation between sites is an indication and evidence on a possible 

regional influence of PM10 in the north of France. A chemical speciation during these events 

shows the importance of the main components like OM and nitrate (figure 47). 

 

Figure 47: Average chemical composition during exceedance episodes on each sampling site 

 

Across the five sites, once more, the chemical composition during exceedance episodes did 

not show significant differences from site to site. When compared to the average composition 

during the studied period one sees the increased importance of the main ions – nitrate, sulfate 

and ammonium. Nogent-sur-Oise shows a strong contribution of OM as well, followed by 

Lens, Rouen and Roubaix, all sites with strong anthropogenic influence. The remote site of 

Revin showed its exceedance episode due to a strong contribution of secondary inorganic 

aerosols (SIA). To better understand the differences seen across the sites, one can study 

individual events like the one seen on late March 2013 (figure 48), where all sites recorded 

PM10 levels above the 50 µg m
-3

 limit (30
th

 of March to all sites, except for Nogent-sur-Oise 

sampled on the 29
th

). 
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Figure 48: Chemical composition of the samples of March 30, 2013 at all sites, except Nogent-sur-Oise sampled on the 29th 

 

The importance of the main ions is evident, being the main contributors to PM10 mass during 

this event on all 5 sites. This is evidence of the regional impact of these species and their 

importance during high concentration episodes. 

Other sampled recording high concentration of PM10 was the 6
th

 of March 2013, where the 

legal limit was exceeded in Nogent-sur-Oise and Roubaix (figure 49). 
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Figure 49: Chemical composition of the samples of March 6, 2013 to all sites 

 

Once again an important fixture of the chemical composition seen for the samples collected 

on the sites on the same day is the small variability from site to site, however, when 

comparing the chemical composition of these samples with the ones collected on the last day 

of March, the stronger influence of OM to the total PM10 mass is clear. This is an important 

indication that different sources are contributing to the high concentrations of PM in the 

atmosphere, and that a regional influence of the pollutants is expected. 

 

 Conclusions of Chapter 2 2.6

Samples collected in 5 sites spread across the north of France were analyzed and validated in 

this work. These sampling sites were characterized in regards to their typology, surroundings 

and average meteorological data collected in nearby stations.  

The study of the uncertainties associated with the analytical measurements and a methodology 

of calculation of these uncertainties was defined. The obtained concentrations of measured 

species were then validated and their ion balance assessed. A good agreement between anions 

and cations was observed in all sites. PM10 mass was also reconstructed and compared to the 
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mass concentration measured at each sampling site. Unaccounted masses ranged from 0% to 

20% on the 5 sites and no particular seasonal dependency was observed. 

The traffic site of Roubaix recorded the highest average concentrations of PM10 during the 

studied period and the remote site of Revin the lowest. Interestingly, the average composition 

of particles was quite similar on all sites, and organic matter was seen to be the main 

contributor. The major ions showed also significant contributions on all sites. 

Strong seasonality was observed on the main contributing ions, driven by higher contributions 

of nitrate during spring, accounting for approximately 45% on average of the ionic component 

of PM10. Organic species also demonstrated strong dependency with seasons, namely 

levoglucosan with higher contributions during winter. No correlation of levoglucosan between 

sites was found, suggesting an influence of more local sources driven probably by the 

combustion of hardwood material, as assessed from the ratios of levoglucosan with mannosan 

and with the sum of mannosan and galactosan. 

Finally, a significant number of exceedance episodes was observed in sites with 

anthropogenic presence. These episodes were observed mainly during spring and winter, and 

their chemical composition suggests a multitude of factors contributing to them, with some of 

these samples being driven by secondary inorganic aerosol (nitrate, sulfate and ammonium) 

and others with organic matter as the main contributor. 

This comprehensive chemical characterization of PM10 collected in 5 different sampling sites 

will allow a robust source apportionment exercise on each site and, because the 

methodologies of analysis and data treatment were kept the same, the results are completely 

comparable. 
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CHAPTER 3 - “COMBINATION OF POSITIVE MATRIX 

FACTORIZATION AND CONCENTRATION FIELD METHODOLOGIES 

TO INVESTIGATE THE SOURCES AND GEOGRAPHICAL ORIGINS OF 

PM10 CHEMICAL SPECIES: A FRENCH URBAN SITE CASE STUDY” 

(PUBLICATION 1) 

This chapter addresses the methodology associated with the source apportionment exercise at 

an urban sampling site in the north of France, located in Nogent-sur-Oise, and their 

geographical location. This will be reported as a publication that deals with the chemical 

characterization of PM10, its seasonality and contributions during exceedance episodes. A 

distinction is made between local and regional sources and their geographical locations are 

estimated. 

 

 Summary of Publication 1 3.1

This article objective is to uncover the methodology followed to assess a near-to-complete 

knowledge on a sampling site PM10 concentration masses, its chemical composition and 

seasonal variability, the main impacting sources of particles and their geographical location. 

Based on a complete database built with 158 samples collected during 18 months, a total of 36 

species were analyzed and quantified. The chemical measurements, including compounds like 

MSA and oxalate, allowed to perform a PMF analysis and to identify 9 main sources 

impacting Nogent-sur-Oise. The use of meteorological information like wind speed and wind 

direction was used to draw NWR plots to help defining local and regional sources. Back-

trajectories calculated with HYSPLIT4 permitted the use of the concentration field method to 

assess the probable location of these regional sources. 

 

 Chemical analysis – Methods and results 3.1.1

As mentioned above, a total of 158 samples were collected from the 2
nd

 of January to the 2
nd

 

of June. PM10 mass concentration was measured by TEOM-FDMS, ions and organic species 

were measured by ion chromatography and HPLC-PAD, respectively, EC and OC measured 

by TOT and metals analyzed by ICP. A total of 5 days did not record PM10 mass 
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concentration, and these values were replaced by the reconstructed mass following the 

methodology presented by Waked et al., 2014. Considered as missing values, associated to 

these reconstructed concentrations a factor of 4 was added to their uncertainty as proposed by 

Brown et al. (2015). A series of 3 consecutive samples also did not record metal 

concentrations (29
th

 and 31
th

 of March and 2
nd

 of April of 2013). Here, due to the fact that all 

the metal concentrations are missing and therefore there is no possibility of reconstructing 

their concentration, these samples were discarded. 

An average mass concentration of PM10 of 27.7 ± 16.8 µg m
-3

 was observed and the main 

contributing specie to PM10 mass was organic matter, calculated from the concentration of OC 

multiplied by a factor of 1.75 as proposed by Guinot, Cachier, and Oikonomou (2007) and 

Favez et al. (2009). OM contributed to 38% of the measured PM10 mass during the sampling 

period with an average concentration of 7.2 ± 6.1 µg m
-3

. The following main contributors 

were the major ions: nitrate, sulfate and ammonium contributing 23%, 12% and 8% to PM10 

mass, respectively. Finally, EC with an average concentration of 1.2 ± 1.0 µg m
-3

 was the 5
th

 

main contributor, followed by the remaining ions and metals.  

Strong seasonality was found during the studied period associated with the main contributing 

species. OM had its highest average concentration during the winter of 2013 (composed just 

by the months of January and February) of 10.8 ± 7.0 µg m
-3

, and its lowest concentration 

during the fall of 2013 with 6.1 ± 4.6 µg m
-3

, an decrease 44% in concentration. Nitrate 

showed even stronger seasonal variability ranging from 7.5 ± 6.5 µg m
-3

 in the spring of 2013, 

down to 1.7 ± 1.6 µg m
-3

 in the following season, a difference of 77% of the concentration. 

An important characteristic was observed related with the winter seasons of the studied 

period. The average PM10 concentration during the winter of 2013 was the highest recorded 

(42.9 ± 20.4 µg m
-3

), however, the winter of 2014 recorded much lower concentrations 

(23.8 ± 13.8 µg m
-3

), a difference of 45% between the same seasons one year apart. This 

difference is mainly attributed to the average concentration of ions, 15.5 µg m
-3

 vs 6.4 µg m
-3

, 

a difference of 59% that help to explain the discrepancy between PM10 values. 
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 Source apportionment 3.1.2

A total of 9 factors were identified: traffic, biomass burning, land and marine biogenic, fresh 

and aged sea salt, oxalate-, sulfate-, and nitrate-rich. Traffic was seen to be the main 

contributor to PM10 mass (18%) followed by biomass burning (15%), nitrate-rich (14%) and 

oxalate- and sulfate-rich (13%). Fresh and aged marine aerosols contributed 9% and 8%, 

respectively, and biogenic particles from land and sea 7% and 3%, respectively.  

Traffic, the main contributor, was identified by a significant presence of EC and OC, as well 

as most of the analyzed metals. The presence of elements such as Cu, Fe, Ba and Zn indicate 

that this factor is composed not only from exhausted related emissions, but also from non-

exhaust related particles originated from brake and tire abrasion. The presence of Ca in its 

chemical profile suggests also that an important fraction of this factor is composed by crustal 

matter that can either be transported or resuspended from the traffic activity. This is supported 

by the presence of nearly 60% of this species was found in this profile and that no crustal 

matter factor was found. The absence of other crustal matter tracers like Al, Si and Ti may 

have also contributed to the inability of PMF to account such source. This factor was seen 

with stronger contributions during spring and fall and lower ones during summer. 

The nitrate rich factor, composed mainly by nitrate and ammonium, was an important 

contributor to PM mass. Its chemical profile suggests that these particles are found in the 

atmosphere as ammonium nitrate and its strong seasonal variation supports this claim. Higher 

contributions of nitrate rich particles were seen during winter and especially spring (22%), 

falling down to just 4% in summer and 8% in fall. The semivolatility of these particles 

explains the higher contributions during colder months, as well as the seasonality associated 

with related sources (agricultural activities) that start late winter and spring. 

Sulfate rich and oxalate rich particles were also major contributors to PM mass, without 

however showing the strong seasonality of the previous factor. Contributions of sulfate rich 

aerosols ranged from 12% in winter to 16% in summer, and oxalate rich from 11% in winter 

and fall, and 21% in summer. The higher contribution during summer can firstly associated to 

lower emissions of the remaining factor as well as the increased emission of organic matter 

and organic compounds, which can be precursors for oxalate. 

Finally, a note to the biogenic particles identified in this study thanks to the analysis of 

specific tracers like sugar alcohols and MSA, both land and marine biogenic factors showed 
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their highest contributions during summer time. This was expected due to increased solar 

radiation leading to more intense biological activity. 

 

 Source location 3.1.3

To determine the possible geographical location of sources the authors first investigated the 

NWR associated with each factor. The ones seen to be associated predominately with higher 

wind speeds were assumed to have distance sources. The local identified factors were traffic, 

biomass burning and land biogenic. The oxalate rich factor seemed also to have an important 

local contribution, leading to assume that is an indication of the formation of these particles. 

On the regional factors of fresh and aged sea salt, nitrate- and sulfate-rich factors the 

concentration method was used to determine the geographical location of these sources. 

From the regional factors identified in this study, a clear distinction was seen between natural 

and anthropogenic related emissions. Factors like fresh and aged sea salt are originated from 

the Atlantic Ocean, and the difference between the two seems to be related with the velocity 

of the back-trajectories. Back-trajectories with higher velocities, originated from the North 

Atlantic Oscillation, carry “cleaner” particles of sea salt, whereas, air masses with less 

velocity originated in the Atlantic Ocean carry more aged aerosols. The lower speed of these 

air masses allows also the input of local anthropogenic emissions in this factor, seen by the 

presence of metals like Ni and V. Marine biogenic particles are mainly originated from the 

North Sea, associated with intense algae bloom seen during late spring and beginning of 

summer in this region. 

Anthropogenic related particles, like sulfate and nitrate rich, are originated from continental 

areas. Central and Eastern Europe were clearly identified as strong sources of these particles. 

Nitrate-rich particles seem also to be associated with sources located closer to the sampling 

site, like Belgium and the Netherlands, whereas sulfate rich aerosols seem to have also a 

possible contribution from ship emissions in the Strait of Gibraltar. Finally, oxalate-rich 

particles showed a more “scattered” concentration field map which can be linked to the 

presence of more local sources or local formation of these particles. 
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Abstract 

The knowledge of the sources of airborne particulate matter at a given sampling site can 

provide policymakers with crucial information to implement adequate measures to battle poor 

air quality in urban areas. A full chemical characterization was performed on samples 

collected at an urban French site for 18 months. The impacting sources assessment was made 

using the Positive Matrix Factorization model and showed important contributions of primary 

and secondary particles on PM10 mass concentration. Traffic and biomass related emissions 

were seen to be the main causes for primary aerosols production whereas sulfate rich and 

nitrate rich aerosols, associated with long range transport phenomena, were the main 

secondary contributors. The use of other statistical tools like the non-parametric wind 

regression and the Concentration Field method helped confirming not only the local or 

regional status of the identified sources but also identifying their probable geographical 

location. Natural sources such as fresh sea salt and marine biogenic were well spotted in the 

Atlantic Ocean and North Sea, respectively. On the other hand, secondary aerosols origin 

were clearly found in Central and Eastern Europe and therefore associated with anthropogenic 

activities. 

 

Keywords  

PM10, PM Chemical composition, Receptor-oriented methods, Source apportionment, PMF, 

Backward trajectories 
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1 INTRODUCTION 

Particulate matter (PM) in ambient air has significant health , economic (World Bank, 2016) 

and environmental impacts (Kelly and Fussell 2015; Samoli et al. 2008), aggravated during 

high concentration episodes, which have become an increasing concern for policymakers 

especially in densely populated areas. Precise information on the particle chemical 

composition, emission sources, and geographical origin are then required to prepare and 

implement effective action plans. 

Over the last 20 years, different statistical tools have been developed to identify and quantify 

emission sources of PM based on the knowledge of chemical composition at the sampling site 

(Paatero and Tapper 1994; Schauer et al. 1996; Ulbrich et al. 2009). Among these tools, 

generally referred as receptor-oriented models, the Positive Matrix Factorization (PMF) 

model allows grouping variables in what can be read as factors, or sources, with their 

corresponding temporal contributions (Waked et al. 2014; Pandolfi et al. 2008; Paw-Armart 

and Yoshizumi 2013; Maenhaut et al. 2016; Alleman et al. 2010). The identification of 

sources by PMF highly depends on the data quality provided, for which an exhaustive 

chemical characterization is recommended, including specific tracers of sources. Common 

sources such as primary traffic and industrial emissions, sea salt and crustal dust, can 

generally be quantified using PMF. However the use of new tracers can allow the 

identification of some less classical sources usually not taken into account, like primary 

biogenic emissions (Waked et al. 2014; Golly et al. 2015) or secondary marine emissions 

(Bove et al. 2016). 

Together with the identification of sources and their underlying characteristics (factor profiles 

and temporal contributions), it is also of major interest, in order to implement appropriate and 

efficient PM reduction policies, to distinguish between local and regional sources and to gain 

extra knowledge on the geographical location of the latter. This distinction can and should be 

made according to previous literature studies as well as by interpreting the results obtained 

with the receptor-oriented model used. The use of external information has proven to be 

helpful in a number of source apportionment studies (Kim Oanh et al. 2009; Watson et al. 

2002; Watson et al. 2008; Belis et al. 2011; Zhao and Hopke 2006). In the present work, 

meteorological data such as wind speed and direction were used to build pollution roses of 

local sources while back-trajectories were calculated for the receptor sampling site in order to 

track regional sources. These back-trajectories were also used for Concentration Field (CF) 
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analyses. CF is a Trajectory Statistical Methods (TSM) that allows calculating the residence-

time averaged concentration measured at the receptor site when back-trajectories pass over of 

a given area (Seibert et al. 1994). CF outputs can be used to map the probable origins of 

regional source air masses. Having the information of species concentrations and impacting 

sources on a given receptor site, one can compute the air mass back-trajectories arriving at 

this site during the sampled period to assess the origin of air masses to this specific point in 

space. These models are commonly referred to as Hybrid Receptor Models (Han, Holsen, and 

Hopke 2007) or Trajectory Statistical Methods (TSMs) (Kabashnikov et al. 2011). There are 

several variations of TSMs that have been applied to characterize atmospheric PM: Potential 

Source Contribution Function (PSCF) (Han, Holsen, and Hopke 2007; Abbott et al. 2008; 

Choi, Choi, and Yi 2011; Xu and Akhtar 2010; X. Fu et al. 2011), Gridded Frequency 

Distributions (GFD) (Weiss-Penzias, Gustin, and Lyman 2011; Sexauer Gustin, Weiss-

Penzias, and Peterson 2012), Concentration Fields Analysis (Rutter et al. 2009) or 

Concentration-Weighted Trajectory (CWT), and Residence Time Weighted Concentration 

(RTWC) (Han, Holsen, and Hopke 2007). The main difference between methods has to do 

with how concentrations are incorporated in the trajectory and the frequencies in each grid 

cell. The CF allows the identification of the sources and provides computed data which can be 

used to examine the quantitative relationships between measured concentrations and 

emissions (A. Charron et al. 1998). 

The present study expects to go further by adding – for the first time to the best of our 

knowledge – the contributions of methanesulfonic acid (MSA), oxalate, sugars, sugar 

anhydrides, and sugar alcohols to major PM species and trace metals, and evaluate their 

usefulness as tracers for a source apportionment study at a French urban site. We combined an 

extensive chemical speciation of PM with both receptor-based and trajectory-based models to 

identify and localize sources of PM impacting a designated receptor site. This has allowed to 

geographically allocating not only chemical species but also sources with a regional impact. 

 

2 METHODOLOGY 

2.1 Sampling site 

For this study, daily PM10 filter samples were collected by ATMO Picardie, the local air 

quality monitoring network, at an urban site in Nogent-sur-Oise (49°16’35.004’’ N, 
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2°28’55.812” E), and located 70 km north of Paris. This site location allows assessing the 

regional impact of the Paris megacity, and also verifying the conclusions of previous source 

apportionment studies showing a strong influence of North-Eastern air masses on urban 

North-Western European PM10 levels (Sciare et al., 2010; Bressi et al., 2011; Freutel et al., 

2013; JOAQUIN, 2015). Nogent-sur-Oise (18,753 inhabitants in 2013) forms with Creil 

(34,262 inhab. in 2013) and their inner suburbs a continuous urban area with over 100,000 

people (around 750 inhab./km
2
). This area is furthermore, surrounded by important urban 

agglomerations, mostly Paris in the south (70 km, over 12 million inhab.), Beauvais in the 

west (40 km, 55k inhab.), Amiens in the north (70 km, 130k inhab.) and Lille in the north-

northeast (170 km, 230k inhab.). Various anthropogenic local sources are then expected to 

significantly influence the sampling site, which is located approximately 200 m away from a 

busy road (D1016) and 1.5 km away from a busy intersection between the D1016 and D200 

(traffic > 15,000 vehicles/day). There is also a railway 160 m to the north of the sampling site, 

a canal for boating from east to south of the sampling site 1 km away and an industrial area, 

2 km to the east (Figure P1.1). 

 

Figure P1. 1: Sampling site map and its surroundings - * Sampling site; ⌂ Swimming pool; ⌂ commercial central parking 

building; / boat canal; / railway; / roadway 
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The climate in Nogent-sur-Oise is oceanic, with average temperatures of 10.5°C throughout 

the year, 4.7°C during winter and 17.8°C during summer. Winds come predominantly from 

the south-west, north and northeast quadrants. Higher wind speeds are more frequently 

associated with the south-west direction (Figure S.1, S.2 and Table S.1). 

 

2.2 Measurements and instrumentation 

Daily PM10 samples were collected (from 9 am to 9 am UTC) on pure quartz fiber filters (Pall 

Tissuquartz, diameter of 150 mm, pre-baked at 500°C for 2 hours), using a sequential high 

volume sampler (Digitel DA80) operating at 30 m
3
/h. Every third day samples were selected 

to be analyzed, resulting in a total of 158 filters collected from January 2, 2013 to June 2, 

2014. PM10 mass concentration was continuously monitored at the same site by the regional 

air monitoring network (Atmo Picardie) using a TEOM-FDMS instrument (Tapered Element 

Oscillating Microbalance – Filter Dynamics Measurement System, Thermo-Scientific (Grover 

et al. 2005)). 

The concentrations of a total of 36 different chemical species were measured, including ions, 

metals, elemental and organic carbon (EC & OC) and organic tracers. A subsample consisting 

in a 47-mm diameter punch (17.35 cm
2
) of the initial filter was used for each type of analysis, 

except for EC/OC (1.5 cm
2
). 

Water-soluble ions were analyzed using ion chromatography (IC, Dionex DX-600) as 

described in Sciare et al. (2008) and in accordance with the recommendations of the European 

standardization committee (CEN/TC 264, TR 16269). Before analysis, samples were soaked 

in 10 mL of Milli-Q water and then filtered in 2 µm-porosity Acrodisc. AS/AG 17 column 

was used for anions (SO4
2-

, Cl
-
 and NO3

-
) and CS/CG 12A column for cations (NH4

+
, K

+
, Na

+
, 

Mg
2+

 and Ca
2+

). 

For trace and major elements (Al , Ca, Fe, K, As, Ba, Cd, Co, Cu, La, Mn, Mo, Ni, Pb, Rb, 

Sb, Sr, V), ICP-MS (ELAN 6100 DRC, Perkin Elmer) and ICP-AES (IRIS Intrepid, Thermo-

Scientific) were used, respectively (Alleman et al. 2010). Prior to analyses, each sub-sample 

was acid digested (HNO3; HF; H2O2) at 200°C with a microwave oven (Milestone ETHOS). 

Repeated measurements were performed on acid blanks, quality control standard solutions 

and standard reference material (NIST SRM 1648a). Instrumental blanks were used to 
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validate all the measurements made, and average field blanks were subtracted to obtain the 

final concentrations. 

Elemental carbon (EC) and organic carbon (OC) were analyzed using the thermo-optical 

transmission (TOT) method on a Sunset Lab analyzer (M. E. Birch and Cary 1996). This 

analysis was performed according to the NIOSH 870 protocol ( Birch and Cary, 1996). 

Finally sugars (mannose and glucose), sugar anhydrides (levoglucosan, mannosan and 

galactosan) and sugar alcohols (arabitol and mannitol) were analyzed by HPLC-PAD using a 

set of Metrohm columns (MetroSep A Supp 15 and Metrosep Carb1) following a procedure 

described by (Bressi et al. 2013). 

Meteorological data were obtained from the Météo-France station in Creil, located on an 

airbase 3.5 km from the receptor site. Information such as height and duration of 

precipitation, average, minimum and maximum temperatures, pressure, wind speed and 

direction, relative humidity and occurrence of snow events, was retrieved for all sampled 

days. 

 

2.3 Data validation 

All calculated concentrations have taken into account the possibility of contamination by user 

manipulation and sampling matrix by subtracting the average concentration obtained in field 

blanks. The ion balance was checked by comparing the sums of cations and anions (Figure 

S.3 and S4). This procedure allows validating the analyzed ion concentrations (neutralization 

between cations and anions is expected) and may give clues about the cationic or anionic 

nature of the unaccounted species if imbalance occurs. 

A classical chemical mass closure (CMC) approach was applied in order to assess the global 

quality of the information obtained and to identify possible outliers. Based on the previous 

work of Waked et al. (2014) for another urban site in northern France, this CMC was 

performed as follows:  

𝑃𝑀10 = 𝐸𝐶 + 1.75 × 𝑂𝐶 + 3 × 𝑁𝑎 + 10 × 𝐶𝑎 + 𝑁𝑂3
− + 𝑛𝑠𝑠𝑆𝑂4

2− + 𝑁𝐻4
+ (1) 

where EC, OC, Na, Ca, NO3
-
, nss (non-sea salt) SO4

2-
 and NH4

+
 refer to the mass 

concentrations in µg m
-3

 of each component. Sea salt sulfate (ssSO4
2-

) was calculated by 
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multiplying the mass concentration of Na by a factor of 0.252, following the methodology 

described by Seinfeld and Pandis (2006). 

Results show a satisfactory agreement between TEOM-FDMS PM10 measurements and the 

reconstructed mass (r
2
 = 0.88), allowing to estimate the few missing data of TEOM-FDMS 

PM10 mass concentrations (n = 5) in order to avoid losing a complete sample when all the 

species were measured except PM10 mass concentration. However, an unknown uncertainty 

associated with the calculation of PM10 mass concentrations remains, partly due to the value 

of the conversion factor of OC to OM (assumed constant while there is the possibility of a 

seasonal influence) and the unaccounted amount of water in the aerosol – leading to an 

underestimation of the real mass concentration. 

 Uncertainties: Is important to quantify the uncertainty associated with each 

measurement, which depends on each step of the analytical process and can, therefore, 

be linked to the process of sampling, matrix effects, working conditions, analytical 

uncertainties of the instruments, dilutions, even human error. In this work, the 

calculation of uncertainties followed the protocol applied by Waked et al (2014) which 

based the uncertainties of EC/OC, ions and organic species on an expanded 

uncertainty obtained from intercomparison studies made for each of the analytical 

methods, and the metal uncertainties obtained from: 

𝑢𝑟𝑒𝑙(𝐶) = √𝑢𝑟𝑒𝑙
2 (𝐴𝑐) + 𝑢𝑟𝑒𝑙

2 (𝑉) + 𝑢𝑟𝑒𝑙
2 (𝑅𝑒𝑝) + 𝑢𝑟𝑒𝑙

2 (𝐶𝑜𝑛𝑡) (2) 

where u
2
(Ac) is the uncertainty associated with the accuracy of the method by SMR 

(standard reference materials) measurements, u
2
(V) with the sampling volume, 

u
2
(Rep) is the uncertainty associated with the repeatability and u

2
(Cont) the 

contamination. 

 

2.4 Source apportionment using PMF 

Receptor site based models can be used to apportion observed concentrations of species into 

potential sources according to their co-variability. In this study, the Positive Matrix 

Factorization (PMF) was used as implemented in the EPA PMF 5.0 modelling tool, requiring 

no prior knowledge on site impacting sources. The database used as input in the PMF 

software is expressed in a matrix X with (n × m) dimensions, where n is the number of 

samples and m the number of chemical species measured, or variables. The goal of the 
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multivariate source-receptor model is to determine the number of factors p, the chemical 

profiles of these factors F (p × m), and the mass contributions G (n × p) of the factors for each 

sample, as well as the associated uncertainty estimates. Here, the factors can also be 

interpreted as sources based on their chemical fingerprint. The model solves the general 

equation: 

𝐗 =  𝐆 ×  𝐅 +  𝐄     (3) 

where E is the matrix of the residuals (difference between the values measured and the values 

calculated by the model with regard to the uncertainties). The equation is solved by 

minimizing the objective function Q through an iterative process: 

𝑄 = ∑ ∑ [
𝑥𝑖𝑗−∑ 𝑔𝑖𝑘𝑓𝑘𝑗

𝑝
𝑘=1

𝑢𝑖𝑗
]

2
𝑚
𝑗=1

𝑛
𝑖=1    (4) 

where xij and uij are the concentration of variable j in the i
th

 observation and its related 

uncertainty, respectively; gik and fik are the mass contribution of source k to the i
th

 sample, and 

the contribution of variable j to factor k, respectively. 

Receptor based models present however some limitations such as the strong dependence on 

the quality of the database that will be translated into the ability of the model to distinguish 

(or not) all the sources impacting the sampling site, avoiding mixing emission sources. In 

addition, the chemical signature of a source is assumed constant throughout time, which can 

represent a limitation with source signatures that change with time (seasonal influence, 

chemical aging and gas particle phase partitioning encountered by secondary species which 

hamper the deconvolution). 

The PMF analysis was carried out on the full database of measured chemical species and 

PM10 mass concentrations which were considered as strong or weak variables in the model 

depending on their uncertainties (table P1.1). Different number of factors (4 to 12) and 

different combinations of variables were tested to provide the best solution on mathematical 

robustness and geochemical meaningfulness. Parameters like the scaled residuals, model 

adjustment to measured concentrations and bootstrap method analyses ensured the robustness 

of the PMF modeled solution (Tables S.2, S.3 and S.4), while an extensive literature review 

(Pernigotti, Belis, and Spanò 2016), as well as external meteorological data and back-

trajectory information, strengthened the geochemical validation of the source profiles. 
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From all the measured species, 32 were used in the final PMF solution, including PM10 mass 

concentration selected as total variable. A small number of constraints (as explained in details 

in the following sections for each factor) were applied to the PMF modelled solution, based 

on previous knowledge of the sources signatures. 

Table P1. 1: List of variables used in PMF runs and their characterization as "strong" or "weak" 

Variable weighting Variables 

Strong 
EC, OC, Cl

-
, NO3

-
, SO4

2-
, Na

+
, NH4

+
, K

+
, Mg

2+
, MSA, Oxalate, Levoglucosan, 

Polysaccharides, Sugar alcohols, Ca, As, Cd, Co, Pb, Sb, Sr, V, Zn 

Weak PM10 (total variable), Fe, Ba, Cu, La, Mn, Mo, Ni, Rb 

 

The solution presented in this work was obtained after performing a constrained run on PMF. 

Constraint nº1 pulled up the Fe contribution on traffic factor and constraint nº2 set an EC/OC 

ratio of 2 on the same factor. Both constraints were set with a %dQ parameter equal to 0.5 and 

the influence on the final solution can be seen in table P1.2. 

Table P1. 2: Summary of the applied constraints in PMF run 

Traffic Element Type Value dQ % dQ 

Constraint 1 Fe Pull up maximally NA 26.9 0.5 

Constraint 2 EC and OC Expression [EC]/[OC] 2 187.4 0.5 

Final solution : dQ = 154.6 

 

The lower difference seen associated with constraint nº1 is due to the fact that Fe was selected 

as a weak species and its low concentration leading to an insignificant impact on the final 

solution. Constraint nº2 resulted on a slight decrease of the average contribution of the traffic 

to PM10 mass from 19% to 18%, linked with the lower contribution of OC in this factor. The 

OC “relocated” after the constraint was seen appearing on the land biogenic and biomass 

burning factors. 

 

2.5 Geographical allocation 

The geographical allocation of calculated sources was done using the software ZeFir v3.201 

(Petit et al. 2017). Wind sector and wind speed analyses (using NWR see below) allows for 
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identifying local sources while back-trajectory computation (using CF see below) may help to 

elucidate the main location of remote primary sources as well as most probable origins of 

precursors leading to secondary aerosols.  

 

2.5.1 NWR 

The non-parametric wind regression allows better representation of general wind direction 

associated with concentration measurements at a given sampling site by estimating more 

precisely higher peaks of concentrations and by better distinguishing peaks from nearby 

directions (Henry, Chang, and Spiegelman 2002). By averaging the observed concentrations 

of a pollutant based on wind direction (θ) and wind speed (ϑ), the concentration estimate 

E(θ|ϑ) at a wind direction ϑ and wind speed θ  is given by: 

 𝐸 (θ|ϑ) =  
∑ 𝐾1(

θ−𝑊𝑖
𝜎

)∙𝐾2(
ϑ−𝑌𝑖

ℎ
)∙𝐶𝑖

𝑁
𝑖=1

∑ 𝐾1(
θ−𝑊𝑖

𝜎
)∙𝐾2(

ϑ−𝑌𝑖
ℎ

)𝑁
𝑖=1

 (5) 

where Wi, Yi and Ci the wind direction, speed and atmospheric concentrations, respectively, 

measured at ti; σ and h the smoothing factors; and K1 and K2 two kernel functions. 

Daily contributions of PMF factors were associated with wind speed and wind direction 

information obtained from the MeteoFrance station situated in the nearby city of Creil with 

the chosen parameters shown in table P1.3.  

Table P1. 3: NWR parameters 

Max wind 

speed 

Angle 

resolution 

Radius 

resolution 

Angle 

smoothing 

Radius 

smoothing 

20 m s
-1

 0.5 34.7* 6.8* 

* Suggested parameters 

 

2.5.2 Concentration Field method 

The Concentration Field method (CF) (Seibert et al. 1994) is based on the computation of the 

residence time-weighted mean of the concentrations logarithm for each grid cell of the 

domain of trajectory simulations: 

𝐶𝑖𝑗 =
1

∑ 𝜏𝑖𝑗𝑙
𝑁
𝑙=1

∑ log(𝑐𝑙)𝜏𝑖𝑗𝑙
𝑁
𝑙=1   (6) 
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where N is the total number of trajectories, ij the indexes of a grid cell, l the index of a 

trajectory, cl the concentration observed at the receptor site on the arrival of a given trajectory 

l, and τijl the residence time of an air mass l on a grid cell ij. A minimum of 10 points per grid 

cell was imposed to calculate the average concentration in order to ensure the robustness of 

the results (Charron et al. 2000). 

Kinematic back-trajectories were calculated with the Hybrid Single-Particle Lagrangian 

Integrated Trajectory model (HYSPLIT - developed by the National Oceanic and 

Atmospheric Administration (NOAA)'s Air Resources Laboratory (ARL) (Stein et al. 2015; 

Draxler, 1999; Draxler and Hess, 1998; Draxler, and Hess, 1997)) and are based on GDAS 

(Global Data Assimilation System) where basic information like wind speed, wind direction, 

temperature and humidity are found on a global scale (source: 

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1). A total of 1264 back-trajectories were used 

with eight 72-hour back-trajectories per sampled day, arriving at an altitude of 500 m above 

ground level. A 3 day time span and an altitude of 500m were chosen as suggested by (Su et 

al. 2015). 

For each cell of a defined grid, the concentration field method gives the potential contribution 

to the concentration of a chemical species or to the contribution of a PMF factors. Results are 

plotted in maps from 84ºW and 24ºN to 43ºE and 78ºN, and with grid cells of 0,5º by 0,5º. A 

Gaussian smoothing factor of 5 was also applied to the results. 

 

3 RESULTS AND DISCUSSION 

3.1 PM10 mass and composition 

Table P1.4 summarizes the overall and seasonal mass concentrations of the different chemical 

species determined in this study. A daily average PM10 mass concentration of 

27.7 ± 16.8 µg m
-3

 was observed on the sampled days (figure P1.2). This value is 

representative of the studied period, which showed an annual average PM10 mass 

concentration of 29 ± 18 µg m
-3

 during 2013 and ranged from 24 to 31 µg m
-3

 between 2007 

and 2014. Similar or higher values are often observed at urban sites in central Europe or in 

particular areas known for high concentrations of PM, such as the Po Valley in Italy (Bressi et 

al. 2016). However, lower annual averages are generally observed at urban background sites 
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in France, like in Lens (north of France) with 21 µg m
-3

 (Waked et al. 2014) and in Toulouse 

(south of France) with 13 µg m
-3

 (Calvo et al. 2008), as well as more generally in Western 

Europe, like in Vienna, Austria, with 22 µg m
-3

 (Astel 2010), Münster, Germany, with 22 

µg m
-3

  (Gietl and Klemm 2009) and Erfurt, Germany, with 19 µg m
-3

 (Yue et al. 2008), or 

even London with 19 µg m
-3

 (DEFRA Report, 2005), among others. This relatively high PM10 

daily average value is a first indication that the sampling site is commonly subject to high 

concentrations of airborne particles, as mentioned in recent reports from the local air quality 

monitoring network, ATMO-Picardie (Atmo Picardie, 2014). 

It is also noteworthy that 18 occurrences of the 50 µg m
-3

 PM10 daily threshold exceedance 

could be investigated here, with 15 of these exceedances in 2013 and 3 in the first semester of 

2014. This number of exceedance days is in accordance with the values observed during the 

whole campaign, where 42 exceedances were observed in 2013 (which is above the 35 days 

allowed by the EU directive), and 11 in 2014. 

Chemical speciation of the PM collected showed a main contribution of organic matter (OM) 

to the total mass of aerosols, accounting for 39% on average. Inorganic ions proved to be 

important contributors to PM10 total mass, where nitrate represented 22%, sulfate 12% and 

ammonium 8%. Elemental carbon was found to be responsible for 6% of the total mass – a 

contribution also found for the sum of all metals. Unaccounted major species like Al and Si, 

as well as the water content of particles, can help to explain the 7% of missing PM mass 

concentration. 

Significant seasonality was observed on the main species analyzed. OM showed higher 

concentrations during winter (9.8 µg m
-3

) compared to other seasons (6.5 ± 0.4 µg m
-3

). This 

can be partially explained by a strong influence of biomass burning used for residential 

heating during cold months (Favez et al. 2009). This is supported by the behavior shown by 

levoglucosan and potassium during winter, commonly used as biomass burning tracers. 

However and as mentioned above, concentrations of OM during other seasons are seen to be 

quite constant, indicating that many sources are present during different periods of the study. 

The second main contributor, nitrate, also shows a strong seasonal variation during the 

sampled period, with concentrations ranging from 6.1 µg m
-3

 in spring to 1.7 µg m
-3

 in 

summer. This behavior was expected due to the semivolatility of ammonium nitrate and its 

dependence on ambient temperature, relative humidity and photochemical episodes. Humid 

conditions, strong temperature inversion and significant agricultural activities in this region of 

Europe contribute to a drastic increase of the contribution of nitrate to PM mass at some 

periods of the year – end of winter and spring (M. Dall’Osto et al. 2009). 
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Sulfate concentrations present on average higher values during summer, winter and spring 

(about 2.5 µg m
-3

 for these seasons) and minimum average concentration during fall – 1.6 

µg m
-3

; however, its relative contribution to PM10 mass is maximum during summer with 19% 

– when photochemical processes play an important role on sulfate production (Blando and 

Turpin 2000). 

Ammonium represents the fourth major contributor to PM10 mass. Higher concentrations are 

seen during winter and spring, and lower concentrations during summer and fall. These 

results are expected as ammonium is partly present under the state of ammonium sulfate and 

ammonium nitrate, where the latter shows a strong thermal dependence condensing during 

cold and humid conditions (winter) and evaporating during hot and dry periods (summer). 

Also, starting from late winter, it is legally allowed to apply ammonia-rich fertilizers in 

agricultural processes whereas during fall, high water soluble ammonium salts can be washed 

out by frequent rain episodes. 

Finally, EC used as a tracer of combustions processes shows higher concentrations during fall 

(1.4 µg m
-3

) and lower contributions during summer (0.8 µg m
-3

), which is in accordance to 

Waked et al. (2014) observations in Lens. Ions used to identify marine sources such as Cl
-
 and 

Na
+
 show a clear seasonal dependence, with higher concentrations during winter (1.1 and 

0.7 µg m
-3

, respectively) and lower concentrations during summer (0.1 and 0.3 µg m
-3

, 

respectively). 

Looking at the organic species analyzed in this study, levoglucosan proved to be the main 

organic compound investigated, accounting for 59% of the organic fraction (sum of organic 

species measured) mass on average, oxalate and MSA were the second and third main 

contributors with 20% and 8% respectively. A strong seasonality was observed in these 

species. Levoglucosan exhibited higher concentrations during winter with an average 

concentration of 0.7 µg m
-3

, and lowest values during summer (0.02 µg m
-3

), where most of 

the values seen during this season being below the detection limit. MSA had highest mean 

values during summer (0.1 µg m
-3

) and lowest values during fall (0.01 µg m
-3

) which is 

expected as MSA is commonly linked with phytoplankton activity and summer is known to 

be a period of algal blooming. Similar behavior was seen for sugar alcohols, which recorded 

higher concentrations during summer and low contributions during winter, following the 

expectations once these compounds are linked to primary biogenic emissions as reported in 

Waked et al. (2014). Oxalate presented a different pattern, showing a rather constant 

concentration across the different seasons (0.1 ± 0.08 µg m
-3

). 
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Figure P1. 2: Average chemical composition of PM10 during the sampling period in Nogent-sur-Oise 
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Table P1. 4: Summary of species average concentrations (in µg m-3) 

 
Average Winter 13 Spring 13 Summer 13 Fall 13 Winter 13-14 Spring 14 

PM10 27.7 42.9 30.2 20.5 23.9 23.8 26.9 

EC 1.15 1.27 0.81 0.81 1.40 1.41 1.21 

OC 4.11 6.15 3.72 3.56 3.48 4.46 3.88 

OM 7.19 10.76 6.51 6.23 6.08 7.80 6.78 

Ions 9.77 15.48 14.99 5.87 6.63 6.41 9.18 

NO3
-
 4.38 7.19 7.54 1.65 2.59 2.40 4.57 

SO4
2-

 2.31 3.60 3.17 2.66 1.60 1.22 1.90 

NH4
+
 1.57 2.78 2.69 0.97 0.87 0.56 1.55 

Na
+
 0.60 0.65 0.77 0.32 0.61 0.78 0.44 

Cl
-
 0.70 1.01 0.63 0.09 0.76 1.18 0.56 

Metals 0.79 0.74 0.88 0.74 1.00 0.66 0.69 

Organics 0.51 1.20 0.38 0.34 0.27 0.65 0.45 

MSA 0.04 0.04 0.04 0.10 0.01 0.00 0.04 

Oxalate 0.10 0.14 0.13 0.15 0.08 0.07 0.08 

Levoglucosan 0.31 0.90 0.18 0.02 0.13 0.50 0.27 

Polysaccharides 0.03 0.09 0.02 0.00 0.02 0.06 0.03 

Sugar alcohols 0.03 0.03 0.01 0.07 0.03 0.01 0.03 
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3.2 PMF general solution and validation 

PMF analysis indicates a total of 9 different sources: fresh and aged sea salts; marine and land 

biogenic aerosols; biomass burning; traffic; nitrate-, sulfate- and oxalate-rich sources. These 

sources were identified based on their chemical profiles with a focus on specific species in 

each source, known as specific markers. Chemical profiles of most sources are well 

documented in previous studies and the addition of new tracers, such as MSA and oxalate 

allowed identifying new sources of aerosols. Figure 2 presents the contribution of each of 

these sources on average, over the entire period and seasonally. It must be emphasized that 

with a 24-hour collection period every third day, this study presents a low temporal resolution 

which may mask sources with relevant daily emission patterns. It is therefore expected that 

some primary and secondary sources may not be identified or, if identified, may appear within 

the same factor. Given the sampling and analytical approach of this study, sources with no 

significant time variation may also cause difficulties to the PMF model; indeed the software 

algorithm is based on the time behavior of species assuming that similar emission patterns are 

associated with the same source, thus when two sources present either no significant time 

variability or almost the same time variability there is a possibility that it cannot distinguish 

them (Paatero et al. 2002). 

Throughout the studied period, primary traffic was the main contributor, with 18% (4.5 µg m
-

3
) of the PM10 mass concentration. Important contributions were also observed from four 

other sources: biomass burning (15%; 3.8 µg m
-3

), oxalate- (13%; 3.3 µg m
-3

), nitrate- (14%; 

3.7 µg m
-3

) and sulfate-rich (13%; 3.4 µg m
-3

) aerosols. Fresh (9%; 2.3 µg m
-3

) and aged 

marine (8%; 2.0 µg m
-3

), and land biogenic aerosols (7%; 1.9 µg m
-3

) appeared as minor 

sources. Finally, a last factor was found and identified as marine biogenic (3%; 0.7 µg m
-3

). 

Significant seasonality was observed during the studied period, with higher concentrations of 

PM10 during winter as seen above, enhanced by biomass burning emissions (30%; 9.4 

µg m
-3

). Spring also recorded high levels of PM10, this time due to nitrate-rich aerosols (22%; 

5.5 µg m
-3

) and traffic emissions (20%; 5.0 µg m
-3

).  

A detailed description of each factor and its contributions are presented in the following 

sections, where traffic, biomass burning and land biogenic aerosols are considered primarily 

as local sources and all other factors as – at least in part – regional ones. 
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Figure P1. 3: (a) Average, (b) seasonal and (c) monthly contributions of PM10 sources between January 2013 and June 2014 in Nogent-sur-Oise 

 

(b) 

(c) 

(a) 
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Figure P1. 4: Non parametric wind regression for the impacting sources: (a) Traffic; (b) Biomass burning; (c) Land biogenic; 

(d) Fresh marine; (e) Aged marine; (f) Nitrate rich; (g) Oxalate rich; (h) Sulfate rich; (i) Marine biogenic 

 

3.3 Local factors 

3.3.1 Traffic factor 

Identified as the main source of PM in Nogent-sur-Oise during the studied period, the traffic 

factor accounts for 45% of the EC sampled and for high percentages of most of the metals 

(Figure S.5). This solution was obtained after slightly constraining the original PMF solution, 

in which some odd characteristics, one of these being an EC/OC ratio of 0.5, were spotted. 

This could be explained by the limitations associated with this kind of study, regarding the 

distribution of contribution of species in factors with no significant time variability. Therefore 

a mild constraint (dQ% = 0.5) on the EC/OC ratio of 2 as reported in similar studies (C. Pio et 

al. 2011) – was applied. The results showed no significant change in the final solution, with a 

slight decrease on the contribution of this factor to the PM total mass from 20% to 18%, 

related to decreased concentrations of OC.  

This factor is also characterized by a strong presence of various metals as pointed before. 

Besides, calcium was seen in abundance in this factor, which suggests that this factor 

probably combine exhaust emissions (fuel combustion) with non-exhaust emissions (tires and 

brakes abrasion) and road resuspension, possibly associated with a crustal source. High 

contributions of Cu, Ba, Zn and Fe support the assumption of brake abrasion (Johansson, 

Norman, and Burman 2009), as well as tire abrasion as reported by (Amato et al. 2011). 

About 59% of the calcium is present in this factor, suggesting a strong contribution of road 

resuspension and crustal matter to the final chemical profile of the source. The appearance of 

species linked with crustal matter particles in this factor can be explained by the absence of 
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common crustal tracers such as Al and Si in addition to a small temporal variability of that 

source. It should moreover be noted that iron was unexpectedly not observed in this factor, 

probably due to the fact that it was selected as a weak variable because of its low S/N ratio. 

To investigate this phenomenon, a second constraint was applied to Fe. Again, a slight 

constraint was applied, pulling up maximally the contribution of Fe on this factor. An increase 

in the percentage of Fe in this factor – from 0%to 49% of the total variable – was obtained, 

with virtually no significant change of the factor contribution, compared to the original 

solution. 

No significant seasonality was observed in this factor, just individual high values associated 

with meteorological conditions hindering the dispersion of pollutants but also during vacation 

periods when a higher cars density would be expected in the area near the sampling site 

including commercial and leisure centers. 

Traffic related emissions are often considered as rather local sources; however, as it was 

described above, this traffic profile may have a non-negligible contribution of crustal matter. 

From NWR analysis, it is noticeable that higher concentrations of this factor are originating 

from the south at rather low wind speeds (figure P1.4a), consistent with the presence of a 

large commercial center with an outdoor 3-story high parking garage 500 meters to the south 

of the sampling site. 

One can also identify contributions coming from the northeast down to south-southwest wind 

sector, which corresponds to a wide open expanse between the sampling site and the D1016 

road that connects the cities of Creil and Nogent-sur-Oise and is used by 50 000 cars per day, 

on average. 

 

3.3.2 Biomass burning factor 

Biomass burning aerosols were found to be the second main contributor to PM10 mass 

concentrations in Nogent-sur-Oise. This factor is characterized by the large presence of 

levoglucosan (83.5% of the total levoglucosan mass measured) and related polysaccharides 

mannosan and galactosan (81.0% of the total mass of the sum of both species) (Figure S.6). 

The two latter species were summed because their concentrations were quite low and 

presented a very high correlation factor (0.96). Levoglucosan and other polysaccharides are 

the result of the degradation of cellulose by combustion (Puxbaum et al. 2007). Other strong 
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indicators that confirm a biomass burning factor are common species like potassium (25% of 

its total mass), rubidium (18% of its total mass) and an OC/EC ratio of 4.7, which is in 

accordance with the values presented in (Fineet al., 2002), characteristic of wood burning 

emissions. 

An average contribution of 15% was found to the PM10 mass throughout the sampling period, 

which comprised the whole year 2013 and the first 5 months of the year 2014, so the given 

average includes 2 winters and 2 springs. The average contribution of biomass burning during 

the year 2013 was nevertheless 14%, so the sampled period proved to be representative. This 

relative contribution to PM10 mass is in accordance with previous studies carried out in the 

region where an average contribution of 13% was found during a 1-year study period (Waked 

et al. 2014), and with other urban areas as described by (Belis et al. 2013) showing an average 

biomass burning contribution of 12%.  

It is important to point out that the contribution of this factor can be underestimated, 

especially during summer due to the photochemical reactivity of its main tracers (Hennigan et 

al. 2010). This fact together with the seasonality associated with the source can explain the 

significant difference seen during winter (average contribution to PM10 of 30%) and summer 

(0.2%) (Figure S19). 

Biomass burning factors are commonly associated with residential heating processes, 

therefore seen as local sources of aerosols if considering an urban site. Meteorological 

information was used to construct a graphical representation of the NWR function using ZeFir 

(figure P1.4b). This points out to a large residential area located north of the sampling site. 

High concentrations are seen from the east – south quadrant associated with medium wind 

speeds, and from the north associated with low wind speeds. These directions point out to 

residential areas, such as Verneuil-en-Halatte in the east and Creil in the south, where 

suburban individual houses are equipped with fireplaces and chimneys favoring the use of 

biomass burning as the main source of heating.  

 

3.3.3 Land biogenic aerosols 

Primary land biogenic emissions accounted for 7% of the total PM10 mass measured in 

Nogent-sur-Oise between Jan. 2013 and June 2014, close to the value previously reported for 

Lens (9%; (Waked et al. 2014)) and within the range of 5 to 50% of total PM estimated by 
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(Jaenicke 2005). This factor is identified by the presence of sugar alcohols (mannitol, 

arabitol) and OC in its chemical profile (Figure S.7). Both polyols are reported in the 

literature as common primary land biogenic emission tracers (Caseiro et al. 2007; Elbert et al. 

2007; Jia, Clements, and Fraser 2010; Karl Espen Yttri et al. 2011), especially as markers for 

fungal spore-related particles (H. Bauer et al. 2008). Indeed, 84% of all the measured polyols 

contributed to this factor, its mass being mainly driven by OC concentrations (71% of the 

total factor). A strong seasonality is associated with the average contributions of this factor. In 

fact, during summertime, primary land biogenic emissions account for 23% of the total PM10 

measured, making it the most contributing source, due to intense solar radiation and higher 

temperatures resulting in an increase in biological activity as has been reported in previous 

studies (Pashynska et al. 2002; K. E. Yttri et al. 2007; H. Bauer et al. 2008). 

The NWR obtained (figure P1.4c) suggests that this factor is associated with local sources, 

rather than regional ones, pointing south and north-east of the sampling site. The Oise - Pays 

de France Regional Nature Park is indeed located south and spreads over 60,000 hectares 

including three forested areas. The north-east hotspot is associated with even lower wind 

speeds and could be related to the presence of three large football fields next to the sampling 

site in this exact direction. 

 

3.4 Regional factors 

By using the Concentration Field model on PM10 mass (Figure S.14) Central and Eastern 

Europe appears clearly identified as the source of the highest concentrations seen at the 

receptor site. This area comprises Germany, the Czech Republic and Poland, three heavy 

industrialized and densely inhabited countries with continental climate, where fairly cold 

wintertime conditions may favor particulate and acid gaseous emissions from heating plants 

(a large part of it being coal combustion plants) and dry and hot summertime conditions may 

enhance primary emissions from vegetation and soils and subsequent secondary aerosol 

formation. A second potential source area of high PM10 concentration is located in the 

western part of the Mediterranean Sea, with two “hotspots”: one in the north of Algeria and 

another in the south-east of France. Both are situated along a common path of transportation 

of Saharan dust to Europe. Moreover, in the southeast of France is located one of the most 

heavily industrialized site of Europe (the Fos-Berre industrial site, near Marseilles). 
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However, the main sources impacting during high PM10 concentration days are often traffic, 

biomass burning and nitrate-rich sources, where two of these three sources have been labeled 

as local ones. Although there is information to extract from the presented map, such as that 

the main sources of high concentrations of PM10 in Nogent-sur-Oise have continental origin, a 

further analysis requires a better understand of the chemical composition of these particles 

and their sources. 

All the scales shown on the concentration field maps were set to a maximum value of the 95% 

percentile of daily contributions. This allows assessing the spatial dispersion of the highest 

values. A map where the highest concentrations are clearly highlighted in specific hotspots 

indicates that the back-trajectories associated with these high concentrations have the same 

pathway, whereas maps with no apparent concentration hotspots indicate that the highest 

concentrations were associated with back-trajectories with different origins, being then 

averaged down by lower concentrations.  
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Figure P1. 5: Concentration field maps for the sources: (a) Fresh marine; (b) Aged marine; (c) Nitrate rich;  

(d) Oxalate rich; (e) Sulfate rich; (f) Marine biogenic  

 

On average, sea salt contributes 9% to the particulate matter collected during the study. This 

factor is identified by its common tracers: sodium (59% of its mass), chloride (82%) and 

magnesium (38%). Chloride and sodium have been widely reported in the literature as 

common sea salt tracers (Pio et al. 1996), together with magnesium in northern European 

studies (Belis et al. 2013). The Cl/Na and Mg/Na ratios seen in the chemical profile of this 

factor (Figure S.8) were 1.8 and 0.09, in agreement with previous studies carried out in this 

region (Waked et al. 2014) and with the reported literature on common sea salt aerosols 
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(Millero and Lepple 1973; Seinfeld and Pandis 2006). Therefore this factor can be considered 

as a quite fresh sea salt chemical profile, also given the lack of significant contributions of 

other metals or ions. In terms of overall contribution to PM10 mass, this study shows results 

similar to the one determined in the city of Lens (8% of total PM10) by (Waked et al. 2014) 

and close to more continental sites such as in West Germany that recorded between 9% and 

10% for regional and urban contributions, respectively (Beuck et al. 2011).  

The regional status of this source of aerosols can be assessed using (i) the polar graph of the 

NWR function (figure P1.4d) that links higher concentrations with the WNW direction and 

higher wind speeds, which suggests a more distant source, and (ii) the Concentration Field 

model to the daily contributions of fresh marine aerosols and their associated back-

trajectories, to identify more precisely the probable geographical location of their sources 

(figure P1.5a). A clear influence of long distance sources located in the North-Atlantic Ocean 

can be observed with highlighted influence in the coast of Canada. This is where high wind 

speeds are seen due to the North Atlantic Oscillation phenomena, where the low pressure 

system – cyclone - of Greenland meets the high pressure system of Azores – anti-cyclone – 

creating a path between the two leading resuspended marine particles (sea spray) to Europe. 

 

3.4.1 Aged marine aerosols 

With an average contribution of 8% to the total PM10 mass throughout the studied period, this 

factor (Figure S.9) is also characterized by significant shares of the total sodium (40%) and 

magnesium (54%) measured as seen in the fresh sea salt factor. However, it contains a 

negligible amount of chloride, as often reported in several studies (M. Dall’Osto et al. 2013; 

Beuck et al. 2011) for aged marine aerosols. This attribution is strengthened by the presence 

of several other compounds in the obtained chemical profile: nitrate (19% of total NO3
-
) and 

sulfate (12%) suggesting an anthropogenic load in the factor originating from secondary 

particles; some metals such as iron (30%), strontium (33%) and calcium (26%) can trace 

crustal matter; and finally other metals like nickel (23%) and vanadium (22%) suggest the 

influence of heavy oil combustion probably related to coastal industrial activities and shipping 

emissions. The average contribution to total PM10 is in accordance with other continental 

sampling sites like the one reported in Beuck et al., 2011, and presents lower values than the 

ones found at more coastal sites like Barcelona (Manuel Dall’Osto et al. 2013). 
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The polar graph of the NWR function (Figure 3e) does not clearly indicate a possible source 

direction of these particles, therefore confirming this source is very likely a combination of 

several secondary ones. However, the Concentration Field map (figure P1.5b) for the entire 

campaign shows that aged marine aerosols drive the average concentration of PM10 down to a 

rather low value with influences from both the North Atlantic Ocean and the North Sea, as 

well as the Mediterranean Sea (and trajectories coming from over Iceland, the UK and Spain). 

As mentioned above, both fresh and aged marine aerosols are characterized by the presence of 

sodium (99% of total variable on both factors) and magnesium (92%) in their chemical 

profiles. By applying the concentration field map on the factors resulted from the PMF model, 

it is possible to identify different sources with distinct geographical location that otherwise, 

would be masked by average distributions (Figure S.15). The concentration field map for Na
+
 

highlights even more the fresh marine nature of this element, expected by the stronger 

presence seen in this factor. 

 

3.4.2 Nitrate-rich aerosols 

The nitrate-rich secondary aerosol factor was identified to be the third highest contributor to 

PM10 mass during the sampling period (14% on average). Having as main tracers nitrate (72% 

of total NO3
-
) and ammonium (57% of total NH4

+
), this is a commonly reported secondary 

aerosol factor across Europe as shown in (Viana et al. 2008), where the concentrations of 

NO3
-
 and NH4

+
 measured for this factor ([NO3

-
]/[NH4

+
] = 3.5) are in accordance with the 

neutralization ratio of ammonium nitrate. It is associated with regional background and long-

range transported pollution. An average contribution to total PM10 of 14% is within the range 

of similar studies carried out in the north of Europe, and in excellent agreement with the 

results found in Lens for the year 2011-2012 (14% of total PM10). 

The nitrate rich factor peaked during spring (22% of total PM10) and was much lower during 

summer, making up for just 4% of the total PM10 measured. This strong seasonal variability is 

not only related with the emission profiles of the sources of these aerosols but also with its 

physicochemical properties. Nitrate-rich aerosols are often linked with agricultural activities 

(particularly with nitrogen fertilization of soils and soil preparation) so their contribution 

increases in spring when these activities rise again, especially in the north of France. NOx 

emissions from traffic and industrial processes are also commonly reported as sources of 

these particles. As mentioned above, nitrate-rich aerosols are mainly present in the 
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atmosphere as ammonium nitrate, which is a semi-volatile compound that has a strong 

dependence on ambient temperature. During spring, when we commonly see cold nights and 

mild days, the concentrations of ammonium nitrate tend to increase. However, during 

summer, even if sources of nitrate or ammonium are present, the temperatures are high 

enough to volatilize this compound (that goes without mentioning that the analyzed filter 

samples collected during this period could underestimate the concentrations of these species 

due to negative sampling artifact, which is a known issue reported repeatedly in the literature 

(Cheng and Tsai, 1997; Hering and Cass, 1999; Keck and Wittmaack, 2005). 

The NWR polar graph obtained from ZeFir (figure P1.4f) indicates that nitrate rich aerosols 

are associated with high wind speeds coming from continental directions (N to ESE) and also 

moderate wind speeds from the same direction, which suggests a regional influence that can 

be assessed by applying the concentration field method both to single species (nitrate and 

ammonium) and to daily contributions of the nitrate rich factor. The obtained CF map 

(figure P1.5c) shows a clear influence of long-range transport on the concentration levels for 

this factor. Several regions are worth mentioning in the map shown: (i) a hotspot above 

Denmark: although these results have to be approached with caution regarding their statistical 

representativeness, this region is widely known by its intense agricultural activity and it is 

interesting that it appears highlighted by the model; (ii) Central Europe: as an averaged 

concentration in grid cells, hotspots near the limits of the available data have to be considered 

wisely, but the fact that Poland is strongly identified is an interesting result. This region is 

known not only for its agricultural activity but also for a strong industrial sector responsible 

for considerable particulate (and probably NOx) emissions; (iii) Germany: Recent studies 

have also pointed out high concentrations of nitrate rich aerosols emitted in Germany 

(Aksoyoglu, Prévôt, and Baltensperger 2016). These are usually linked with not only 

agricultural activities but also with an important contribution from combustion of natural gas 

in turbines, flaring of natural gas and combustion of diesel. These results are supported by the 

concentration field maps obtained for the single species mentioned above (Figure S18 for 

nitrate and Figure S19 for ammonium) where the closer contribution of ammonium is seen as 

well as a possible contribution from northern Italy that is not clear probably due to the 

presence of the Alps. We are then in the presence of a factor without necessarily the same 

type of sources of particles but the model seems to be able to identify certain key hotspots 

always linked with anthropogenic activities. 
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3.4.3 Oxalate-rich aerosols 

The oxalate-rich factor is identified by the presence of most of the oxalate analyzed (80% of 

the total species). The sources of oxalate in the atmosphere comprise both natural, like 

biogenic emissions, and anthropogenic primary emissions, like fossil fuel combustion and 

biomass burning (Kawamura and Kaplan 1987; Kawamura and Ikushima 1993), as well as 

oxidation processes of organic precursors in the gaseous and condensed phases (Dabek-

Zlotorzynska and McGrath 2000; Chebbi and Carlier 1996; Kawamura, Kasukabe, and Barrie 

1996; Myriokefalitakis et al. 2011). The presence of 18% of the total sulfate and 20% of the 

total OC in this factor are also important characteristics to better understand the possible 

sources of these particles. Interestingly, some iron is also associated to this factor. Iron is a 

known catalyst of atmospheric sulfur oxidation, from S(IV) to S(VI), particularly in the 

aqueous phase in clouds where dissolved SO2 is converted into ionic SO4
2-

 (Seinfeld and 

Pandis 2006). Moreover oxalate promotes the aqueous solubility of Fe from poorly soluble 

mineral phases, like clays, by complexation of Fe with organic matter (Paris and Desboeufs, 

2013). In Europe, Fe may originate from topsoil wind erosion, urban soil resuspension, 

industrial activities (such as metallurgy) and also desert dust storms crossing the 

Mediterranean Sea. Therefore, one may assume that the aerosols associated with this oxalate-

rich factor come mainly from secondary photochemical processes, favored by high 

temperatures and sunny days (as confirmed by the factor seasonal behavior and its high 

content of OC), which may include in-cloud aqueous processes catalyzed by iron. 

The NWR function (figure P1.4g) showed two distinct directions leading to high 

concentrations depending on wind speed: (i) low wind speeds associated with the east 

direction, where a large waste incinerator and an industrial area are located, and (ii) high wind 

speeds from the north-east, as previously observed for secondary aerosol factors. The 

interpretation of the CF map (figure P1.5d) is less obvious since part of this factor seems 

local, therefore a local input of concentrations could be associated with a possibly “clean” 

back-trajectory. However the results show some similarities with the map obtained for the 

sulfate-rich factor highlighting once again Central Europe as a possible source for these 

particles. Additional hotspots were highlighted in the Mediterranean Sea, which is also an 

area with the highest ozone concentrations, contributing strongly to the oxidation of 

atmospheric VOCs (Sartelet et al. 2012). Interestingly, these back-trajectories corresponded to 

specific days where a Saharan dust event reached the northern regions of France. 
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The pollution rose of this factor showed a double contribution of low and high wind speeds, 

suggesting that different sources, local and long distance, may be at the origin of these 

particles. When plotted, the Concentration Field map of the oxalate as a single species 

(Figure S.16) is very similar to the one seen for the “oxalate rich” factor, as well as the 

pollution rose. This supports the fact that different sources contribute to the observed 

concentrations of these oxalate/sulfate rich particles, driving the discussion towards the 

processes of formation of these particles rather than the geographical location of their sources. 

However, the sulfate seen in this factor is more probably associated with regional emissions 

given its pollution rose and the evidence that the main contributions are associated with 

higher wind speeds. Moreover, the oxalate and OC can be labeled as both local and regional 

since no evidence was found of a stronger association of these two species with just either 

high or low wind speeds. 

 

3.4.4 Sulfate-rich aerosols 

The sulfate-rich factor was identified by its two main tracers, sulfate (52% of the total SO4
2-

) 

and ammonium (25% of the total NH4
+
). With the nitrate-rich factor, it is one of the two 

secondary inorganic aerosol factors found in this study and represented by one main species, 

ammonium sulfate. However, unlike the nitrate-rich factor, no significant time variability was 

observed. Besides, other metals were also found in this factor, suggesting anthropogenic 

activities as possible sources of these particles. Compounds such as iron, arsenic, cadmium, 

molybdenum, nickel, lead and zinc (17%, 22%, 21%, 15%, 13%, 16% and 17% of each total 

species, respectively) are often linked with industrial activities (Riffault et al. 2015). 

The NWR function showed similar results to the nitrate-rich factor (figure P1.4h), with a 

more clear association with high wind speeds from the continent. However the concentration 

field map for sulfate-rich aerosols (figure P1.5e) highlights only a large area in Central 

Europe comprising Poland, the Czech Republic, Byelorussia and the Baltic States, likely 

pointing out to SO2 emissions by coal-fired power plants, leading to sulfate formation. As 

mentioned above, the ammonium associated also with this factor, is mainly emitted in Central 

Europe with strong contributions seen from Eastern Germany, Czech Republic, Poland and 

Belarus (Figure S19).  
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3.4.5 Marine biogenic aerosols 

The marine biogenic factor was identified thanks to its main tracer MSA (methanesulfonic 

acid) which has been commonly used as a tracer for marine phytoplankton activity (Andreae 

and Crutzen 1997; Mattias Hallquist et al. 2009; Gaston et al. 2010). However, few studies 

have measured it at continental sites as part of a comprehensive source apportionment study. 

Most of the measured MSA was found in this factor (81% of the total measured) with the 

additional presence of its photochemical degradation product, sulfate (12%). Both species are 

driving the mass contribution of this factor, which is only 3% on average, sulfate contributing 

as much as 54% of the concentration and MSA 7%. The marine biogenic factor showed also a 

strong seasonality, reaching higher concentrations during summer (11% of PM10 mass) due to 

enhanced photosynthetic processes occuring in the marine phytoplankton during sunny days 

(Chen et al., 2012). 

Performing the NWR function for the daily contribution of marine biogenic aerosols (Figure 

3i), a strong dependence of higher concentrations to high speed winds from the north-east 

quadrant can be clearly seen. The obtained CF map (figure P1.5f) evidenced that this source is 

located in the North Sea, especially near the Netherlands and above Scotland, as well as in the 

Baltic Sea, which are areas known for intense phytoplankton activity especially during 

summer time (EEA, 2015). These observations are also supported by NASA satellite 

observations of average chlorophyll-a concentrations in 2013 and 2014 (Figure S.17), 

highlighting again the major areas seen on the CF map, together with smaller regions off the 

coast of Canada and close to Iceland that also seem to be spotted by the CF model. 

Sulfate can be found in several factors, most notably the “sulfate rich”, “oxalate rich” and 

“marine biogenic” factors (52%, 18% and 12% respectively) making up for 82% of the total 

sulfate measured. The Concentration Field map obtained to the single species of sulfate is 

presented in Figure S.17. The highlighted region is similar to the one seen in the CF map for 

the sulfate rich factor. This is an expected result since this factor explains the majority of the 

measured sulfate, however the sulfate associated marine biogenic emissions is completely 

masked in this representation due to the lower percentage accounted in it. 
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4 CONCLUSION 

The present study, carried out at an urban site in the city of Nogent-sur-Oise during one year 

and a half, delivered a total of 158 samples to be analyzed which, after performing the source 

apportionment model EPA PMF5, identified 9 possible sources for the collected particles. 

Local emissions of traffic and biomass burning related particles were seen to be the main 

contributors to PM10 mass concentration (18% and 15% respectively), followed by secondary 

nitrate, sulfate and oxalate rich aerosols (14%, 13% and 13% respectively). Natural sources 

like land biogenic (7%) and marine biogenic (3%) were identified in this study, as well as 

fresh and aged sea salt (9% and 8% respectively), the latter with an important anthropogenic 

input detected in its chemical profile.  

Strong seasonality was also observed on the mentioned sources (except for traffic and sulfate 

rich). Biomass burning contributions were significantly higher during cold seasons, with an 

obvious negative correlation with ambient temperature measured at the location, relating it 

with house heating activities. The nitrate rich factor showed also a clear seasonal pattern with 

higher contributions during spring. This is related not only with the increase of emission rates 

of its sources (agricultural activities e.g.) but also with the favorable meteorological 

conditions to the formation of ammonium nitrate. 

Based on wind speed and wind direction information, NWR plots were constructed for each 

factor having into account its daily contributions. Factors such as fresh and aged sea salt, 

marine biogenic, nitrate, sulfate and oxalate rich were seen to be associated with high wind 

speeds, indicating that these particles are rather associated with long-range transport and were 

labeled as “regional”. Local sources like traffic related emissions, biomass burning and land 

biogenic particles were associated with lower wind speeds and their geographical origin could 

be estimated based on the obtained plots and general knowledge of the surrounding area. 

The concentration field method, based on 78h back-trajectories computed from HYSPLIT, 

was then applied to the identified regional factors in order to estimate their geographical 

origin as well. Associating the obtained back-trajectories with daily contributions of each 

factor, concentration field maps were obtained, that clearly distinguished natural and 

anthropogenic sources. Fresh sea salt was seen to be associated with air masses form the 

northwestern Atlantic Ocean, driven by the North Atlantic Oscillation phenomena, whereas 

more aged sea salt particles are seen to be originated from all the Atlantic Ocean at closer 

distances (lower average speed of these air masses). Marine biogenic particles were clearly 
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associated with the North Sea and supported by satellite imaging of chlorophyll 

concentrations from NASA. Anthropogenic related factors like sulfate rich and nitrate rich 

were clearly associated with continental contributions from Central and Eastern Europe. The 

oxalate rich factor was seen to have a wider range of possible geographic origins than the 

latter 2 factors, highlighting not only Central and Eastern Europe as possible sources (linked 

with sulfate contributions) but also the North Sea and the Mediterranean Sea. This is due to 

the multitude of possible sources of oxalate rich particles. The concentration field maps 

obtained for the identified maps were also compared with the ones for the main single species 

measured in this study, making it evident the usefulness of this technique to distinguish 

different sources of the same species. 

A time of 72 hours back-trajectories was chosen to reduce uncertainty associated with the 

results and also having into account the lifetime of some of the measured species. As a 

consequence, is possible that more distant sources may have not been identified and still have 

an impact on the sampling site. It is important to have also in mind that CF maps represent 

only the probable location of sources seen to impact this specific receptor site. A better 

picture of regional sources impacting the North of France could be obtained by combining 

results at several receptor sites. 
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SUPPLEMENTARY MATERIAL 

 

Figure S.1: Wind roses (m s-1) for the sampling site of Nogent-sur-Oise during the period of study 

 

 

Figure S.2: Time variability of temperature (in ºC) and relative humidity (in %) in Nogent-sur-Oise during the period of 

study 

 

Table S.1: Seasonality of the meteorological parameters of rainfall (in mm), rainfall duration (in min day-1), average 

temperature (in ºC), pressure (in mbar), wind speed (in m s-1), relative humidity (in %) and number of days in Nogent-sur-

Oise 

  
Rainfall 

(mm) 

Duration 

(min day
-1

) 

Average 

Temperature (ºC) 

Pressure 

(mbar) 

Wind speed 

(m/s) 

Relative 

humidity (%) 

Days of 

snow 

Winter 13 71 202 2 1016 3.3 89 13 

Spring 13 154 124 8 1012 3.5 73 3 

Summer 13 168 59 18 1019 2.9 72 0 

Fall 13 203 128 12 1016 3.1 84 2 

Winter 13-14 187 161 6 1011 4.2 83 0 

Spring 14 130 77 11 1016 3.0 72 0 

Summer 14 93 57 17 1018 2.8 72 0 
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Figure S.3: Time variability of anions and cations in Nogent-sur-Oise 

 

 

Figure S.4: Ion balance of the samples collected in Nogent-sur-Oise 

 

Table S.2: Scaled residuals beyond 3 standard deviations (dates by species) 

Species Date Residuals Species Date Residuals 

EC 

04-10-2013 3.4 Oxalate 24-07-2013 -3.6 

07-10-2013 4.1 
Levoglucosan 

29-01-2013 5.6 

19-10-2013 4.3 09-12-2013 -3.3 

12-01-2014 4.3 

Polysaccharides 

17-01-2013 3.3 

07-03-2014 3.8 24-03-2013 5.0 

31-03-2014 3.7 25-10-2013 6.1 

OC 09-05-2014 -3.1 24-11-2013 3.3 

NO3
-
 

16-02-2013 5.9 Ca 06-04-2014 3.5 

09-12-2013 7.9 

As 

16-03-2014 3.2 

SO4
2-

 08-08-2013 3.8 12-05-2014 3.5 

Na
+
 

17-01-2013 3.5 15-05-2014 3.2 

20-01-2013 3.2 27-05-2014 3.5 

03-03-2013 15.8 30-05-2014 3.4 

06-03-2013 17.7 02-06-2014 3.3 

09-03-2013 12.9 
Cd 

24-05-2014 3.0 

12-03-2013 19.3 27-05-2014 3.5 

05-09-2013 18.5 Co 06-04-2014 3.1 

09-12-2013 -5.1 

Pb 

23-01-2013 3.2 

06-04-2014 3.4 29-01-2013 3.4 

NH4
+
 

08-08-2013 -4.8 05-09-2013 3.2 

27-11-2013 3.3 27-05-2014 3.5 

K
+
 

08-01-2013 -5.4 

Sb 

05-01-2013 4.1 

13-02-2013 3.3 01-05-2013 3.3 

16-02-2013 -3.3 30-08-2013 -3.8 
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16-05-2013 -3.2 25-09-2013 -3.3 

19-05-2013 3.6 16-03-2014 3.4 

08-08-2013 -4.1 

Sr 

13-05-2013 3.1 

30-08-2013 3.1 16-05-2013 -4.5 

01-10-2013 3.2 06-04-2014 3.3 

19-10-2013 3.7 

V 

12-03-2013 3.0 

22-10-2013 3.7 31-05-2013 3.0 

24-11-2013 3.7 22-10-2013 3.0 

27-11-2013 3.7 30-12-2013 -3.6 

03-12-2013 5.1 13-03-2014 -3.5 

09-12-2013 3.5 19-03-2014 3.1 

21-12-2013 3.1 06-04-2014 3.4 

30-12-2013 5.3 15-04-2014 3.1 

05-02-2014 3.1 24-04-2014 -3.4 

Mg
2+

 

17-01-2013 -3.5 06-05-2014 3.1 

07-05-2013 3.4 

Zn 

12-03-2013 3.4 

15-07-2013 3.5 04-10-2013 3.6 

21-07-2013 3.1 03-11-2013 3.3 

05-09-2013 -3.6 13-11-2013 3.3 

01-10-2013 -10.4 18-04-2014 3.5 

13-03-2014 4.0 27-05-2014 3.7 

06-05-2014 3.3 
   

 

Table S.3: Model fitting on observed concentrations 

Species Intercept Slope SE r
2
 

PM10 -0.55 0.97 5.39 0.90 

EC 0.11 0.80 0.41 0.79 

OC 0.22 0.90 0.84 0.94 

Cl
-
 0.01 0.97 0.05 1.00 

NO3
-
 0.10 0.96 0.55 0.99 

SO4
2-

 0.05 0.97 0.12 1.00 

Na
+
 0.09 0.77 0.30 0.70 

NH4
+
 -0.03 1.02 0.13 0.99 

K
+
 0.03 0.66 0.03 0.87 

Mg
2+

 0.00 0.90 0.01 0.97 

MSA 0.00 0.93 0.01 0.98 

Oxalate 0.00 0.96 0.01 0.96 

Levoglucosan -0.02 1.06 0.10 0.97 

Polysaccharides 0.00 0.95 0.01 0.99 

Sugar alcohols 0.00 0.92 0.00 0.98 

Fe 0.07 0.06 0.04 0.14 

Ca 0.18 0.37 0.14 0.64 

As 0.00 0.29 0.00 0.28 

Ba 0.00 0.29 0.00 0.41 

Cd 0.00 0.39 0.00 0.60 

Co 0.00 0.64 0.00 0.70 

Cu 0.01 0.58 0.01 0.64 

La 0.00 0.41 0.00 0.47 

Mn 0.00 0.39 0.00 0.40 

Mo 0.00 0.29 0.00 0.42 
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Ni 0.00 0.34 0.00 0.43 

Pb 0.00 0.34 0.00 0.52 

Rb 0.00 0.48 0.00 0.52 

Sb 0.00 0.21 0.00 0.25 

Sr 0.00 0.41 0.00 0.49 

V 0.00 0.26 0.00 0.28 

Zn 0.02 0.24 0.02 0.32 

 

Table S.4: Bootstrap analysis on the final PMF solution for the sampling site of Nogent-sur-Oise 

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Factor 8 Factor 9 Unmapped 

97 0 1 0 0 0 0 0 0 0 

0 90 0 1 0 0 2 1 1 3 

0 0 96 0 0 0 1 0 0 1 

0 0 0 98 0 0 0 0 0 0 

0 0 0 0 98 0 0 0 0 0 

0 0 0 0 0 98 0 0 0 0 

0 0 0 0 0 0 98 0 0 0 

0 0 0 0 0 0 0 98 0 0 

0 0 0 0 0 0 0 0 94 4 

 

 

 

Figure S.5: Chemical and time profile of the constrained traffic factor 

 

 



160 

 

 

Figure S.6: Chemical and time profile of the biomass burning factor 

 

 

Figure S.7: Chemical and time profile of the land biogenic factor 
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Figure S.8: Chemical and time profile of the fresh marine factor 

 

 

Figure S.9: Chemical and time profile of the aged marine factor 
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Figure S.10: Chemical and time profile for the nitrate rich factor 

 

 

Figure S.11: Chemical and time profile of the oxalate rich factor 
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Figure S.12: Chemical and time profile of the sulfate rich factor 

 

 

Figure S.13: Chemical and time profile of the marine biogenic factor 
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Figure S.14: Concentration field map of PM10 in Nogent-sur-Oise 

 

 

Figure S.15: Concentration field map of sodium in Nogent-sur-Oise 
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Figure S.16: Concentration field map of oxalate in Nogent-sur-Oise 

 

 

Figure S. 17: Concentration field map of sulfate in Nogent-sur-Oise 
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Figure S. 18: Concentration field map of nitrate in Nogent-sur-Oise 

 

 

Figure S. 19: Concentration field map of ammonium in Nogent-sur-Oise 
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Figure S.20: Chlorophyll-a concentrations (in mg m-3) in (top) 2013 and (bottom) 2014 (Source: NASA, 2016) 
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Figure S.21: Time variability of temperature and biomass burning contributions 
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 Complement of Publication 1 3.2

 Source apportionment 3.2.1

The PMF model was applied in this study to identify and quantify sources of PM10 in each 

individual site. This model is based on a factor analysis of the database and uses a least 

squares algorithm to determine the contributions of factors and their chemical compositions 

while applying non-negativity constraints in the optimization process. 

This work was performed with the EPA PMF version 5.0.12.13261 developed by the 

Environmental Protection Agency (EPA) in 2013. The optimization of the final solution for 

each site followed the guidelines suggested in the European Guide on Air Pollution Source 

Apportionment with Receptor Models, put together by Belis et al, in 2014. 

3.2.1.1 Concentration matrix 

To perform a PMF analysis one needs to indicate as input 2 main matrixes: a concentration 

matrix and an uncertainty matrix. The concentration matrix is composed by the contribution 

of each variable (or species measured) in each sample. The uncertainty matrix has to have the 

exact same dimensions as the concentration matrix and each cell indicates the uncertainty 

associated with the correspondent concentration. 

To build the concentration matrix one first needs to follow the process mentioned above of 

data validation for every single concentration to include. This process is of extreme 

importance because it assures the basic quality of the database. Is important to also have into 

account the amount of available information for each variable, meaning that an assessment 

has to be done regarding missing values and number of samples below the DL. In this work 

was defined a limit of a maximum of 33 % of missing values or 50 % of values below the DL 

(as suggested by Belis et al., 2014). If a variable presents a large number of either missing 

values or values below the DL this species was excluded from the input matrix. The larger 

given for variables with values below de DL was given due to the presence of tracers that are 

expected to have a strong seasonality, with virtually no sources of these species during certain 

periods of the year.  

Another parameter that allows assessing the quality of the input information is the signal-to-

noise ratio. The signal-to-noise ratio (S/N) is defined as the power ratio between a desired 

signal (S, meaningful information) and the background noise (N, unwanted signal) and in 
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receptor model analysis this can be interpreted as the relationship between concentrations (x) 

and uncertainties (s) (Paatero et al. 2002; Paatero and Hopke 2003). 

(
𝑆

𝑁
)

𝑗
= √

∑ (𝑥𝑖𝑗−𝑠𝑖𝑗)
2𝑛

𝑖=1

∑ 𝑠𝑖𝑗
2𝑛

𝑖=1

   (Eq. 14) 

The signal-to-noise ratio is useful for classifying variables according to the information they 

supply for the source identification analysis. According to Paatero and Hopke (2003), 

variables with signal-to-noise ratios below 0.2 (bad) were excluded from the analysis, while 

variables where the ratio falls between 0.2 and 2.0 are suitable for the analysis but selected as 

weak variables. The remaining variables with S/N above 2 were selected as strong variables. 

Finally, a study of the possible presence of outliers is also important before performing a PMF 

analyses. An outlier is a value that doesn’t follow the normal behavior of similar species. 

These outliers can be hard to spot and deal with because they can be associated either with a 

real temporary source of this particular species or can be originated from analytical errors or 

contamination. In this study no such points were observed. Some strong peaks of some 

variables were seen but also explainable either by similar behavior of a common tracer or a 

general increase on all variables and PM10 mass concentration. 

PM10 mass concentration was selected as “main variable” for all sites and will be used by the 

program in the post-processing of results. This total variable should not have a large influence 

on the solution so it should be given a high uncertainty, therefore, when a species is selected 

as a total variable, its categorization is automatically set to “weak”. 

3.2.1.2 Uncertainty matrix 

The uncertainty matrix is particularly critical because every entry is weighted according to its 

uncertainty. EPA PMF 5.0 accepts two types of uncertainty files: observation-based and 

equation-based. The observation-based uncertainty file provides an estimate of the uncertainty 

for each species in a sample. It should have the same dimensions as the concentration file and 

the first column will still be a date, date time or sample number. The equation-based 

uncertainty file provides species-specific parameters that EPA PMF 5.0 uses to calculate 

uncertainties for each sample like the method detection limit and relative uncertainty for each 

species. This work calculated individual uncertainties to each concentration (observation-

based matrix) because the equation-based approach will not capture errors associated with 
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each specific sample. The methodology followed to calculate the uncertainties was explained 

above. 

Finally, to the values below the detection limit that were replaced by DL/2 its uncertainty was 

increased by a factor of 5/6 as suggested in the EPA PMF5 user guide and in Belis et al, 2014. 

3.2.1.3 Selection of the number of factors 

The responsibility of identifying the different factors is purely from the user. This choice is 

made according to the results obtained on the chemical profile of each factor, the quality of 

the modelled result when compared to the observations, on the scaled residuals, etc.  

To identify the different factors the author of this work used mostly an extensive 

bibliographic research of studies carried out with the same characteristics, such as: sampling 

time spam, tracers used, typology of sites and global region. This method is highly dependent 

on the experience that the user has on dealing with similar studies and should obviously be 

supported by other parameters.  

More objective parameters that can help to identify the number of factors of a PMF are related 

with the residuals of the output solution and can be easily calculated. Examples of these 

alternatives are the Q/Qexpected ratio and the IM & IS values. 

The Qexpected is equal to the number of non-weak data values in X minus the number of 

elements in the matrixes of the chemical profiles and factor daily contributions, taken 

together. For example, in the case of the sampling site of Lens we have a total of 167 samples 

with 27 strong variables on a 9 factor solution, the Qexpected is given by Qexp = (167×27) –

 ((9×167) + (9×27)) = 2763. For each species, the Q/Qexp for a species is the sum of the 

squares of the scaled residuals for that species, divided by the overall Qexpected divided by the 

number of strong species. For each sample, the Q/Qexp is the sum of the square of the scaled 

residuals over all species, divided by the number of species. When examining the overall 

Q/Qexp and according to Paatero and Tapper, 1993, the increase on the number of factors 

leads to a decrease on the Q/Qexp value tending to 1 and a good method to estimate the ideal 

number of factors is when this curve suffers an abrupt change in its tendency, meaning a 

significant decrease in the residuals and therefore a better overall solution. Again taking as an 

example the exercise made in Lens, the following Q/Qexp values were obtained: 
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Figure 50: Qtrue/Qexp values for different number of factors in Nogent-sur-Oise 

 

Although there is no evident change in the curve behavior, is seen a difference between the 8 

and 9 factor solutions, which may indicate that a 9 factor solution may be the preferred one 

(figure 50). 

Another calculation that can be made using the uncertainty-scaled residuals matrix (rij) of the 

obtained solutions to help identifying the optimal number of factors is the calculation of the 

parameters IM (maximum individual column mean) & IS (maximum individual column 

standard deviation) and are defined by: 

𝐼𝑀 = 𝑚𝑎𝑥 (
1

𝑛
∑ 𝑟𝑖𝑗

𝑛
𝑖=1 )    𝑓𝑜𝑟 𝑗 = 1 … 𝑚    (Eq.15) 

𝐼𝑆 = 𝑚𝑎𝑥 (√
1

𝑛−1
∑ (𝑟𝑖𝑗 − 𝑟𝑗̅)

2𝑛
𝑖=1 )    𝑓𝑜𝑟 𝑗 = 1 … 𝑚  (Eq. 16) 

In the obtained solutions of Lens the following values were obtained: 

 

Figure 51: IM and IS values for different number of factors in Nogent-sur-Oise 



173 

 

 

Again with these parameters one is looking to sudden change on the behavior of both 

parameters in function of the number of factors, however with this exercise no evident 

changes are observed, meaning just that a solution with more than 7 factors appears to be a 

stable one already. This is an important starting point for the author to know what solutions to 

focus on and the number of factors that need to be identified and given a meaningful label. 

To summarize, the Q/Qexp, IM and IS parameters are useful parameters that can be calculated 

to each PMF solution and give an idea of the ideal number of factors, however once a stable 

mathematical solution is found, is the authors responsibility to attribute a meaningful source 

to each factor identified by PMF having into account its chemical profile and time variability 

supported by bibliographic research. 

 

 Source location 3.2.2

All the meteorological parameters used in this work (wind speed, wind direction, pressure, 

temperature, rainfall, snow episodes and relative humidity) were obtained from 

https://donneespubliques.meteofrance.fr/?fond=produit&id_produit=111&id_rubrique=37, 

last consulted on the 11
th

 of October 2016, in this case using the station located in Creil. 

To create a concentration field map one needs the backtrajectories of the sampled days. These 

backtrajectories were obtained using the model Hybrid Single Particle Lagrangian Integrated 

Trajectory (HYSPLIT; Draxler and Rolph, 2011). Backtrajectories of 72 hours were 

calculated for all sites for each day between the 1
st
 of January 2013 and 7

th
 of June 2014 and a 

total of 8 backtrajectories per day (starting at 00h, 03h, 06h, 09h, 12h, 15h, 18h and 21h) 

arriving at 500 meters of altitude. 

The ZeFir v3.10 software (Igor tool developed by Petit et al. 2017) was used to plot the 

concentration field maps. This tool requires as input the daily contributions of the pollutant to 

plot, the associated dates, wind speed and wind direction for each day and the backtrajectories 

for the period of study (figure 53): 
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Figure 52: ZeFir interface for wind (top) and trajectory (bottom) calculations 
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A powerful solution for more robust results is the multi-site merging of concentration field 

maps. This allows exploring the bigger picture of source-receptor approaches, by combining 

several sites all together. This is made very easily within ZeFir. First, where individual 

calculations for each site need to be performed and saved in specified folders. Then, the user 

has to fill the “Combine results from Folder” list by the names of all result folders. A final 

concentration field map is obtained with the probable geographical location of sources. In 

order to apply the multi-site concentration field method one has first to be assured that the 

same sources are being associated – regional sources from sampling sites close to each other 

with insignificant local contributions to the chemical profiles in question. This approach will 

be addressed in Chapter 4 of this manuscript. 
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CHAPTER 4 - MULTI-SITE RECEPTOR ORIENTED APPROACH FOR A 

COMPREHENSIVE SOURCE APPORTIONMENT OF PM IN THE NORTH 

OF FRANCE (PUBLICATION 2) 

This Chapter will be based on the 2
nd

 article written during this thesis and addresses the 

complete chemical analysis done on 5 sites of the north of France, their source apportionment 

exercise and the geographical location of the identified sources. 

 

 Summary of Publication 2 4.1

This publication has as objective to expose a comprehensive study performed on 5 sampling 

sites spread across the north of France and present what are the main contributors to PM10 

mass concentration in terms of chemical composition and source origin impacting the region. 

To do so, the work is based on samples collected over a period of 18 months on five sampling 

sites with different typologies (3 urban sites, 1 traffic and 1 remote), to allow a better 

understanding of the possible sources of PM10, both on a local and regional scale. The total 

number of samples ranged from 158 in Nogent-sur-Oise up to 169 in Lens, and cover the 

period from January 2013 to June 2014. A PMF analysis was done on each site individually 

and the best possible solution was found independently from site to site. The identified 

sources were then studied regarding their chemical profiles and seasonal behavior and, 

together with meteorological information of wind speed and wind direction collected at 

nearby stations, their possible local or regional origin. Regional sources were associated with 

back-trajectories obtained from HYSPLIT4 for each sampling site and used on the 

concentration field method it was seen that these regional sources were comparable from site 

to site, so multi-site concentration fields were calculated as well. 

 

 Chemical composition 4.1.1

Higher concentrations of PM10 were seen on the sampling site of Roubaix, the traffic site, 

(daily average of 28.0 ± 15.4 µg m
-3

) and lower concentrations in the remote site of Revin 

(daily average of 16.3 ± 9.7 µg m
-3

). Curiously, no major differences were seen from site to 

site in terms of relative species contribution to PM10 mass, suggesting the existence of similar 
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impacting sources. Organic matter is the main contributor on all five sites, with average 

contributions ranging from 38% (7.2 ± 6.1 µg m
-3

) in Nogent-sur-Oise to 31% (5.6 ± 4.6 µg 

m
-3

) in Lens with regard to traffic and urban sites . However, the lowest concentration of 

organic matter was measured in Revin (4.1 ± 2.2 µg m
-3

) contributing for 34% of the PM10 

mass concentration. The major ions (nitrate, sulfate and ammonium) were the following major 

contributors on all sites as well. Nitrate concentrations ranged from 5.4 ± 6.3 µg m
-3

 in 

Roubaix (25% of PM10) to 3.3 ± 4.1 µg m
-3

 in Revin (27% of PM10). It is interesting to point 

out the strong variability of this species, evident by the standard deviation associated with the 

measured concentrations. Sulfate showed higher contributions in Revin (16%) and lower in 

Roubaix (11%). Curiously it was in Roubaix where the highest average concentration of 

sulfate was found (2.4 ± 2.7 µg m
-3

) and in Revin the lowest (1.9 ± 1.8 µg m
-3

). Finally, 

ammonium also showed constant contributions across the sites ranging from 8% in Roubaix, 

Rouen and Nogent-sur-Oise, to 11% in Lens. 

 

 Source apportionment 4.1.2

A source apportionment exercise was performed on the 5 sampling sites following the 

methodology exposed in Chapter 3 of this work. Different number of factors was found from 

site to site: 

 Lens (9 factors): Traffic*, biomass burning, land biogenic, marine biogenic, nitrate 

rich, sulfate rich, oxalate rich, fresh marine and aged marine 

 Nogent-sur-Oise (9 factors): Traffic*, biomass burning, land biogenic, marine 

biogenic, nitrate rich, sulfate rich, oxalate rich, fresh marine and aged marine 

 Revin (10 factors): Traffic*, crustal, biomass burning, land biogenic, marine biogenic, 

nitrate rich, sulfate rich, oxalate rich, fresh marine and aged marine 

 Rouen (8 factors): Traffic*, biomass burning, land biogenic, marine biogenic, nitrate 

rich, sulfate rich, oxalate rich and fresh marine 

 Roubaix (10 factors): Traffic, road dust, biomass burning, land biogenic, marine 

biogenic, nitrate rich, sulfate rich, oxalate rich, fresh marine and aged marine 

On all sites, the number of factors identified ranged from 8 (Rouen) to 10 (Revin and 

Roubaix), and the main differences lied on the ability shown by PMF to identify a crustal 
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matter factor in Revin, a road dust factor in Roubaix and the absence of an aged marine factor 

in Rouen. 

Concerning the different traffic factors identified, the ones signaled with a ‘*’ were found to 

have a strong component of various metals in their chemical profile. This indicates that a 

fraction of the identified factor refers to a contribution of non-exhaust related particles, as 

shown in Chapter 3. The presence of Ca in factors of the urban sites (Lens, Nogent-sur-Oise 

and Rouen) indicates also a contribution of crustal/road dust matter. In the sampling site of 

Revin the traffic factor showed also the presence of metals, however the Ca was found on the 

crustal matter factor identified in this site, leading to the conclusion that, in this case, the 

traffic related particles collected are associated with exhaust emissions and break and tire 

abrasion. In Roubaix, a road dust factor was identified separately from the traffic factor. This 

factor is composed by a strong contribution of metals as well as some Ca, Fe and Al, 

however, in this site, the contribution of Ca is not as strong as in Revin, whereas the metals 

are present in larger significance, leading to believe that this factor, although it may have a 

crustal influence, is mainly based on road dust resuspension and non-exhaust related particles. 

The traffic factor identified in this site was mainly composed by EC and OC, with lesser 

influence of metals, being then associated with exhaust emissions. 

Factors labelled the same way were then compared regarding their chemical profile and the 

observed ratios for the significant tracers. It was assumed that factors known to have regional 

origins and small discrepancies between sites in terms of their chemical profile would have 

negligible local inputs, being therefore assumed to be linked with the same source. 

 

 Source location 4.1.3

The regional factors identified in this study were defined according to their nature: natural or 

anthropogenic origin. Main natural factors, namely the fresh and aged marine factors and the 

marine biogenic factor, were seen to be originated in maritime areas. The first two having as 

source the Atlantic Ocean, where fresh marine aerosols seem to be associated with more 

distant emissions carried by air masses with higher velocity, and aged marine aerosols were 

associated with the Atlantic Ocean and North Sea on a more vast area. Marine biogenic 

aerosols were clearly linked with the North Sea, known for its intense algae blooming during 

spring and summer seasons. 
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Anthropogenic related aerosols observed on the 5 sampling sites were associated with 

continental air masses from Central and Eastern Europe mainly. Both nitrate and sulfate rich 

factors have these regions highlighted as strong potential sources, with the small 

particularities already addressed in Chapter 3 and now validated. Nitrate rich particles appear 

to originate from regions rather close to the sampling sites like the Netherlands and Belgium, 

whereas sulfate rich particles are rather associated with farther sources, such as Central and 

Eastern European sources or ship emissions from the Gibraltar Straight caused by the intense 

maritime traffic seen in this area. Finally, the concentration field maps obtained for the 

oxalate rich factors on the five sites also highlights remote zones as potential strong source 

areas of these particles. This is the case for Central and Eastern Europe, as well as regions in 

the Mediterranean and North Seas. This finding suggests that oxalate-rich particles are 

probably linked to aged secondary organic aerosols. One may try to deconstruct the CF maps 

for the oxalate-rich factors into two main influences, assuming that: (i) highlighted areas in 

Central and Eastern Europe could be mainly related with oxidation of sulfate-containing 

particles (significantly present in this factor) whereas (ii) the highlighted maritime areas could 

be linked with sources of organic precursors of oxalate like marine biogenic emissions and 

maritime traffic (North Sea) or associated with high concentrations of ozone (Mediterranean 

Sea), an oxidation agent of VOCs. 
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Abstract 

A PM source apportionment study was carried out using EPA PMF5 on the PM10 chemical 

composition measured at five different sampling sites (3 urban, 1 traffic and 1 remote) located 

in the north of France. Between 8 and 10 main sources of PM10 could be identified and 

quantified at each site. Local sources such as traffic and biomass burning emissions showed to 

be strong contributors to PM10, with traffic being the main local source at 3 out of the 5 sites. 

Secondary inorganic aerosols deconvoluted as nitrate-rich and sulfate-rich factors were found 

as the main regional sources, with combined contributions ranging from 20 % at the remote 

site (Revin) up to 38 % at one of the urban sites (Lens). A multi-site approach was adopted 

for the Concentration Field method combining backtrajectories obtained from the HYSPLIT 

model with daily contributions of the different identified sources. It allowed for a robust 

estimation of the probable geographical location of each regional source as well as 

differentiating the origins of natural and anthropogenic particles. Natural sources like fresh 

sea salt and marine biogenic secondary aerosols were traced back to the far Atlantic Ocean 

and the North Sea, respectively. Secondary inorganic aerosols, strongly related with 

anthropogenic activities were found to originate mainly from Central and Eastern Europe in 

consistency with the European emission inventory from EMEP. Nitrate-rich aerosols were 

also associated with countries like Belgium and the Netherlands, probably related with intense 

agricultural activities whereas the Strait of Gibraltar was identified as a source of sulfate-rich 

aerosols, probably related with the high volume of maritime traffic in this region. 

 

Keywords: PM10, PM chemical composition, source apportionment, PMF, Receptor oriented 

method, Concentration fields, multi-site approach,  
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INTRODUCTION 
Particulate matter (PM) is a mixture of solid or liquid particles suspended in air. PM, also 

commonly referred as “aerosols”, impacts the economy, health and environment on a global 

scale. Many of the effects on human health remain unknown. However, epidemiological 

studies have revealed a strong correlation between mortality and chronic exposure to high 

concentrations of PM10 or PM2.5, the mortality being due to bronchial, heart disease or cancer 

(Analitis et al. 2006; Pope III and Dockery 2006). 

An extensive knowledge on the nature of PM sources is then needed to effectively tackle air 

quality issues, which requires a detailed chemical characterization of PM10. Primary aerosols 

are directly released as particles in the atmosphere. On the other hand, secondary aerosols are 

formed by gas-to-particle conversion processes from semi-volatile gaseous species or 

precursor gases through physical or chemical processes. Concerning sources of particles or 

their gaseous precursors, two main origins can be distinguished in the atmosphere: natural and 

anthropogenic sources. 

The sources of PM at a given sampling site, based on its chemical characterization and 

temporal contributions, can be assessed through statistical methods to estimate the probable 

sources of these aerosols (Watson 1984). Commonly referred to as receptor-based methods, 

these tools compute temporal contributions into factors, which can be read as sources. The 

choice of these methods depends on several criteria such as time resolution, database quality, 

prior knowledge of impacting sources, etc. (Viana et al. 2008). Positive Matrix Factorization 

(PMF) is a multivariate factor analysis tool that decomposes a matrix of sampled 

concentrations into two matrices: factor contributions and factor profiles. These factor profiles 

need to be interpreted and can then be linked with possible sources of PM (Paatero and 

Tapper 1994; Paatero 1997). PMF results are constrained to provide positive source 

contributions and the uncertainty weighted difference between the observed and predicted 

species concentration is minimized (Anttila et al. 1995). The contributions of these sources 

can then be associated with other parameters like gaseous emissions or meteorological 

information to better understand and to validate the results obtained. 

In France an estimated 42 000 premature deaths per year occur due to air pollution exposure 

and the region of the north of France is known for often exceeding the daily limit value of 

50 µg/m
3
 on PM10 mass concentration. In 2015 this limit was exceeded more than 35 days in 

6 urban areas of the region (LCSQA, 2016), impacting about 90% of its population . Primary 
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sources of PM10 such as industry, dense urban areas, traffic and agriculture, along with 

particle long-range transport (enhanced here in a context of rather flat topography), have 

proven to be the main sources of high concentration episodes in the city of Lens (Waked et al. 

2014). 

Given the complexity and multitude of possible sources, to estimate their geographical origin 

can provide crucial knowledge on how to better tackle this issue. Several authors have used 

backward trajectory analysis to help detecting the long-range transport of pollutant air masses 

that may have an impact on local PM10 levels (Salvador et al. 2008), to better describe the 

related tropospheric circulations (Jorba et al. 2004) or to characterize and identify spatial and 

temporal trends of pollutants (Coury and Dillner 2007). However, single backward 

trajectories, generally applied to detect source areas of short episodes of extreme PM 

concentrations impacting given sites (Hongisto and Sofiev 2004), are not suitable for an 

overall identification of paths and origins of air parcels over a longer period of time. To this 

latter purpose, rather large numbers of trajectories arriving at a given site have to be analyzed. 

Several authors performed statistical cluster analyses in order to group trajectories into main 

pathways (Dorling, Davies, and Pierce 1992; Dorling and Davies 1995). Such procedures 

have been frequently used to interpret the origin and the transport of atmospheric pollution 

(Vardoulakis and Kassomenos 2008). However the lack of information on the chemical 

composition of PM hinders identifying both the nature and the location of emitting sources. 

Having therefore available chemical information on species’ concentrations and on the 

contributions of the different sources impacting a given receptor site, one can compute the air 

mass back-trajectories arriving at this site during the sampled period to assess the 

geographical origin of given chemical species and sources influencing this specific point in 

space. These models are commonly referred to as Hybrid Receptor Models (Han, Holsen, and 

Hopke 2007) or Trajectory Statistical Methods (TSMs) (Kabashnikov et al. 2011). There are 

several variations of TSMs that have been applied to characterize atmospheric PM: Potential 

Source Contribution Function (PSCF) (Bessagnet et al. 2005; Han, Holsen, and Hopke 2007; 

Abbott et al. 2008; Choi, Choi, and Yi 2011; Xu and Akhtar 2010; X. Fu et al. 2011), Gridded 

Frequency Distributions (GFD) (Weiss-Penzias, Gustin, and Lyman 2011; Sexauer Gustin, 

Weiss-Penzias, and Peterson 2012), Concentration Field (CF) analyses (Seibert et al. 1994; 

Rutter et al. 2009), Concentration-Weighted Trajectory (CWT) (Stohl et al. 1995), and 

Residence Time-Weighted Concentration (RTWC) (Han, Holsen, and Hopke 2007). 
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The main difference between methods has to do with how concentrations are incorporated in 

the trajectory and the frequencies in each grid cell. Charron et al. (1998) showed that CF is a 

suitable methodology to identify potential source areas and provides computed data which 

could be used to examine their quantitative relationships with the measured concentrations. A 

previous work from our group has also shown the usefulness of this method to allocate 

sources impacting an urban site in the north of France (Oliveira et al., submitted).  

This work follows the methodology exposed in Oliveira et al. (submitted), extending it to a 

larger and unique database of five sites with different typologies (3 urban, 1 traffic and 1 

remote) spread across the north of France. PM10 samples were collected over an 18-month 

period and daily contributions of sources were computed from measured species using 

Positive Matrix Factorization, for a comprehensive source apportionment study at each site 

taken individually. After identification of the local and regional sources at impacting each 

site, we combined these results with the CF model to assess the geographical origins of both 

natural and anthropogenic regional sources. 
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METHODOLOGY 

 Sites, sampling and chemical analysis 

The chosen sampling sites (figure P2.1 and table P2.1) are of different typologies and spread 

across the north of France, allowing not only a wide coverage of the region, but also a study 

of the influence of different or common sources at each site, enabling to assess the impact of 

local versus regional sources. 

 

Figure P2. 1: Map of the sampling sites. Typologies: remote (green), traffic (grey), urban (orange) 

Table P2. 1: Specifications of the five sampling sites 

Typology Location Coordinates 
Population 

(inhab. in the area) 
Reference 

Urban Lens 
50°26'12.6"N 

2°49'36.7"E 
~543,000 Waked et al. (2014) 

Urban Nogent-sur-Oise 
49°16'35.0"N 

2°28'56.0"E 
~117,000 

Oliveira et al. 

(submitted) 

Urban Rouen 
49°25'41.4"N 

1°03'29.1"E 
~650,000 - 

Traffic Roubaix 
50°42'23.6"N 

3°10'50.5"E 
~1.1 million - 

Remote Revin
a
 

49°55'00.0"N 

4°38'29.0"E 
~8,000 

Sicard et al. (2007); 

Pascaud et al. (2016) 

a
 part of the French EMEP monitoring network (FR09) 
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Daily samples of PM10 were collected by filtration using a sequential HVS (Digitel DA80) 

operating at 30 m
3
/h. Pre-fired 150 mm diameter Pall TissuQuartz filters were used (100% 

quartz filters) and samples were selected every three days. All samples correspond to a 24-

hour collection period, from midnight to midnight, except for Revin and Nogent-sur-Oise 

where filters were collected from 9 am to 9 am. PM10 mass concentrations were 

simultaneously measured using automatic microbalances (TEOM-FDMS, Thermo Scientific) 

at all sites, except in Lens where a beta gauge (MP101M-RST, Environnement S.A.) was used 

instead. The dataset used in this study covers the period from January 2013 to June 2014. The 

analysis of the chemical composition of the PM10 samples was carried out using the same 

technical protocols for the 5 sites. More information on the chemical analysis can be found in 

Oliveira et al. (submitted), but a summary is given in table P2.2. 

Table P2. 2: Summary of the species measured and methods used 

 
Method Reference 

Major elements ICP-AES Alleman et al. (2010) 

Trace elements ICP-MS Alleman et al. (2010) 

Soluble ions Ion chromatography Sciare et al. (2008) 

EC/OC 
Thermal and optical 

transmission (TOT) 
Birch and Cary (1996) 

Monosaccharides, 

sugar anhydrides 

and sugar alcohols 

HPAEC (IC-PAD) Iinuma et al. (2009) 

 

To check the consistency of the different chemical results with the total mass of PM10, the 

PM10 reconstructed mass was calculated according to the method described in Waked et al. 

(2014). This mass closure method was chosen due to the similarities between the studies – 

similar measured species, typology of sites, geographical location (north of France) and 

collection period. A conversion factor of OC to OM is needed and is dependent on the 

typology of each sampling site. Table 3 shows the conversion factor chosen for each site and 

the percentage of total PM10 mass not explained by the mass reconstruction method used. 

These percentages of unexplained mass range from 0 to 20%. The highest percentage was 

obtained for Rouen, the site closest to the sea, where elevated relative humidity is observed. 
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In fact, the mass of water adsorbed by the particles is not taken into account in the mass 

closure calculation. 

Table P2. 3: OM/OC ratio and unaccounted masses for each sampling site 

 Lens 
Nogent-sur-

Oise 
Revin Rouen Roubaix 

OM/OC ratio 1.75 1.75 1.9 1.75 1.6 

Unaccounted 

mass 
0 % 15 % 10 % 20 % 5 % 

 

The value of 1.75 was selected for the urban sites because, having in consideration a previous 

study in the region, a significant contribution of biomass burning is expected (Waked et al., 

2014). As shown by the null unaccounted mass, this value corresponds perfectly to the case of 

Lens. However the same value seems slightly underestimated for the two other urban sites 

(Nogent-sur-Oise and Rouen), as unaccounted masses are higher (respectively 15% and 10%). 

Noteworthy, the automatic device used in Lens for the PM10 mass determination is different 

from the ones used in the other sites. The apparently better adequation of the multiplying 

factor for Lens could therefore be due theoretically to an underestimation of the total PM10 

mass concentration. The traffic site followed the recommendation of Turpin and Lim (2001) 

for the value of 1.6, which gave a good adequacy. Whereas to the remote site, being 

surrounded by forests, was given a higher ratio of 1.9 to reflect a higher degree of oxidation 

of OM (due to the likely formation of SOA from biogenic VOCs). 

 

Source apportionment using Positive Matrix Factorization (PMF) 

The PMF model was applied in this study to identify and quantify sources of PM10 at each 

individual site (Paatero and Tapper 1994). This model is based on the mass balance equation 

and uses a least-square algorithm to solve the matrix equation: 

𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘 × 𝑓𝑘𝑗
𝑝
𝑘=1 +  e𝑖𝑗 [1] 

where xij is the measured concentration of the j
th

 species in the i
th

 sample, gik is the 

contribution of the k
th

 source to the i
th

 sample and fkj is the concentration of the j
th

 species in 
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the k
th

 source, eij is the residual for each sample/species. G and F will then be the matrices of 

factor contributions and factor chemical profiles, respectively. 

Uncertainties were calculated following the procedure described in Oliveira et al. (submitted) 

and also used by Waked et al. (2014). Expanded uncertainties of 10 %  for OC (Lim et al. 

2003), 15 % for EC (Schmid et al. 2001; Cavalli et al. 2010) and 15 % for monosaccharide 

sugars and derivatives such as levoglucosan, mannosan, galactosan, arabitol, and mannitol 

(Piot et al. 2012; Iinuma et al. 2009) were selected. Metal uncertainties were calculated as in 

Alleman et al. (2010) and were based on the following expression: 

𝑢𝑟𝑒𝑙(𝐶) = √𝑢𝑟𝑒𝑙
2 (𝐴𝑐) + 𝑢𝑟𝑒𝑙

2 (𝑉) + 𝑢𝑟𝑒𝑙
2 (𝑅𝑒𝑝) + 𝑢𝑟𝑒𝑙

2 (𝐶𝑜𝑛𝑡) [2] 

where urel
 
(Ac) is referred to the relative uncertainty linked with the method’s accuracy, urel

 

(V) with the volume sampled, urel
 
(Rep) with the repeatability of the analysis and urel

 
(Cont) 

with possible contaminations. This detailed calculation was possible for the elements analysed 

in Mines Douai. 

Calculations were performed with the EPA PMF5 (version 5.0.12.13261). The optimization 

of the final solution for each site followed the guidelines suggested in the European Guide on 

Air Pollution Source Apportionment with Receptor Models (Belis et al., 2014). Particularly, 

the optimized PMF solution for each site was sought according to parameters characteristic of 

each individual solution, particularly the evolution of the Q/Qexp ratio with the number of 

factors, the bootstrap, fpeak and DISP analyses. It is important to mention that all the individual 

solutions were selected as being the best mathematical fit and chemical description of sources 

for one site, meaning that a result on a given site did not influence the solution found on the 

remaining ones. Although EPA PMF5 software enables solving the mass balance equation 

simultaneously for the 5 sites, a site-by-site individual procedure was preferred because the 

number of impacting factors is not necessarily the same for the 5 sites. 

 

Geographical location of nearby sources using the Non-parametric 

Wind Regression (NWR) and distant sources using the Concentration 

Field (CF) model 

NWR is a smoothing algorithm (Eq. 3) allowing a meaningful representation of the 

relationship between wind (direction and speed) and concentration measurements at a given 
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sampling site. It determines with accuracy the wind directions related to high concentrations 

and estimates roughly the distance from the sampling site to the sources (close, or more 

distant)(Henry, Chang, and Spiegelman 2002). In fact air masses carrying pollutants from far 

away sources to the sampling site will not follow straight paths, but rather curved ones 

following synoptic atmospheric conditions. A direction may indeed correspond correctly to a 

nearby located source but erroneously to a remote one. NWR is therefore recommended to 

locate nearby sources. We used the NWR procedure of the IGOR package ZeFir v3.201 (Petit 

et al. 2017). For a given angle (θ) and a given velocity (), the obtained average concentration 

is given by: 

𝐶(𝜃, 𝜗)̅̅ ̅̅ ̅̅ ̅̅ ̅ =
∑ 𝐾1(

𝜃−𝑤𝑑𝑖
𝜎

).𝐾2(
𝜗−𝑤𝑠𝑖

ℎ
).𝐶𝑖𝑖

∑ 𝐾1(
𝜃−𝑤𝑑𝑖

𝜎
).𝐾2(

𝜗−𝑤𝑠𝑖
ℎ

)𝑖

    [ 3] 

where K1 and K2 are the Kernel smoothing functions for wind direction and wind speed 

respectively, Ci is the concentration observed in sample i, wdi and wsi are respectively the 

wind direction and speed associated to sample i, and σ and h are the smoothing parameters. 

In this work, NWR was applied to locate possible nearby sources related to PMF chemical 

profiles. Daily contributions of the PMF factors were associated with wind speed and wind 

direction information obtained from the MétéoFrance nearest stations, with the chosen 

parameters shown in table P2.4.  

Table P2. 4: NWR parameters 

Max wind 

speed 

Angle 

resolution 

Radius 

resolution 

Angle 

smoothing 

Radius 

smoothing 

20 m s
-1

 0.5° 0.5 m s
-1

 35° * 7 m s
-1 

* 

* Suggested parameters 

 

In a complementary way, the CF method developed by Seibert et al. (1996) was used to 

estimate the probable geographical location of regional sources, identified across the five 

sampling sites. CF allows calculating the residence-time averaged concentration Cij measured 

at the receptor site when air masses backtrajectories pass over a given area, namely a given 

spatial gridcell (i,j) (Eq. 4). The set of CF output concentrations (Cij) can then be used to map 

the probable location of air masses. 
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𝐶𝑖𝑗 =
1

∑ 𝜏𝑖𝑗𝑙
𝑁
𝑙=1

∑ log(𝑐𝑙)𝜏𝑖𝑗𝑙
𝑁
𝑙=1       [4] 

where ij are the indices of a grid cell, l the index of a trajectory, N the total number of 

trajectories, , cl the concentration observed at the receptor site on the arrival of a given 

trajectory l, and τijl the residence time of the air mass trajectory l on a grid cell (i,j). A 

minimum of 10 points per grid cell was imposed to calculate the average concentration to 

ensure the statistical robustness of the final results. 

To apply the CF model for locating distant sources, kinematic back-trajectories were 

calculated with the Hybrid Single-Particle Lagrangian Integrated Trajectory model 

(HYSPLIT), developed by the National Oceanic and Atmospheric Administration (NOAA)'s 

Air Resources Laboratory (ARL) (Stein et al. 2015; Draxler 1999; Draxler and Hess 1998; 

McQueen et al. 1997)), based onGDAS (Global Data Assimilation System) meteorological 

data (source: ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1). A total of 6000 back-

trajectories were used for the 5 sites with eight 72-hour back-trajectories per sampled day, 

arriving at an altitude of 500 m above ground level, as suggested by Su et al. (2015). The 72-

hour duration was selected in order to satisfactorily represent the transport of PM10 at the 

synoptic scale, avoiding excessive uncertainties in the computed endpoints of the trajectories 

and also avoiding misrepresentations linked to a higher deposition rate of PM10 for longer 

transport from the farthest source areas. The 500-m final altitude was chosen by taking into 

account the common range for the height of the planetary boundary layer (PBL), which is 

highly variable in space and time but can extend from hundred meters to a few kilometers 

(Stull 1988). In Paris, Dupont et al. (1999) found a range between 0.2 to 2 km in spring. In 

fact to correctly represent air masses likely to influence surface sampling sites, only 

backtrajectories staying below the top of the PBL should be considered. The fixed 500-m 

terminal altitude is a compromise, believed to adequately capture pollutant transport (Hondula 

et al. 2010), despite of probably being above the PBL during nighttime or at coastal locations 

where the marine boundary layer extension is lesser. 

Using the multi-site option in ZeFir v3.201 (Petit et al. 2017) allows performing the CF model 

combining all the back trajectories arriving to the 5 sampling sites. Further refinement of the 

solution can be done by including constraints into the model, such as backtrajectory cut-offs 

due to rainfall and excessive altitude. The reduction of particles concentration by wash-out is 

a key process leading to the removal of particulate pollutants in the atmosphere, whose 

effectiveness depends notably on the intensity of rainfall. Chin et al. (2014) showed that 
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episodes with light rainfall (< 1 mm/h) only led to a small reduction in PM10 concentrations 

while a significant depletion was observed for more intense precipitation ( 1 mm/h). 

Similarly, Castro et al. (2010) did not observe a reduction in PM10 concentrations for very 

light rainfall (< 0.6 mm/h) while a rapid and significant reduction was observed during 

intense rainfall (> 3.2 mm/h). Therefore if an air parcel carrying particulate pollution is 

submitted to a rain event of sufficient intensity, its particulate loading will be significantly 

reduced. Besides, the altitude of an air mass is a crucial factor to take into account, in order to 

correctly associate PM concentrations essentially present within the PBL,. Otherwise if 

backtrajectory endpoints higher than the PBL (i.e. in the free troposphere) are taken into 

account by the model, there is a risk to incriminate wrongly potential source areas that are 

unable to effectively impact the air parcels. A 10-year study carried out in Germany between 

2000 and 2009 by Von Engeln and Teixeira (2013), at latitudes similar to the north of France, 

measured the PBL height at noon, i.e. the maximum PBL height . Monthly averages of these 

maximum values were calculated, with higher altitudes found during warmer months, as 

expected due to the increased thermal turbulence, and an overall maximum PBL height of 

about 2km was found. Finally, based on these previous studies, CF constraints based on 

maximum thresholds of 1 mm/h for precipitation and 2000 m for air mass altitude were 

defined. Therefore if a given trajectory endpoint is submitted to a rainfall intensity superior 

than 1mm/h or if the altitude of this endpoint exceeds 2000 m, then the backtrajectory is cut-

off so that the whole trajectory segment preceding the impacted endpoint will not be 

considered in the model. No major difference was found on the final maps, but this 

constraining increased their robustness by keeping only the most meaningful data. 

 

RESULTS AND DISCUSSION 
Previous studies conducted in the north of France, namely in Lens (Waked et al., 2014) and in 

Nogent-sur-Oise (Oliveira et al., submitted), were used as bibliographic support for the 

identification of the different factors on the study sites, due to their similarities in terms of 

time spam of the study, analytical and data-treatment methodologies, database and tracers 

used, typology and geographical location of the sites. Eight to ten factor solutions were 

identified on the 5 sites: primary traffic, road dust, biomass burning, oxalate-rich, nitrate-rich, 

sulfate-rich, land biogenic, marine biogenic, fresh marine and aged marine sources. The 

average contributions of these sources are presented in figure P2.2. 
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Figure P2. 2: Average contributions of identified factors in a) Lens, b) Nogent-sur-Oise, c) Revin, d) Rouen and e) Roubaix 

 

The chemical profile of the traffic factor  varies significantly from site to site (not shown), 

being mainly constituted by elemental carbon (EC), organic carbon (OC) and metals, with the 

exception of Roubaix – the traffic site – where a much “cleaner” traffic profile was found 

with a significant less contribution of crustal metal species. This indicates that the profile 

identified in Roubaix is less related with road dust resuspension than for the other sites. 

Contributions of EC and OC for the traffic factor were significant, ranging from 32 % of total 

EC seen for Revin to 61 % seen for Rouen and from 7 % of the total OC seen in Nogent-sur-

Oise up to 32 % in Rouen. Significant contributions of Ca and Al for Nogent-sur-Oise, Lens 

and Rouen suggest that their respective traffic factors also include a part of resuspended road 

dust and crustal matter. In the case of Revin (remote site), the large metal contribution seen in 

the traffic factor is just associated with resuspended road dust since a specific crustal factor 

composed mainly of Ca and Al was seen in this site. For the sites with large contributions of 

metals in their traffic factor, these can also be associated with non-exhaust emissions from 

traffic activity, related with tire and brake abrasion (Johansson, Norman, and Burman 2009; 

Amato et al. 2011). 

A separate road dust / crustal factor was identified just in two of the five studied sampling 

sites, and with different characteristics between both chemical profiles observed. The 
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contribution of this factor in Roubaix was of 26 % for total PM10 mass making it the main 

contributor and 16% in Revin. 

In Roubaix the profile appears to include not only a crustal contribution traced by important 

contributions of Ca, Al and Ti, but also significant contributions of most of other metals 

analyzed like Fe, Cd, La, Cu or Zn. These are common tracers for break and tire abrasion 

(Johansson et al., 2009; Amato et al., 2011), also known as non-exhaust traffic emissions. 

 

Figure P2. 3: Chemical profiles of the factors road dust and crustal matter in Roubaix and Revin, respectively 

 

As seen in figure P2.3, for Revin the factor is characterized by significant contributions of Ca, 

Fe, Al and Ti but relatively low contributions of other metals when compared to the profile 

found in Roubaix. The mentioned species are common tracers for crustal matter and, together 

with the fact that Revin is considered a remote site with less impact from anthropogenic 

sources such as traffic, the profile identified here is mainly constituted by crustal particles.  

Biomass burning was seen on all sites well traced by levoglucosan (83 % to 89 % of total 

species seen in this factor on the five sites) and the polysaccharides analyzed in this study, 

mannosan and galactosan (81 % to 83 % of total species seen in this factor across the five 

sites). The chemical profiles of this factor were found to be quite similar for the 5 sites and 

with contributions to PM10 mass ranging from 8% in Lens up to 15% in Nogent-sur-Oise. 

Sugar alcohols (measured in all sites) and monosaccharides (measured in Lens, Roubaix and 

Rouen) are tracers for land biogenic particles, which were identified on all sites with the 

constant presence of the main tracers (83 to 88 % of the total sugar alcohols on each factor 

across the sites) and also a constant contribution of OC (5 % to 12 % of total species) as 

expected for biogenic particles. The measured polyols used in this study were mannitol and 
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arabitol, both reported in the literature as common primary land biogenic emissions tracers 

(Caseiro et al. 2007; Elbert et al. 2007; Jia, Clements, and Fraser 2010; Karl Espen Yttri et al. 

2011), especially as markers for fungal spores related particles (H. Bauer et al. 2008). 

The marine biogenic secondary aerosols collected on the 5 sites are traced by measuring 

MSA. According to current understanding, after being emitted into the marine boundary 

layer, DMS is oxidized mainly by hydroxyl radicals, resulting in a variety of products such as 

dimethylsulfoxide (DMSO), dimethylsulfone (DMSO2), and especially methanesulfonic acid 

(MSA) and sulphuric acid which can be expected to partition into the particle phase (von 

Glasow and Crutzen 2003). This factor accommodates 74 % up to 83 % of the total MSA as 

well as 6 to 15% of the total sulfate, as expected from the chemistry involved. 

Fresh marine particles are also a common source seen in SA studies worldwide and are traced 

by measuring sodium, chloride and magnesium. In this study marine particles were found on 

all the 5 sites, with different contributions of the main tracers in the chemical profiles. This 

discrepancy (42 % to 74 % of total sodium, 82 % to 85 % of total chloride, and 38 % to 69 % 

of total magnesium) found on the % of total species is probably linked to the fact that in 

Rouen (the site closest to the sea) an aged marine factor was not found, so that Na and Mg 

just have as main source fresh marine aerosols. 

Aged marine factor is characterized by the presence of sodium and magnesium with no 

chloride at all, as reported in several studies (Beuck et al. 2011; M. Dall’Osto et al. 2009). 

The chemical profile of this factor in the sites of Lens, Nogent-sur-Oise, Revin and Roubaix 

was found to be the source of 40 % to 46 % for sodium and 40 % to 54 % for magnesium. 

Some metals are also seen in the chemical profiles of the aged marine factors identified, 

suggesting possible anthropogenic inputs in this particles during long-range transport from the 

sea to the sampling site.  

Another main source identified in all 5 sites was the nitrate rich factor, characterized by 

strong presences of nitrate and ammonium; this is a commonly reported secondary aerosol 

factor across Europe as shown in Viana et al (2008). With contributions ranging from 12 to 

14 % for total PM10 mass in four of the five sites (Nogent-sur-Oise, Revin, Rouen and 

Roubaix). These results are within the range of similar studies carried out in the north of 

Europe. In the case of Lens, a higher contribution of this factor was seen, with 23 % of the 

total PM10. This difference can be explained by looking at the chemical profile of the nitrate 

rich factor where also sulfate appears (21 % of the total sulfate). This is commonly seen in SA 
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studies, sometimes labeled as a Secondary Inorganic Aerosols (SIA) factor. However, because 

the ratios seen for nitrate and ammonium are similar to the factors identified in the other sites 

and also because a sulfate rich factor was found in Lens, the authors of this work made the 

decision of still labeling this factor as a nitrate rich one. 

The sulfate rich factor, also a common source of particles found in SA studies, is 

characterized by a strong presence of sulfate and ammonium (50 % to 57 % of total sulfate 

found in this factor). The contributions of this factor on the five sites range from 7 % in Revin 

up to 15 % in Lens. A small presence of nitrate is also seen in the chemical profile for Rouen 

(12 % of the total nitrate) again showing that these kind of particles are easily accommodated 

in the same factor. This can happen due to several reasons like same time variability (regional 

factor) leading PMF to assume a correlation between the species and the same sources of 

ammonium. Variable contributions of several metals are associated to these chemical profiles 

for the five sites, emphasizing the anthropogenic typology of this source. 

An oxalate rich factor explaining 80 % to 89 % of the oxalate was identified for all the sites. 

The sources of oxalate in the atmosphere comprise both primary biogenic and primary 

anthropogenic emissions (Kawamura and Kaplan 1987; Kawamura and Ikushima 1993) and 

also transformations of organic precursors in the gaseous and condensed phases (Dabek-

Zlotorzynska and McGrath 2000; Chebbi and Carlier 1996; Kawamura, Kasukabe, and Barrie 

1996; Myriokefalitakis et al. 2011). Together with oxalate, also sulfate is seen in the factors 

(5 % to 18 % of total sulfate). 

Based on other studies and their chemical composition, traffic and biomass burning appear as 

the main local sources although traffic may exhibit a regional background level, which shows 

up as significant (15%) for the remote site of Revin. However the particles associated with 

traffic emissions are characterized by being highly reactive so with more important local 

influence rather than regional. Biomass burning as also been often characterized as a local 

source due to the proximity of the sampling sites with direct sources of these particles. Some 

studies have seen a regional influence of biomass burning as well, when VOCs have been 

monitored. Nitrate-rich, sulfate-rich, fresh and aged marine and marine biogenic are often 

characterized as regional sources due to the lack of direct sources near the sampling sites and 

to their association with high wind speeds. Factors like land biogenic particles and the 

oxalate-rich factor need further investigation to assess their geographical origin. 
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One way to study the influence of source location in regards to the sampling site is to study 

the chemical profiles of the similar factors found across the 5 sites. Figure 3 presents the 

actual concentration for each species in a given factor versus the one averaged over the five 

sites.
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Figure P2. 4: Scatter plots between the averaged and individual concentrations of species at each site for the a) biomass burning, b) aged marine, c) fresh marine, d) land biogenic, e) marine biogenic, f) nitrate-

rich, g) oxalate-rich, h) sulfate-rich and i) traffic factors. The solid line corresponds to the 1:1 ratio. The red circles point the main tracers for each factor 
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The variability seen of the main species and tracers depends on factor to factor. The traffic 

and oxalate-rich factors appear to be the ones whose chemical composition is less stable from 

site to site based on its tracers – EC and OC for the former, and oxalate and sulfate for the 

latter. This is linked to different contributions of the factor from site to site, suggesting a close 

relationship with possible local sources. Knowing that traffic is dominated by local inputs, 

seeing the oxalate rich factor showing the same behavior one can assume that an important 

fraction of the contribution of this source is derived from either local primary sources or 

specific local formation of secondary particles. Factors like nitrate rich, sulfate rich and fresh 

marine show a good correlation of the main tracers for each factor on all sites. 

To look more into detail on the chemical variability of similar factors, ratios between 

characteristic species of each chemical profile have been defined (table P2.5). The selected 

species include at least one non-conservative species with the objective to assess the 

variability depending on both site typology and source category. 
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Table P2. 5: Main tracers of each factor used to calculate the ratios 

Factor Biomass burning Traffic Nitrate rich Sulfate rich Land biogenic Marine biogenic Oxalate rich Aged marine Fresh marine 

Ratio Lev
a
/OC EC/OC NH4

+
/NO3

-
 NH4

+
/SO4

2-
 Alc

b
/OC MSA/SO4

2-
 Ox

c
/SO4

2-
 NO3

-
/Na

+
 Na

+
/K

+
 

a
 Levoglucosan; 

b
 Sugar alcohols, 

c
 Oxalate 

 

 

Figure P2. 5: Ratios of selected tracers obtained for each factor for the different sampling sites (µg m-3 per µg m-3) 
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As presented in figure P2.5, the highest variability was seen for the traffic and oxalate rich 

characteristic ratios. The EC/OC ratios obtained are in agreement with the ones found on 

other urban and traffic sites across Europe (C. Pio et al. 2011) and the higher ratio found in 

Nogent-sur-Oise when compared to the other urban sites suggest a stronger influence of 

primary traffic contribution in this site. In the case of the oxalate-rich factor, even if Rouen is 

not included, a CV of 52 % is seen between the other sites meaning that the chemical profiles 

of these factors seem to be more dependent on local emission patterns linked with the 

environment of each site. In the case of biomass burning, a good agreement was seen between 

the ratios across the five sites and seen to be within range of the ones found in Maenhaut et al. 

(2016). A study on the pollution roses showed that these contributions were linked to very 

low wind speeds, low temperatures and no rainfall, indicating that the biomass burning factor 

seen on all sites is originated mostly by house heating activities at a local scale. Another case 

worth mentioning is about the marine biogenic ratios, which are in good agreement between 

sites with the exception of Roubaix. This leads to the assumption that a possible location of 

strong algal blooming (responsible for marine biogenic aerosols) is the North Sea, situated 

closer to Roubaix than to anyother sites.But this same result could be also explained 

differently by the presence of an alternate sulfate-emitting sources in Roubaix. Finally, the 

variability seen for the ratio Na
+
/K

+
 of the fresh sea salt factor, evident for the site of Revin, 

can be explained by the distance of this site to the sea. Revin is the sampling site located more 

inland, resulting therefore on lower concentrations of sodium (in view of the distance to the 

sea) and higher of potassium (due to a higher influence of the upper continental crust inland) 

thus having the lowest ratio when compared to the other sites. 

 

Local factors 

The primary traffic factor is one of the main contributors to PM10 mass concentration and was 

identified on all sites, including Revin, the remote site. Traffic is often associated with rather 

local sources however regional transport is possible, as demonstrated in this study. Following 

the methodology of Oliveira et al., (submitted), NWR allowed to associate wind speed and 

wind direction with each factor on each site. As illustrated in figure S.2 on all sites traffic is 

associated with low wind speeds, with the exceptions of Revin and Roubaix. In Revin primary 

traffic is associated with mild wind speeds suggesting an anthropogenic influence not so far 

from the sampling site, and the directions highlighted (from the right side of the site – north-

east-south) correspond to the location where the road D988 passes by (50 meters away), 
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which more than 22000 vehicles every day. This fact explains the strong contribution of 

primary traffic emissions seen in this site, and question the “remoteness” of its 

characterization. In Roubaix traffic emissions are associated with low and mild wind speeds 

but here the explanation to this observation is the constant and close presence of a source of 

primary traffic related particles, meaning that even when weather conditions are favorable for 

better particle dispersion, a traffic influence is seen in the sampling location – in this case 

supporting the typology associated with the site. In the site of Lens traffic particles are seen 

associated with all directions except from southwest, and Lens is surrounded by the highway 

A21 in the north and east sides, and the highway A221 in the south, supporting the results 

seen in the NWR plot. In Nogent-sur-Oise, a site already studied in Oliveira et al. (submitted), 

the direction of particles correspond to the presence of the road D1016 and in Rouen high 

concentrations were seen from the left side of the sampling site (national road N338) and on 

the right side, a residential area with several parking lots close by. 

The factor biomass burning contribution is logically higher during winter season whatever the 

site, supporting that these particles originate mainly from house heating. The site with most 

significant contribution of biomass burning particles to PM10 mass was Nogent-sur-Oise, a 

city where the wood burning is widely used as house heating mean. Lens was the sampling 

site that recorded the smallest contribution for biomass burning (8 % to total PM10 mass) 

which is smaller than the one reported by Waked et al (2014) for the period between 2011 and 

2012 (13 %). NWR plots are clear evidence of the local nature of this factor on all the sites 

with the exception of Revin (figure S.3). In Revin biomass burning contributions are 

associated with higher wind speeds from the east-southeast direction. A possible source of 

these aerosols could be Luxembourg City, located roughly 110 km from the sampling on that 

same direction. No other big urban agglomerations are found on that direction between these 

two locations and these observations can be an important evidence of the potential regional 

influence of these particles.  

The land biogenic factor contributions are higher during summer due to more intense solar 

radiation and higher temperatures resulting in an increase in biological activity as it has been 

reported in previous studies (Pashynska et al. 2002; K. E. Yttri et al. 2007; H. Bauer et al. 

2008). The results from the NWR differ from site to site (Figure S.4). The urban sites of Lens 

and Rouen show a clear local origin of these particles. In Rouen the direction pointed to the 

forest of Roumare, located 5km to the west-southwest of the sampling site and in Lens these 

particles can be associated with emissions from the Jean Moulin stadium, where the sampling 
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site is located. The results in Nogent-sur-Oise point out to the influence of the Natural 

Regional Park Oise - Pays de France and the Compiègne Forest. In Revin biogenic particles 

are associated with speeds from the south-west-east side of the sampling site, pointing to the 

Regional Natural Park of the Ardennes. Finally, in Roubaix a broader area of possible sources 

of biogenic particles was found with a southern influence associated with mild wind speeds, 

possibly linked to the Héron Park which also has a golf court located 8km from the sampling 

site. 

 

Regional factors 

The regional sources identified impacting the north of France were: fresh and aged marine 

particles, marine biogenic particles, nitrate rich and sulfate rich sources. The oxalate rich 

factor was also included in this section due to its strong contribution of sulfate to its chemical 

profile and the regional origin of this species as well as the possible regional influence of 

oxalate common precursors. 

 

Natural sources 

Marine biogenic main contributions are seen during late spring early summer, as expected 

from known studies on algae bloom events (Udisti et al. 2013; Hopke et al. 1995). Marine 

biogenic particles found in the north of France seem to have a very well defined geographical 

origin (figure P2.8c). The concentration field map highlights the North Sea as the main source 

of these aerosols as seen in Figure 6. Interestingly, Chlorophyll-a concentrations were 

measured via Moderate Resolution Imaging Spectroradiometer (MODIS) from the Aqua 

satellite of NASA operating since 2002. Covering the entire surface of the globe in just two 

days, this satellite identifies the North Sea as a region with high concentrations of chlorophyll 

during spring and summer. The highlighted area in Sweden can be associated with emissions 

from the lakes Vanern, Vattern and Malaren, 3 of the biggest lakes found in Europe. This 

hotspot can also be identified as potential source area for the marine biogenic factor.  
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Figure P2. 6: Chlorophyll-a concentrations (in mg m-3) in (top) 2013 and (bottom) 2014 (Source: NASA, 2016) 

 

As seen in Figure 6 the North Sea is a potential source of marine biogenic particles, validating 

the results obtained in this study. 

Sea salt aerosols were sampled on all sites, even in the remote site of Revin. The higher 

percentages of the measured tracers were logically seen in Rouen, the closest site to the sea. 

Moreover, PMF did not identify an aged marine factor for this site reversely to the others. As 

seen in figure P2.8a fresh marine particles appear to be originated on the far Atlantic Ocean, 

associated with high velocity for the back-trajectories. This result is expected and is in 
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accordance with other studies especially the one of Mann et al. (2012) who computed a model 

to predict the concentrations of NaCl aerosols in the globe, where was visible the strong 

presence of sea salt particles on the northern part of the Atlantic Ocean. The long distance 

transport of these particles is a result of the North Atlantic Oscillation, originated by the 

different pressures seen in Greenland and Azores, creating a pathway of air masses with high 

speeds arriving to Europe. This explains the highlighting of the far North Atlantic Ocean, near 

the coast of Canada. 

The aged marine factor was found on 4 of the 5 sampling sites of this study (with Rouen 

being the exception), and the chemical profiles showed important contributions of species 

related with anthropogenic emissions. Aged marine aerosols seem to have a much more 

dispersed area of origin (figure P2.8b) and are associated with different back-trajectories than 

the fresh sea salt. Areas near the continent are here colored as possible sources and this 

suggests that the back-trajectories associated with aged marine PM do not have such high 

velocities as the back-trajectories carrying fresh marine aerosols. This can be an explanation 

to the presence of anthropogenic related species, since these air masses may have higher 

residence times over continental areas, being therefore susceptible to be impacted by inputs of 

more local pollutants. 

 

Anthropogenic sources 

Nitrate rich factor is seen more during spring due to favorable meteorological conditions (cold 

nights, mild days) regarding the thermal instability of ammonium nitrate and to a higher 

emission intensity of precursors. Indeed fluxes of ammonia are reinforced in spring with 

agricultural practices and favorable weather conditions (Loubet et al. 2009). Secondary 

inorganic aerosols showed to be originated from Central and Eastern Europe. Sulfate rich and 

nitrate rich concentration field maps (figures P2.8d and P2.8e) showed clear anthropogenic 

origins, highlighting continental areas known as source area for PM precursors. Some 

differences can be seen between the two maps. Nitrate rich particles seem to have 

geographical sources more in central Europe (Czech Republic, Slovakia and Poland). Sulfate 

rich aerosols appear to be associated with more long distanced back-trajectories, highlighting 

countries further to the East like Belarus, Ukraine, Moldova and Romania. The nitrate rich 

factor seems to be as well significantly influenced by Belgium, the Netherlands and Denmark. 

This can be explained by the intense agricultural activities usually associated with these areas 
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(Vercauteren et al. 2011a; Weijers and Schaap 2013). Studying the emission inventories 

obtained with the EMEP/MSC-W model version rv4.9 (figure P2.7) for NO2, NH3 and SO2, 

the main gas precursors of ammonium and sulfate particles, respectively, is interesting to 

observe this phenomena, where emissions of NO2 are seen to be significant in the Po Valley 

and in the region of the north of France, Belgium and the Netherlands NH3 in Germany, 

Czech Republic and Poland and SO2 emitted more in eastern Europe, in countries like 

Ukraine, Romania and southern Poland. Many studies have associated NH3 emissions with 

agricultural activities linked with the intense use of fertilizers rich in nitrogen (Kendall, 

Elliott, and Wankel 2007), whereas SO2 is commonly emitted from coal combustion (L. 

Zhang et al. 2007), a common practice in the countries mentioned above (Kryza et al. 2010; 

Junninen et al. 2009; Lewandowska, Falkowska, and Jóźwik 2013).  

 

Figure P2. 7: Emission inventories for a) HNO3 + NO3 and NO2 , b) NH3 and NH4
+, and c) SO2 (Source: EMEP) 

 

Other interesting difference is the indication of a source of sulfate rich particles from the 

Gibraltar Strait, not seen in the nitrate rich concentration field map. This strait is well known 

for intense maritime traffic with strong ship emissions, which can help to explain the obtained 

result. The British Channel located just next to the studied region is not highlighted in the CF 

map. This can be due to the limitation associated with CF on spotting emissions sources too 

near the sampling site(s) used.  

An oxalate rich factor was found on every sampling site but regarding the chemical profile of 

these factors, it is hard to characterize these particles as regional or local since sulfate has 

probably a regional influence while oxalate can be originated both from local and regional 

sources. The concentration field map obtained for this factor (Figure 8f) showed interesting 

results highlighting different regions of the map, however the analysis of these results are 

associated with the limitation of this method. Central Europe region was seen as a source, and 
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is probably associated with the contribution of sulfate particles for this factor. Also the 

Mediterranean Sea is seen as a source of these particles, which is also the European area with 

the highest ozone concentrations, contributing strongly to the oxidation of atmospheric VOCs 

(Sartelet et al. 2012). Finally, the North Sea and British Channel appear with important 

contributions, possibly associated with marine biogenic emissions and/or anthropogenic 

particles associated with intense ship traffic characteristic of this region. 
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Figure P2. 8: Multi-site concentration field maps obtained for a) fresh sea salt, b) aged marine, c) marine biogenic, d) sulfate rich, e) nitrate rich and f) oxalate rich factor 
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CONCLUSION 
A comprehensive source apportionment study carried out on 5 sites spread across the north of 

France allowed the identification of an important number of particles sources impacting the 

region. Thanks to a unique and robust dataset with a wide range of analyzed species on 

sampling sites with different typologies over a period of more than one year, a near-to-

complete chemical characterization of PM10 was obtained. Reconstructed mass by the 

analyzed species explained more than 80% of PM mass measured in-situ, on average. Organic 

matter was seen to be main contributor to PM10, followed by the main ions (nitrate, sulfate 

and ammonium). Interestingly no major differences were seen between the sites in terms of 

chemical composition. 

With an extensive chemical characterization of the PM collected between 8 to 10 different 

sources were found on each site. The contribution of these sources proved to be dependent on 

the specific characteristics of each site with significant impact of local sources such as traffic, 

biomass burning and road dust. An important contribution of more regional sources was also 

found, where secondary inorganic aerosols proved to play an important role in PM 

concentrations across the region. The measurement of specific compounds like oxalate and 

MSA proved to be useful in identifying particles with marine biogenic origin (rich in MSA) 

and secondary aerosols rich in oxalate and sulfate. By comparing the chemical composition of 

the factors obtained on each site and combining meteorological information like wind speed 

and wind direction with daily contributions of the factors on each site, was possible to 

distinguish between local and regional sources. 

The main local sources identified were primary traffic and biomass burning, with 

contributions varying from site to site according to their typology. These sources were also 

found in the site of Revin, labeled as a remote site, associated with mild wind speeds. This 

suggests the potential of these particles to have not only a local impact but also be transported 

on a regional level. Land biogenic aerosols, traced by sugar alcohols measured, were seen to 

have an impact on all sites. From site to site, the origin varied in terms of potential 

localization. In sites like Lens and Rouen these aerosols were associated with very low wind 

speeds, suggesting a very local source, whereas in the other sites appeared associated with 

mild wind speeds, pointing to origins a few kilometers away. 

The use of the concentration field model allowed to estimate the geographical location of the 

different regional sources identified, clearly distinguishing the geographical origin of natural 
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and anthropogenic particles. Natural particles, like fresh and aged sea salt and marine 

biogenic PM were located in maritime areas. Fresh sea salt appeared associated with high 

velocity air masses originated from the far North Atlantic Ocean, probably carried by winds 

originated from the Northern Atlantic Oscillation. Aged sea salt is also originated in the 

Atlantic Ocean but is associated with air masses with lower velocity. This could explain the 

presence of particles normally associated with anthropogenic activities seen in the chemical 

profile of this factor – longer residence time over continental areas. Marine biogenic aerosols 

were clearly associated with emissions from the North Sea, an area identified by its intense 

algae bloom phenomena, especially during late spring and summer. 

Usually linked with anthropogenic activities, secondary aerosols composed by nitrate rich and 

sulfate rich particles were clearly spotted in Central and Eastern Europe. Nitrate rich particles 

also appear to be originating from regions closer to the sampling sites like Belgium and the 

Netherlands. Czech Republic was also identified as a main source of nitrate rich aerosols, a 

country the often records high concentrations of these particles in rural areas. The Strait of 

Gibraltar was seen to be a potential source of sulfate rich particles impacting the north of 

France, originated from intense maritime traffic seen in this area. This shows the regional 

impact that intense emissions can have, even at long distances (more than 1700km away from 

the north of France). 

The multi-site approach of CF allowed combining regional sources impacting the north of 

France and calculating concentration field maps of the probable geographical location of these 

sources. A multi-site exercise also allowed further refining of its solution by implementing 

back-trajectories cut-offs on rainfall events and modeled altitude. 
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Table S. 5: Variables characterization as PMF input 

 
Strong Weak Bad 

Lens 

EC, OC, Cl
-
, NO3

-
, SO4

2-
, Na

+
, NH4

+
, K

+
, 

Mg
2+

, MSA, Oxalate, Levoglucosan, Sugar 

alcohols, Ca, As, Ba, Cd, Co, Cu, La, Mn, Pb, 

Sb, Se, Sr, Ti, Zn 

PM10, 

Polysaccharides, 

Monosaccharides, Al, 

Fe, Ce, Cs, Mo, Ni, 

Rb 

U 

Nogent-sur-Oise 

EC, OC, Cl
-
, NO3

-
, SO4

2-
, Na

+
, NH4

+
, K

+
, 

Mg
2+

, MSA, Oxalate, Levoglucosan, 

Polysaccharides, Sugar alcohols, Ca, As, Cd, 

Co, Pb, Sb, Sr, V, Zn 

PM10, 

Monosaccharides, Fe, 

Ba, Cu, La, Mn, Mo, 

Ni, Rb 

- 

Revin 

EC, OC, Cl
-
, NO3

-
, SO4

2-
, Na

+
, NH4

+
, K

+
, 

Mg
2+

, MSA, Oxalate, Levoglucosan, 

Polysaccharides, Sugar alcohols, Ca, As, Cd, 

Ce, Co, Cu, La, Mn, Pb, Rb, Sb, Se, Sr, Ti, Zn 

PM10, Al, Fe, Cs, Mo Monosaccharides 

Rouen 

EC, OC, Cl
-
, NO3

-
, SO4

2-
, Na

+
, NH4

+
, K

+
, 

Mg
2+

, MSA, Oxalate, Levoglucosan, Sugar 

alcohols, Ca, As, Cd, Ce, Co, Cu, La, Mn, Pb, 

Rb, Sb, Se, Sr, Zn 

PM10, 

Polysaccharides, 

Monosaccharides, Fe 

U 

Roubaix 

EC, OC, Cl
-
, NO3

-
, SO4

2-
, Na

+
, NH4

+
, K

+
, 

Mg
2+

, MSA, Oxalate, Levoglucosan, Sugar 

alcohols, Ca, As, Ba, Cd, Ce, Co, Cu, La, Mn, 

Ni, Pb, Rb, Sb, Se, Sr, Zn 

PM10, 

Polysaccharides, 

Monosaccharides, Al, 

Fe, Cs, Mo, Ti 

U 
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Figure S. 22: Chemical profiles of all the factors found in Lens (dark blue), Nogent-sur-Oise (red), Revin (green), Roubaix 

(purple) and Rouen (light blue). (top) Concentrations of species in the factor (in µg m-3); (bottom) Relative contributions (in 

%) of species 
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Figure S. 23: NWR plots for primary traffic in Lens, Nogent-sur-Oise, Revin, Rouen and Roubaix 
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Figure S. 24: NWR plots for biomass burning in Lens, Nogent-sur-Oise, Revin, Rouen and Roubaix 
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Figure S. 25: NWR plots for land biogenic in Lens, Nogent-sur-Oise, Revin, Rouen and Roubaix 

 

Figure S. 26: NWR for road dust in Roubaix and crustal matter in Revin 
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Figure S. 27: Trajectory density for the multi-site Concentration Field method 
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 Complement of Publication 2 4.2

 Meteorological data 4.2.1

Regarding local sources meteorological data (wind speed and wind direction) was used to 

build the pollution roses. Daily averages of wind speed and wind direction were obtained 

from different meteorological stations of MeteoFrance. Due to the fact that not all the 

sampling sites had a meteorological station near the sampling apparatus or the needed 

parameters, close by stations were used instead. Table 12 indicates location and distance of 

the meteorological stations used for each sampling site: 

Table 12: MeteoFrance stations used for each sampling and their corresponding distance 

Sampling 

site 

MeteoFrance 

station 

Distance to 

sampling site (km) 

Lens Lesquin – Lille 26 

Nogent-sur-Oise Creil 3.5 

Revin Rocroi 8 

Rouen Rouen 8.5 

Roubaix Lesquin - Lille 13 

 

The biggest distance seen between a sampling site and the meteorological station used is the 

case of Lens, where the MeteoFrance station located in Lille, 26 km to the northeast of the 

sampling site, had to be used. The author understands that there is an associated uncertainty 

linked to this distance, however it is important to mention that the typography of the terrain in 

the region is characterized by being very flat. Actually, the highest elevation of land between 

Lens and Lille is of about 30 to 40 meters. This leads to very similar meteorological 

conditions in the both cities, minimizing the error associated with the distance between the 

two. 

A cluster study on the backtrajectories arriving to each sampling site was also conducted, 

showing the predominance of maritime air masses reach the region. On all sites, contributions 

from continental areas were also identified. These cluster studies are shown in Annex 3, and 

roughly about 1000 backtrajectories were used in the calculation. 

 



232 

 

 Factors chemical composition 4.2.2

Due to the difficulty of finding uniformed source apportionment factor profiles with the 

relevant similarities of this work, to understand the chemical composition of the factors 

obtained several exercises were made related to the species found on each factor. All the 

chemical and time profiles of these factors are shown in Annex 2. 

Starting with the biomass burning factor, the chemical profiles obtained for the 5 sites showed 

good agreement between them and a local nature associated with low wind speeds on 4 of the 

5 sites. Predominance on wood burning activities for house heating purposes was then 

assumed. Several studies have tried to estimate the contributions of biomass burning to PM10 

mass having into account measured concentrations of levoglucosan (Caseiro et al. 2009; 

Schmidl et al. 2008; Maenhaut et al. 2012; Maenhaut et al. 2016). On these studies, that had 

similar characteristics to the one here conducted, a factor of 10.7 was used to convert 

levoglucosan levels to the PM10 mass associated with wood smoke. These values were 

compared to the ones obtained for the biomass burning factors on each site. 

Table 13: Contributions to PM10 mass of wood smoke (calculated from levoglucosan by a factor of 10.7), biomass burning 

factors (obtained from PMF) and the new calculated factor 

  
Wood smoke 

(% of PM10) 

Biomass burning 

(% of PM10) 
→ (factor) 

Lens 

Average 11 8 8 

Winter 13 16 14 9 

Winter 13-14 26 18 7 

Nogent-

sur-Oise 

Average 9 15 17 

Winter 13 20 27 14 

Winter 13-14 18 29 17 

Revin 

Average 8 13 18 

Winter 13 14 26 20 

Winter 13-14 18 29 17 

Rouen 

Average 8 11 14 

Winter 13 22 21 10 

Winter 13-14 12 23 20 

Roubaix 

Average 7 10 15 

Winter 13 14 20 16 

Winter 13-14 16 20 14 

 

Results (table 13) show that the contribution of wood smoke to PM10 was underestimated in 4 

of the 5 sites, being Lens the only exception. A new factor was calculated that would explain 
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the contribution of PM10 based on levoglucosan concentrations. A slight overestimation of 

wood smoke is obtained in Lens when compared to the PMF solution obtained, whereas in the 

other sites higher contributions of this factor were found, suggesting a greater importance of 

other species present in the chemical profiles.  

When comparing the daily contributions obtained from both methods the following scatterplot 

is obtained: 

 

Figure 53: Correlations between wood smoke concentrations obtained from levoglucosan and biomass burning contributions 

calculated from PMF on each sampling site 

 

Good correlations were seen for 4 of the 5 sites (figure 53), here Rouen being the exception. 

This was found to be linked with just 4 to 5 points identified in February 2013, where higher 

concentrations of levoglucosan were recorded, without however being followed by other 

important biomass burning compounds like OC and K
+
. Once these points are not the 

considered, the correlation obtained between both methods increases to R
2
=0.97 instead of 

R
2
=0.56, much more in accordance with the other sampling sites. With this, one must 

consider the possibility of a possible analytical error associated these samples and show the 

ability of PMF to overcome this fact. One should also consider the possibility of the presence 

of a specific isolated source contributing to levoglucosan emissions during these days, with 
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PMF not being able to identify it. In both cases, the reduced number of samples in question 

explains the results seen.  

This results allow to conclude that although the method is able to reproduce wood smoke 

emission tendencies, values to estimate its actual contribution to PM10 mass are suspected to 

be higher than 10.7. 

Based on the mass closure / ion balance performed to the main ions contributing to PM10 and 

exposed on point 2.4.2 of this manuscript, the main species derived were NaCl, NaNO3, 

(NH4)2SO4, and NH4NO3. Since several factors with important contributions of ions were 

found on all sites, is then interesting to verify if these species were found under the same 

formulation by PMF. Daily contributions of fresh sea salt were compared with concentrations 

of calculated NaCl, nitrate rich contributions were compared with NH4NO3, sulfate rich 

aerosols with concentrations of (NH4)2SO4 and aged marine contributions with NaNO3. These 

results are presented in Annex 2 and is visible a good agreement between the obtained factors 

and the calculated salts, with the lowest R
2
 seen in Nogent-sur-Oise for the aged marine 

correlation. Aged marine factors shown weaker correlation with the calculated salt NaNO3, 

which was expected since to calculate contributions of this salt, assumptions were already 

made on preferable state of both sodium and nitrate. Also, species with nitrate are often 

unstable and depend highly on meteorological conditions, so lower concentrations with this 

salt are not strange. Also, for aged marine aerosols, factor contributions were always around 2 

times higher than the concentrations of NaNO3, suggesting the presence of other species with 

significant importance to the mass of these particles. Correlations between the fresh marine 

factors and contributions of NaCl on each site were seen to be always very good, with R
2
 

values above 0.94. In Roubaix, Revin and Lens the slope of the correlation was seen to be 

near the unit, indicating that the contribution of the factor is well explained by concentrations 

of NaCl, however in Nogent-sur-Oise and Rouen, factor contributions were seen to be 2.5 

times than NaCl concentrations, again suggesting that this salt is not the only contributor to 

fresh marine particles collected in these sites. Even in the case of Rouen, where an aged 

marine factor was not identified, the sum of NaCl and NaNO3 still underestimates this factor 

contribution. Finally, for secondary inorganic aerosols, good correlations were also found 

between the factors and the calculated concentrations of this species (R
2
 above 0.82). The 

slopes of these correlations were also found to be near the unit, with a slight tendency to 

overestimate factor contributions based on components concentrations. This suggests than not 
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all the sulfate and nitrate rich particles are as (NH4)2SO4, and NH4NO3, respectively, and that 

other species are also found associated with these aerosols. 

 

 Seasonal contribution of factors 4.2.3

From the obtained solutions of PMF on each site, the seasonal contributions were calculated 

for the different sources. These sources were divided first in local and regional influence, and 

also characterized as being from natural and anthropogenic processes. 

From the local sources identified in this study, traffic and biomass burning are associated with 

anthropogenic activities  

Color code:  

 

Figure 54 & 55: Primary traffic (top) and biomass burning (bottom) average and seasonal contributions in µg m-3 
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From primary traffic (figure 54), highest concentrations were seen Roubaix, the traffic site of 

this study. Nogent-sur-Oise also showed important contributions of this source to PM10 

concentration. No particular seasonality was seen associated with traffic related particles. 

Biomass burning (figure 55), in this study associated with house heating combustion showed 

in Nogent-sur-Oise its higher concentrations. A clear seasonality is associated with these 

emissions, with an increase during winter on all sites, as expected. Higher contributions were 

seen also in Revin, the remote site, during this season, proving the potential regional impact 

of these emissions. 

Biogenic particles were identified in this study in all sites. Biogenic particles with land origin 

were traced by sugar alcohols and were seen to have either a local impact, or a relatively 

small regional impact (in some sites associated with mild wind speeds). On the other hand, 

biogenic with maritime origin, traced by MSA, have a regional impact and are originated in 

the North Sea. 

 

Figure 56 & 57: Land biogenic (top) and marine biogenic (bottom) average and seasonal contributions in µg m
-3

 

 

Clear seasonality was seen associated with both types of aerosols, with higher contributions 

during summer. Land biogenic particles (figure 56) recorded higher concentrations during 
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summer and fall on all sites, result also seen in other studies (H. Bauer et al. 2008; Winiwarter 

et al. 2009; Burshtein, Lang-Yona, and Rudich 2011; Kourtchev et al. 2009), and marine 

biogenic (figure 57) during spring and summer, also an expected result according to (Bove et 

al. 2016; Healy et al. 2015; Bougiatioti et al. 2013). A reference to the fact that lower 

concentrations were seen in the sampling sites of Nogent-sur-Oise and Revin, both sites the 

ones located farthest from the coast. 

Identified as natural regional sources, fresh and aged sea salts were seen in all sites in this 

study with the exception of the site of Rouen, where an aged sea salt was not identified. This 

was attributed to the fact that Rouen is the site located closest to the coast.  

 

Figure 58 & 59: Fresh marine (top) and aged marine (bottom) average and seasonal contributions in µg m-3 

 

A seasonal pattern was observed to fresh sea salt particles (figure 58), with lower 

contributions during summer, remaining rather constant throughout the rest of the year for all 

sites. This can be associate with the fact that in summer, storms in the Atlantic Ocean are 

rarer (Manders et al., 2009).On the other hand, aged sea salt did not show any particular 

seasonal trend (figure 59). This is an indication that not only the regional origin of these 

particles is not the same as fresh sea salt (Publication 2), but also the processes of formation 
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and emission of these particles have to be different. For both sources of aerosols, the sampling 

less impacted is Revin, the site farthest from sea water. 

On all the sites, secondary aerosols were found under the form of nitrate rich, sulfate rich and 

oxalate rich particles. 

 

Figure 60, 61 & 62: Nitrate rich (top), sulfate rich (middle) and oxalate rich (bottom) average and seasonal contributions in 

µg m-3 

 

The secondary inorganic aerosols found in this showed similar seasonal trends. Higher 

concentrations were recorded during spring for nitrate rich particles, and winter for sulfate 

rich particles. It is visible that the winter of 2013 and the winter of 2013-2014 were quite 
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different regarding contributions of these sources. It was already showed the meteorological 

differences seen between these two seasons, which help to explain the discrepancy seen from 

one year to the other. Other factor that may have influenciated these levels is linked with the 

studied period. In 2013 samples were collected from January, not accounting therefore the 

month of December like for the winter of 2013-2014. It also known that nitrate rich particles 

are associated with agricultural activities which tend to start late winter / early spring, being a 

possible reason for the seasonal discrepancy seen for the nitrate rich factor. However, for 

sulfate rich particles the seasons of 2013 recorded considerable higher concentrations than in 

2014, and here the only explanation resides in the meteorological conditions seen in each 

case. The oxalate rich factor did not show any particular seasonal trend during the studied 

period, leading to the hypothesis already exposed that these particles are a result of a 

multitude of precursor species with different emission patterns. 

 

 Contribution during high concentration episodes 4.2.4

The source apportionment exercise carried out in the 5 sampling sites allows also assessing 

what are the impacting sources during high concentration episodes but averaging the daily 

contributions of the factors. This study has to be made with care because high concentration 

episodes can be associated with a multitude of parameters that are not always easy to identify. 

Another source of uncertainty concerning these results is the different number of these 

episodes from site to site. As mentioned before in this work, for example the site of Revin just 

recorded one day with PM10 concentrations above the legal limit of 50 µg m-3. Also, with the 

study of the chemical composition of PM10 during these episodes it was seen a variability on 

the average composition as well as differences on the chemical composition on specific 

episodes. 

Figure 63 shows the average contributions of sources during days with PM10 concentrations 

above 50 µg m
-3

. 
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Figure 63: Average source contribution during days with PM10 mass concentration above 50 µg m-3 in Lens, Nogent-sur-

Oise, Revin, Rouen and Roubaix 

 

Source contributions vary from site to site. The sites of Revin, Rouen and Lens showed 

important contributions of secondary aerosols. In Revin and Lens, nitrate rich and sulfate rich 

contributed 60% and 65%, respectively to PM10 concentrations. Also in both sites biomass 

burn as an important contribution during these events being followed by oxalate rich particles 

in Revin and primary traffic in Lens. In Rouen, also oxalate rich and primary traffic were 

major sources for high PM10, with less impact of biomass burning. Nogent-sur-Oise recorded 

the largest contribution of biomass burning of all sites during high concentration episodes 

supporting the observations of intensive use of this mean to house heating proposes. Nitrate 

and primary traffic were the following main contributors, followed by sulfate rich and oxalate 

rich particles. Finally in the site of Roubaix high concentrations were seen linked with high 

concentrations of road dust which in this site was found associated with traffic. Also nitrate 

rich particles have a significant contribution during these events. 

As mentioned, is interesting also to differentiate source contributions in specific days. Two 

days were selected during chemical characterization – 6
th

 and 30
th

 of March 2013.  
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During the 6
th

 of March 2013 the main contributing can be seen in figure 64: 

 

Figure 64: Average source contribution during the 6th of March of 2013 in Lens, Nogent-sur-Oise, Revin, Rouen and 

Roubaix 

 

During this day, on all sites was seen an important contribution of more local sources to PM10 

concentration. In Nogent-sur-Oise a significant contribution of nitrate rich particles was 

observed. Curiously no contribution of sulfate rich particles was observed so there is the 

possibility that this nitrate rich particles were formed from local emissions of nitrate 

precursors. On the other sites, strong contributions of traffic related emissions were observed, 

ranging from 42% to 27% in Rouen. Rouen also recorded high concentrations of biomass 

burning and oxalate rich particles. In Roubaix road dust emissions were the main source 

during this day with more than 55% contribution to PM10. Primary exhaust traffic emissions 

did not show a strong increase, suggesting that this episode is motivated from favorable 

meteorological conditions in the sites, with low temperatures and low wind speeds. 

Another selected sample was the 30
th

 of March 2013 (figure 65). 
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Figure 65: Average source contribution during the 30th of March of 2013 in Lens, Nogent-sur-Oise, Revin, Rouen and 

Roubaix 

 

This day has clear distinct influence of sources to the high concentrations of PM10 observed. 

On all sites, a large contribution of secondary inorganic aerosols was observed ranging from 

contributions of 60% in Revin, up to 80% in Roubaix. This is an important indication that 

high concentrations of PM10 can occur in the region being driven either by local sources either 

by long-range aerosols. 

 

 Local and regional sources. Natural and anthropogenic sources 4.2.5

The sources seen on each were characterized as local and regional, according to literature, 

tracers ratios and NWR plots on each site. The origin of particles was directly linked with the 

typology of each site. These sources were also characterized by the nature of the emitting 

sources as natural and anthropogenic. Here a couple of these sources have to be dealt with 

care: 
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 The aged marine aerosols identified in this study, although the natural origin of sea 

salts, important contributions of metals was seen in all sites. Metal concentrations are 

overall low when compared with the ions, so this factor can be characterized as a 

natural one but an anthropogenic input cannot be ignored 

 Oxalate rich particles were seen to be formed from a multitude of precursors with 

different origins. An anthropogenic fraction is associated first with the sulfate present 

in the chemical profile of this factor, and also with the emission of VOC’s from 

combustion processes. Also a natural component of this factor can be associated with 

the natural origin of organic matter precursor to oxalate. Linked to this, one can also 

see a possible local and regional origin of oxalate rich particles, evident in the NWR 

plots obtained. However, from the strong contribution of sulfate, this factor can be 

labelled as from regional and anthropogenic origin, having in mind that there will be a 

fraction impossible to quantify of local and natural influences 

With these, the origin of particles was assessed for urban sites (figure 66): 

 

Figure 66: Regional and local (top) and natural and anthropogenic sources (bottom) average contributions on the urban sites 

(Lens, Nogent-sur-Oise and Rouen) 
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Recalling results already presented, PM10 mass concentration levels were higher in Nogent-

sur-Oise with 27.7 ± 16.8 µg m
-3

. This site was also the one see higher contribution of local 

sources (40%) driven by primary traffic and biomass burning particles. Rouen, which 

recorded a PM10 concentration close to Nogent-sur-Oise (25.6 ± 14.2 µg m
-3

) also showed 

similar distribution of local and anthropogenic sources contribution (39% of local and 61% of 

regional sources). In Rouen however, traffic was the main contributor of the local sources. 

Finally Lens had more significant contributions of regional sources when compared with the 

other urban sites due to significant lower traffic emissions and higher contribution of 

secondary aerosols. 

Regarding the nature of the sources of aerosols, anthropogenic sources were: nitrate and 

sulfate rich, primary traffic, road dust and biomass burning; and natural sources were: fresh 

sea salt and land and biogenic particles. The oxalate rich and aged marine factors were 

considered as “mixed” factors, with the first with a more anthropogenic influence and the 

latest with more natural influence. 

It is interesting to see that on the 3 sites the anthropogenic contributions are very similar 

(between 60% and 61%). Oxalate rich particles appear with a bigger influence in Rouen and 

lower in Lens and aged marine aerosols were not seen Rouen, but showed an important 

contribution in Lens. 

For the sampling site of Roubaix, the traffic site, the same exercise was carried out. 

 

Figure 67: Regional and local (left) and natural and anthropogenic sources (right) average contributions on the traffic site 

(Roubaix) 
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Here, a stronger influence of local sources is clear, when compared to the urban sites, 

accounting for 48% of PM10 (figure 67). This is an expected result given the proximity of the 

site to primary traffic emissions and the high contribution of road dust particles already shown 

in this work. Consequently, also a higher fraction of PM10 is then associated with 

anthropogenic activities when compared to the other sites, and lower impact of natural 

sources, an expected result as well. This site was one where higher average concentrations of 

PM10 were seen throughout the study (28.0 ± 15.4 µg m
-3

). 

Finally, for the remote site of Revin different considerations were done. 

 

Figure 68: Regional and local (left) and natural and anthropogenic sources (right) average contributions on the remote site 

(Revin) 

 

For this site, and based on the obtained plots of NWR associated with the different sources, 

the local sources impacting this site were seen to be primary traffic, crustal matter and land 

biogenic particles. Is important to point that these sources were not seen to be associated with 

very low wind speeds, but rather with mild wind speeds, suggesting that although the 

geographical location of the emission sources of these particles is not located very close to the 

sampling site, one can assume that they are located in vicinity. This is an interesting 

discussion regarding the definition of local and regional sources, and how it related with the 

distance between sampling site and source location. 

Was seen that in Revin 40% of the sources contributing to PM10 mass had local origin, a 

result similar to the one obtained for the urban sites (figure 68). Again, here it should be 

pointed out that for example primary traffic in urban areas was associated with very low wind 

speeds, whereas in Revin with mild wind speeds. A contribution of crustal matter with the 

same characteristics was also identified in Revin but not on the urban sites. The results 
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concerning the nature of sources impacting this site are more consistent with expectations, 

with larger contribution of natural sources when compared with the other sites. 

As complementary information, all the concentration fields obtained for single regional 

factors, as well as the influence of applying trajectories cut-offs on trajectory density for each 

sampling site, are shown in Annex 3. 

From these results, one can see the importance of transported particles to levels of PM10 not 

only on urban areas but also in a traffic site, where local emissions are expected to be in 

higher number. From the nature of the sources of aerosols, it was seen that anthropogenic 

emissions are the main sources of PM10, suggesting that there is a large room for air quality 

improvement with measures that can benefit the population not only on a local scale, but on a 

regional scale as well. 

 

4.2.5.1 Study comparison  

As mentioned in a previous section of this manuscript, several other studies were already 

carried out in the region. Given the punctual differences observed according to the 

methodology adopted in each case, a comparison study has to be carried out with care. 

The following methodologies differ in important aspects such dates and sampling periods, 

measured species, analytical methodology, statistical approach and results interpretation. All 

these are important factors that can result in divergences between the studies. 

The author chose 4 different works that can be directly compared with this project, ranging 

from local scale comparison to regional source apportionment studies. 

4.2.5.2 Lens (Waked et al., 2014) 

In this work, the source of ambient particulate matter (PM10) collected over a one-year period 

at an urban background site in Lens (France) was determined and investigated using a positive 

matrix factorization receptor model (US EPA PMF v3.0). In addition, a potential source 

contribution function (PSCF) was performed by means of the Hybrid Single-Particle 

Lagrangian Integrated Trajectory (Hysplit) v4.9 model to assess prevailing geographical 

origins of the identified sources. A selective iteration process was followed for the 

qualification of the more robust and meaningful PMF solution. Components measured and 
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used in the PMF included inorganic and organic species: soluble ionic species, trace elements, 

elemental carbon (EC), sugar alcohols, sugar anhydride, and organic carbon (OC). 

This work can be directly compared with the results found for the sampling site of Lens 

presented in this manuscript. 

The average PM10 concentration measured in both studies was found to be the same (20.5 

µg.m-3) showing that PM10 levels did not change significantly in the city of Lens. When a 

source apportionment study is made, the number of sources identified was the same however, 

the identified sources differed between both studies. In Waked et al., a heavy oil combustion 

source of PM10 was identified, being characterized by the significant presence of Ni and V in 

its chemical profile. This source was not seen in this work, that found, on the other hand, a 

marine biogenic source (characterized by MSA) and an oxalate rich source of PM10. The 

final number was factors found in both studies was the same because in Waked et al, a split 

between the traffic and the crustal factor was possible. 

Interestingly, the relative contributions of the different sources did not show significant 

disparities between both studies : 

 

 

Figure 69: Average contribution of the different sources to PM10 mass concentration in Lens in Oliveira et al (left) and 

Waked et al (right) 

As pointed above, some differences are seen on the sources identified, as well as in the 

relative contributions of the common ones. Interestingly, the relative contribution of more 
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local primary emissions (traffic and biomass burning) exhibited very similar average 

concentrations on both studies (4.5 µg.m-3 in Waken et al, and 4.4 µg.m-3 in Oliveira et al.), 

representing about 23% of PM10 total mass concentration. Secondary sources such as nitrate 

rich and sulfate rich factors were identified in both studies, however, due to the fact that the 

present study also measured oxalate, a oxalate rich factor was found in Lens in this work. The 

relative contribution of these secondary sources was 8.3 µg.m-3 (42% of total PM10) in the 

present study, whereas Waked et al, measured an average concentration of 7.4 µg.m-3 (36% 

of total PM10). 

4.2.5.3 Cap Gris-Nez (Thesis of Chloe Roche) 

On the shoreline, particulate atmospheric background levels are sometimes elevated, although 

relatively far from the main sources of particulate matter, road traffic and industry. While 

many studies have been conducted on industrial-port emissions, there is a lack of knowledge 

about the impact of emissions from the marine sector, whether natural (marine) or 

anthropogenic (Maritime traffic). In this work, two measurement campaigns were conducted: 

in 2013 at Cap Gris-Nez and in the first quarter of 2014, simultaneously with Cap Gris-Nez 

and the port of Calais. The concentration of PM10 was monitored and the chemical 

composition (metals, water-soluble ions, EC, OC, organic tracers) was determined. At the site 

of Cap Gris-Nez in 2013, the evolution of PM10 levels is similar to that observed in the 

regions, reflecting the fluctuation of the atmospheric background. 

The comparison of the results obtained in this study is crucial to understand the influence of 

marine aeorosols on land sites. Given the proximity to the coast, the similarities on the 

methodology followed and the equivalent sampling period, one can assess the gradual impact 

of particles with marine origins. 

In Cap Gris-Nez, a total of 10 different factors were identified using PMF: Marine, aged 

marine, crustal, secondary nitrates, secondary sulfates, biomass burning, road traffic, heavy 

fuel combustion, primary biogenic emissions and a factor rich in metals. 

Has seen, similar factors were found in boths studies, with equivalent chemical profiles. One 

can therefore group the identified sources in such a manner that facilitates the nature of the 

different contributions. As applied previously, one can characterize a source as being from 

natural, anthropogenic or mixed origins. Using the same principal to boths studies, and based 
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on the chemical profiles of each factor, a relative contribution of sources by their nature can 

be assessed: 

 

Figure 70: Relative contribution of Natural, Anthropogenic and Mixed sources to PM10 mass concentration in 6 sites in the 

north of France 

Has seen in FIG70, the relative contribution of natural and anthropogenic sources in Cap 

Gris-Nez is in accordance with the results found on the samplings sites of this work. 

Anthropogenic originated particles are the main driver of PM10 mass concentration. Natural 

sources of PM appear to have a bigger importance in this site, especially when compared with 

more urban sites like Lens, Nogent-sur-Oise, Rouen and Roubaix. This result is espected as 

marine salts have higher contribution on a coastal site such as Cap Gris-Nez. 

However, marine contribution can also accommodate some anthropogenic originated 

particles, mainly on the aged marine factor, where in both works the chemical profile obtained 

for this factor showed important contributions of heavy metals. Is then interesting to study the 

influence of marine particles alone and their contribution to PM10 mass concentrations. To do 

so, both marine and aged marine sources were combined, as well as the marine biogenic 

factor found in the present study.  
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Figure 71: Relative contribution of marine sources to PM10 mass concentration in 6 sites in the north of France 

The graphical representation clearly shows the importance of marine particles on PM10 mass 

concentration on the coastal site of Cap Gris-Nez, where the highest relative contribution was 

found among all sites (37 %). Notably, sampling sites located closer to the coast line such as 

Rouen, Lens and Roubaix showed marine influences ranging from 28% to 19%, whereas 

sampling sites located more inland recorded marine contribtuions of around 19%, mainly 

driven by aged marine particles. 

The comparison between both studies allows to understand and quantify the contribution of 

particles with maritime origins and assess their influence both in coastal and in inland sites. 

However, some important considerations have to be made. First, this comparison between 

sites is just possible due to the similarities on methodologies followed by both studies, once 

again highlighting the value of common approaches to similar studies. Second, carefull 

considerations associated with space dimension are essencial. This comparison is possible due 

to the geographical characteristics of the region (flat terrain) and proximity between sites. 

Finally, backtrajectory study is crucial to understand the representativeness of the results 

obtained. Often, inland sites show significant variability in air masses trajectories, here, 

however, results shown very good agreement between all sites, possibily linked with the 

particular geographic characteristics of these region.  
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4.2.5.4 JOAQUIN Project 

The JOAQUIN Project consists in a 14-month measurement campaign of the composition of 

particle matter (PM10) at five monitoring sites and a mobile station (trailer) in NW Europe. 

The study was carried out as part of the Joint Air Quality Initiative and has as general 

objective the study to establish a link between the composition of PM10 and air pollution 

sources and to relate the PM10 composition to toxicological effects. 

From April 2013 to May 2014, aerosol samples were collected at fixed sites in Amsterdam, 

Antwerp, Wijk-aan-Zee, Lille and Leicester. The receptor-oriented model EPA-PMF 5.0.14 

was used to carry out a source apportionment using the pooled data of the five sites. 

During the common sampling period at the five sites (1 June 2013 to 31 May 2014), the mean 

ambient PM10 concentration was highest at the site in Wijk aan Zee (annual mean of 

25.0 µg.m-3) and Antwerp (24.5 µg.m-3), intermediate in Lille (22.4 µg.m-3) and Amsterdam 

(20.3 µg.m-3) and lowest in Leicester (16.0 µg.m-3). These results are in accordance to the 

ones found on the present work in the north of France. 

A source apportionment study was made with a joint database, composed from the 

contributions found on all sites. This methodology differs from the one applied on this work 

due to the understanding of the author that a joint database may be forcing common factors 

with the same chemical to all, giving place to the possibility of local influences end up hidden 

on an averaged chemical signature. However, this methodology increases significantly the 

number of samples used in the PMF, awarding the final solution with greater statistical 

robustness. 

The PMF analysis resulted in a solution with 13 factor profiles, which could be aggregated to 

eight groups: secondary aerosol; furnace slacks, road wear and construction; sea spray; 

mineral dust; biomass burning; industrial activities; traffic emissions and brake wear; and 

residual oil combustion. 

Following the methodology applied in site intercomparisons, sources were also grouped as 

being from natural, anthropogenic and mixed origins, based on their chemical profiles.  

Results show a greater contribution of anthropogenic sources to PM10 levels on the sites of 

the JOAQUIN Project. This can be related to the nature (densely populated urban areas) of 

these sampling sites and the lack of biogenic markers from the analytical characterization.  
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Figure 72: Relative contribution of Natural, Anthropogenic and Mixed sources to PM10 mass concentration in 5 European 

cities 

The observed contributions of anthropogenic sources far exceeded the natural sources, 

ranging from 70% in the city ofLeicester, up to 83% in Wijk Aan Zee, an industrial site in the 

north of the Netherlands. As in the present study, most of PM10 mass is associated with 

secondary particles and explained by nitrate-rich (27-37%) and sulphate-rich (9-13%) 

secondary aerosol. The second-most important source profiles were related to sea spray and 

aged sea spray (11-21%). 

Concerning the followed methodology, it would be interesting to study the results found on 

both studies when using a combined database PMF run or a single site source apportionment 

study. Comparisions could be done both between projects as well as between methodologies. 

4.2.5.5 Maenhaut et al., 2016 

From 30 June 2011 to 2 July 2012 PM10 aerosol samples were simultaneously taken every 

4th day at four urban background sites in Flanders, Belgium. The sites were in Antwerpen, 

Gent, Brugge, and Oostende. The PM10 mass concentration was determined by weighing; 

organic and elemental carbon (OC and EC) were measured by thermal-optical analysis, the 

wood burning tracers levoglucosan, mannosan and galactosan were determined by gas 

chromatography/mass spectrometry, 8 water-soluble ions were measured by ion 
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chromatography, and 15 elements were determined by a combination of inductively coupled 

plasma atomic emission spectrometry and mass spectrometry. The multi-species dataset was 

subjected to receptor modeling by PMF. The 10 retained factors (with their overall average 

percentage contributions to the experimental PM10 mass) were wood burning (9.5%), 

secondary nitrate (24%), secondary sulfate (12.6%), sea salt (10.0%), aged sea salt (19.2%), 

crustal matter (9.7%), non-ferrous metals (1.81%), traffic (10.3%), non-exhaust traffic 

(0.52%), and heavy oil burning (3.0%). 

These factors, according to their chemical composition, were referred in terms of their origin 

as natural, anthropogenic or mixed. The results obtained show a very good agreement with the 

ones obtained for the north of France.  

 

Figure 73: Relative contribution of Natural, Anthropogenic and Mixed sources to PM10 mass concentration in 9 sites spread 

across the north of France and Belgium 

The similarities found in both studies can be explained by the proximity of the sampling sites 

involved. Despite the proximity and the similar cultural influnces of the sites, also the 

geographical characteristics of the surrounding terrain contribute to the often uniform weather 

conditions seen in the sampling sites. Backtrajectories from all sites show very good 

correlation, leading to similar influence of more regional sources.  
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The intercomparison of these two studies highlights the clear transbondary impact of air 

pollution and the necessity of international collaboration to understand and assess the scale of 

PM footprint on a regional level. 
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CONCLUSIONS AND PERSPECTIVES  

The objective of this work was to apportion sources of PM impacting the north of France and 

distinguish between regional and local influences. By means of a full chemical 

characterization of samples collected in 5 sampling sites spread across the region and the 

study of the origins of these particles: their sources, chemical profiles, seasonal variations and 

geographical location, in this section of the manuscript the main conclusions of this work will 

be presented. 

On a first phase, PM10 mass concentration was measured and samples collected in the 5 sites 

were chemically analyzed. A first approach to the raw data obtained involved the validation of 

the concentrations measured. Tests such as mass closure and ion balance were applied. By 

reconstructing PM10 mass based on the chemical species quantified, different results were 

shown from site to site, with no apparent correlation to their typology. A possible seasonal 

trend was observed with higher unaccounted masses occurring during summer and fall 

(warmer months) however a few exceptions to this trend were seen, not allowing to fully 

assuming a link between both facts. The ion balance was studied on all sites, accounting the 

concentrations of anions and cations measured throughout this work. On all sites the balance 

was seen around the 1:1 ratio, with a small excess of anions on the sites of Revin, Rouen and 

Roubaix and the opposite in Nogent-sur-Oise. Again no apparent correlation was found to the 

typology of each site. An apparent seasonal trend was seen, showing colder seasons often 

with an excess of anions, and the opposite in warmer seasons. This is probably related with 

the volatility associated with some of these species as well as emissions patterns of their 

sources (agricultural activities predominantly during late winter and spring). Concerning the 

average chemical composition of PM10 collected, minor differences were seen on all sites. 

Organic matter was found to be main contributor to PM10 mass concentration on all sites. The 

major ions (nitrate, sulfate and ammonium) appeared as the next major contributors on the 

same order on all sites. Highest average concentrations of these species were found in the 

traffic site of Roubaix and the lowest in the remote site of Revin, showing here a clear 

dependence between site typology and PM concentration. The same seasonal pattern was 

found on all the sites for PM10 mass concentration and for the main species. Other parameter 

clearly related with site typology was the number of exceedance episodes (PM10 > 50 µg m
-3

). 

Bigger differences were seen on the chemical composition of PM10 during these episodes; 

however, different numbers of episodes were registered from site to site, changing therefore 
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the statistical representativeness. The sampling site of Revin just recorded one exceedance 

episode, here secondary particles were the main contributors (78%). On the other sites, the 

contribution of these species was lower but still very significant (63% in Lens, 49% in 

Nogent-sur-Oise, 61% in Rouen and 57% in Roubaix). The lower contribution in the site of 

Nogent-sur-Oise was associated with a higher importance of OM and levoglucosan leading to 

to the assumption of an important contribution of biomass burning during these episodes. In 

Roubaix the slight lower importance of secondary particles was due to a larger contribution of 

metals, linking exceedance episodes in this sampling site with traffic related emissions as 

well. This exercise puts in evidence the crucial importance of secondary aerosols in the air 

quality of the north of France, which are commonly associated with long range transport 

processes, having therefore a regional impact. 

The source apportionment study carried out on the 5 sites identified between 8 and 10 

possible sources of PM10. The use of specific tracers like MSA and oxalate allowed 

indentifying marine biogenic and oxalate rich particles, respectively, impacting the north of 

France. The measurement of sugar alcohols was also important to quantify the impact of land 

biogenic particles. As suspected from the chemical characterization, secondary aerosols are 

major sources of PM10, as well as traffic related particles. In Lens, an urban site, the main 

contributors to PM10 mass were nitrate rich particles, under the form of ammonium nitrate, 

followed by sulfate rich and traffic related emissions. An important fraction of marine 

biogenic particles was also found in this site. In Nogent-sur-Oise a multitude of sources 

contribute to PM10 concentrations, all with predominant anthropogenic origin, such as traffic 

related, biomass burning, nitrate rich, sulfate rich and oxalate rich particles. In Rouen, an 

urban site as well, the main impacting source is traffic related emissions – which include 

exhaust and non-exhaust emissions and a crustal fraction that is not quantifiable. Oxalate rich 

particles were also identified as a major source in this site. Roubaix, the traffic site, was the 

only site where a source of just exhaust emissions was identified separately from non-exhaust 

emissions. The latter appeared associated with crustal matter on a road dust factor, composed 

mainly by non-exhaust traffic related particles. Finally the remote site of Revin was the only 

to identify a natural crustal matter factor. An important fraction of traffic related particles was 

also found in this site leading to question its “remoteness”. 

The use of methods in order to predict factor contributions based solely on mass 

apportionment and chemical balances of single species proved to be useful to simulate time 

behaviors and seasonal trends but proved flawed when trying to quantify these contributions. 
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All the identified sources on each site were associated with wind speed and wind direction 

information collected at nearby meteorological stations. NWR plots allowed categorizing 

each factor as local or regional. All sites showed similar results in this characterization, and 

local sources were identified to be biomass burning and traffic. Land biogenic particles were 

associated with mild wind speeds whereas oxalate rich particles showed often to have 

different directions of their sources being associated with low, mild and high wind speeds. 

The direction associated with high concentrations during high wind speeds was always found 

to be the northeast, assumed to be the sulfate contribution to these particles. This oxalate rich 

factor can’t then be labelled as local of regional. The regional factors identified in this study 

were either marine related (fresh and aged sea salt and marine biogenic) or secondary 

particles from anthropogenic activities (sulfate and nitrate rich). 

Daily contributions of the regional factors were then associated with back-trajectories 

calculated for each sampling site and concentration field maps were plotted. Given the fact 

that all the regional sources identified were well correlated in terms of chemical profiles and 

given the proximity of the sampling sites, it was assumed that the geographical location of 

each regional source impacting the sites would be the same. This was supported with well-

defined multi-site concentration field maps, highlighting the probable geographical location 

of these sources. Natural sources like fresh and aged sea salt were seen originating from the 

Atlantic Ocean. Fresh sea salt is originated in the far west side of the Atlantic Ocean, being 

associated with high velocity air masses created by the North Atlantic Oscillation. Marine 

biogenic particles are originated from the North Sea, linked with intense algae bloom reported 

in this area occurring during late spring and summer. Anthropogenic sources of secondary 

particles have continental origin, especially from Central and Eastern Europe. Nitrate rich 

particles seem also to be linked with emissions from Belgium and the Netherlands, probably 

linked with intense agricultural activities abundant in this region of Europe. Sulfate rich 

particles were also linked with emissions from the Strait of Gibraltar, an area of intense 

maritime traffic. 

With this work one can conclude that air quality in the north of France remains an important 

issue to be tackled with, not only because of the high concentrations often seen, but also due 

to the complexity of sources contributing to these events. Although in densely populated 

urban areas local sources like traffic emissions and biomass burning are important sources of 

PM that can be prevented by new policies, an important fraction of PM was seen associated 

with secondary aerosols with a regional impact. These are transboundary particles that in 
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order to reduce their levels in the atmosphere, measures have to be taken on an international 

level. 

Finally, this work allowed the characterization of PM10 in 5 sites representative of the north of 

France, to understand its composition and seasonal variation and to identify the main sources 

of these particles. Secondary aerosols have an important overall impact in the air quality of 

this region, as well as local sources in urban and traffic areas. 

Perspectives 

The study of air pollution, PM in particular, has always room for improvement and efforts 

should be made to deepen our knowledge on how to mitigate this issue. 

 From an organizational point of view, efforts should be made not only to increase the 

monitoring of these pollutants but also to make available and better share the 

information already existent. Countries can and should work closer together on how to 

approach this problem and address it on a transboundary level. 

 Just in recent years the scientific community is moving towards an uniformization of 

the analytical and mathematical protocols to approach this kind of studies. This brings 

many advantages but the most important is that it allows performing comparative 

analysis between studies even if they are carried out by different users, labs and 

associations – facilitating the first point exposed in this paragraph. 

 Improvements can be made on the collection and assessment of PM10 mass, especially 

on accounting water content and prevent volatilization of some compounds. 

 The use of specific tracers proved to be very important in this work and can be an 

important tool to develop further in order to identify specific sources of aerosols 

 

It was clear during this project that information about pollutants and their impacts has been 

made publically available just in recent years. This leads to an overall underestimation of the 

adverse effects that air pollution, with PM in particular, have on our day-to-day life. Local 

governments, driven either by strict regulation or preferably by general concern, must provide 

the necessary bases for the scientific community to study these issues. The scientific 

community has as well to open and provide their findings in order to effective political 

measures be put in place on a regional (and ideally international) level. 
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During this work, I participated in the Forum for Air quality Modeling (FAIRMODE) project. 

FAIRMODE was launched in 2007 as a joint response initiative of the European Environment 

Agency (EEA) and the European Commission Joint Research Centre (JRC). The forum is 

currently chaired by the Joint Research Centre. Its aim is to bring together air quality 

modelers and users in order to promote and support the harmonized use of models by EU 

Member States, with emphasis on model application under the European Air Quality 

directives. Using the same database, more than 70 working groups applied source 

apportionment exercises and all data was collected and analyzed in order not only to 

investigate the different results obtained, but also to study the different methodologies 

followed and their influence on the final results. This is an important first step on trying to 

harmonizing the different approaches that similar studies can have. This will allow not only 

improving information quality but also a possible intercomparison between studies that 

followed the same methodology.  

A level of uncertainty is attached to the results that this study exposes. These uncertainties are 

not only linked with the methodology followed but also with the analytical limitations 

associated with the protocols and instruments used. Scientific investigation to reduce these 

uncertainties will not only help the user on a practical way but also will provide more 

trustworthy and accurate information. 

Finally, from an analytical point of view, the use of specific chemical species proved to be a 

valuable asset by helping to identify sources of particles normally not allocated in this kind of 

studies. When considering the plan to put in place similar studies, it is important to collected 

as much information as possible, without neglecting species that may have small 

contributions but may provide valuable information on specific pollution sources. 
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ANNEX 1: UNCERTAINTIES AND CORRELATIONS 

Uncertainties 

Uncertainties and detection limits for the site of Lens 

Table A1. 1: Uncertainties parameters for the metals for the site of Lens 

  

Al 27 
(cps) 

Ca 44 
(cps) 

Fe 56 
(cps) 

K 39 
(cps) 

Mg 24 
(cps) 

Na 23 
(cps) 

As 75 
(cps) 

Precision u
2
 7.25 10

-4
 1.09 10

-3
 1.45 10

-3
 2.16 10

-3
 1.10 10

-2
 4.02 10

-2
 2.07 10

-3
 

Accuracy u
2
 3.14 10

-2
 8.25 10

-2
 1.06 10

-2
 2.22 10

-2
 3.72 10

-2
 3.70 10

-2
 8.37 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 4.18 10

-2
 6.50 10

-2
 2.41 10

-2
 8.01 10

-3
 1.52 10

-1
 2.69 10

-2
 2.71 10

-4
 

u
2
 1.04 10

-2
 1.62 10

-2
 6.01 10

-3
 2.00 10

-3
 3.79 10

-2
 6.74 10

-3
 6.78 10

-5
 

TOTAL u 2.13 10
-1

 3.20 10
-1

 1.45 10
-1

 1.71 10
-1

 2.98 10
-1

 2.95 10
-1

 1.16 10
-1

 

         

  
Ba 137 
(cps) 

Bi 209 
(cps) 

Cd 111 
(cps) 

Ce 140 
(cps) 

Co 59 
(cps) 

Cr 52 
(cps) 

Cs 133 
(cps) 

Precision u
2
 5.66 10

-4
 

 
2.85 10

-2
 1.44 10

-3
 1.21 10

-3
 9.11 10

-4
 2.79 10

-3
 

Accuracy u
2
 3.15 10

-2
 1.53 10

-2
 1.61 10

-2
 1.37 10

-2
 3.25 10

-2
 7.49 10

-2
 

 
Volume u

2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 1.38 10

-4
 3.28 10

-6
 6.10 10

-6
 1.22 10

-5
 4.40 10

-5
 1.35 10

-3
 3.19 10

-6
 

u
2
 3.44 10

-5
 8.20 10

-7
 1.53 10

-6
 3.05 10

-6
 1.10 10

-5
 3.39 10

-4
 7.97 10

-7
 

TOTAL u 1.87 10
-1

 1.35 10
-1

 2.18 10
-1

 1.34 10
-1

 1.91 10
-1

 2.81 10
-1

 7.54 10
-2
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Cu 63 
(cps) 

La 139 
(cps) 

Mn 55 
(cps) 

Mo 98 
(cps) 

Ni 60 (cps) 
Pb 208 
(cps) 

Rb 85 
(cps) 

Precision u
2
 6.76 10

-3
 3.57 10

-3
 1.86 10

-3
 

 
3.93 10

-3
 1.76 10

-3
 

 
Accuracy u

2
 1.91 10

-2
 1.32 10

-2
 9.47 10

-3
 7.05 10

-4
 

 
1.36 10

-2
 3.35 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 3.47 10

-4
 5.25 10

-6
 2.64 10

-3
 4.74 10

-4
 4.61 10

-4
 4.28 10

-4
 4.81 10

-5
 

u2 8.68 10
-5

 1.31 10
-6

 6.61 10
-4

 1.19 10
-4

 1.15 10
-4

 1.07 10
-4

 1.20 10
-5

 

TOTAL u 1.70 10
-1

 1.40 10
-1

 1.22 10
-1

 6.09 10
-2

 8.32 10
-2

 1.36 10
-1

 7.91 10
-2

 

         

  
Sb 121 
(cps) 

Sr 88 
(cps) 

Ti 47 
(cps) 

Tl 205 
(cps) 

U 238 
(cps) 

Zn 64 
(cps) 

V-1 51 
(cps) 

Precision u
2
 1.41 10

-3
 

 
5.20 10

-4
 

  
1.64 10

-3
 1.72 10

-3
 

Accuracy u
2
 8.51 10

-3
 2.78 10

-3
 

 
1.18 10

-2
 3.80 10

-3
 1.62 10

-1
 2.22 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 1.81 10

-4
 9.88 10

-5
 3.58 10

-2
 2.68 10

-6
 2.82 10

-6
 5.31 10

-3
 1.07 10

-4
 

u
2
 4.54 10

-5
 2.47 10

-5
 8.96 10

-3
 6.70 10

-7
 7.05 10

-7
 1.33 10

-3
 2.67 10

-5
 

TOTAL u 1.13 10
-1

 7.55 10
-2

 1.11 10
-1

 1.21 10
-1

 8.18 10
-2

 4.09 10
-1

 1.64 10
-1

 

 

Table A1. 2: Uncertainties parameters for EC/OC, ions and organic species for the site of Lens (expanded relative uncertainty – u% and coefficient of variability) 

  EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

u% 0.1 0.15 0.05 0.05 0.05 0.05 0.05 0.1 0.1 

CV x x 0.58 0.44 0.26 0.94 0.36 0.84 1.26 

  MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

u% 0.1 0.1 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

CV 1.99 0.59 0.57 0.49 0.32 0.59 0.89 0.60 1.38 
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Table A1. 3: Detection limits of the measured species for the site of Lens (in µg m-3) 

Detection limits 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

2.02 10
-1

 1.16 8.88 10
-3

 4.39 10
-1

 7.12 10
-1

 5.96 10
-3

 1.25 10
-1

 1.61 10
-2

 1.71 10
-3

 

MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

3.00 10
-3

 2.44 10
-4

 1.58 10
-2

 3.11 10
-5

 3.04 10
-4

 1.72 10
-4

 1.01 10
-4

 2.55 10
-4

 1.61 10
-4

 

Al Fe Ca As Ba Cd Ce Co Cs 

1.92 10
-3

 3.50 10
-3

 1.81 10
-2

 7.35 10
-5

 2.14 10
-4

 2.17 10
-5

 7.73 10
-5

 1.18 10
-5

 2.47 10
-6

 

Cu La Mn Mo Ni Pb Rb Sb Se 

1.68 10
-3

 3.15 10
-5

 1.84 10
-4

 8.18 10
-6

 7.88 10
-5

 7.71 10
-4

 1.00 10
-4

 2.74 10
-4

 1.34 10
-4

 

Sr Ti U Zn 
     2.64 10

-4
 2.59 10

-3
 3.07 10

-6
 6.63 10

-4
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Uncertainties and detection limits for the site of Nogent-sur-Oise 

Table A1. 4: Uncertainties parameters for the metals for the site of Nogent-sur-Oise 

  

Al 27 
(cps) 

Ca 44 
(cps) 

Fe 56 
(cps) 

K 39 
(cps) 

Mg 24 
(cps) 

Na 23 
(cps) 

As 75 
(cps) 

Precision u
2
 1.60 10

-3
 2.17 10

-3
 4.41 10

-3
 1.24 10

-2
 1.18 10

-2
 4.15 10

-2
 3.04 10

-2
 

Accuracy u
2
 1.78 10

-2
 

 
7.41 10

-2
 2.06 10

-2
 6.04 10

-2
 3.41 10

-2
 1.38 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 6.53 10

-2
 1.56 10

-1
 4.45 10

-2
 1.34 10

-2
 

 
1.99 10

-2
 5.27 10

-4
 

u
2
 1.63 10

-2
 3.90 10

-2
 1.11 10

-2
 3.34 10

-3
 

 
4.97 10

-3
 1.32 10

-4
 

TOTAL u 1.97 10
-1

 2.10 10
-1

 3.04 10
-1

 1.98 10
-1

 2.74 10
-1

 2.89 10
-1

 2.17 10
-1

 

         

  
Ba 137 
(cps) 

Bi 209 
(cps) 

Cd 111 
(cps) 

Ce 140 
(cps) 

Co 59 
(cps) 

Cr 52 
(cps) 

Cs 133 
(cps) 

Precision u
2
 9.61 10

-4
 1.41 10

-2
 7.47 10

-3
 3.58 10

-3
 1.17 10

-3
 3.56 10

-3
 2.66 10

-3
 

Accuracy u
2
 1.33 10

-2
 1.90 10

-2
 1.78 10

-2
 1.88 10

-2
 1.20 10

-2
 1.33 10

-2
 2.73 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 3.36 10

-4
 9.24 10

-6
 1.74 10

-5
 1.68 10

-5
 5.68 10

-5
 1.56 10

-3
 1.80 10

-6
 

u
2
 8.41 10

-5
 2.31 10

-6
 4.35 10

-6
 4.21 10

-6
 1.42 10

-5
 3.90 10

-4
 4.50 10

-7
 

TOTAL u 1.31 10
-1

 1.90 10
-1

 1.68 10
-1

 1.59 10
-1

 1.27 10
-1

 1.42 10
-1

 1.81 10
-1

 

         

  
Cu 63 
(cps) 

La 139 
(cps) 

Mn 55 
(cps) 

Mo 98 
(cps) 

Ni 60 (cps) 
Pb 208 
(cps) 

Rb 85 
(cps) 

Precision u
2
 7.61 10

-3
 9.85 10

-3
 1.62 10

-3
 1.18 10

-3
 4.17 10

-3
 1.51 10

-3
 5.53 10

-5
 

Accuracy u
2
 1.46 10

-2
 1.37 10

-2
 1.12 10

-2
 2.13 10

-2
 1.54 10

-2
 1.54 10

-2
 1.39 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 1.03 10

-3
 8.81 10

-6
 1.28 10

-3
 2.79 10

-4
 6.69 10

-4
 2.72 10

-4
 3.55 10

-5
 

u
2
 2.57 10

-4
 2.20 10

-6
 3.19 10

-4
 6.99 10

-5
 1.67 10

-4
 6.81 10

-5
 8.89 10

-6
 

TOTAL u 1.59 10
-1

 1.63 10
-1

 1.27 10
-1

 1.60 10
-1

 1.50 10
-1

 1.41 10
-1

 1.30 10
-1
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Sb 121 
(cps) 

Sr 88 
(cps) 

Ti 47 
(cps) 

Tl 205 
(cps) 

U 238 
(cps) 

Zn 64 
(cps) 

V
-1

 51 
(cps) 

Precision u
2
 2.29 10

-3
 2.22 10

-2
 4.68 10

-4
 

 
4.62 10

-3
 3.01 10

-3
 4.14 10

-3
 

Accuracy u
2
 1.49 10

-2
 1.73 10

-2
 6.12 10

-2
 1.79 10

-2
 1.52 10

-2
 

 
3.64 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 6.51 10

-5
 1.75 10

-4
 1.79 10

-2
 4.78 10

-6
 2.20 10

-6
 9.57 10

-3
 1.25 10

-4
 

u
2
 1.63 10

-5
 4.37 10

-5
 4.47 10

-3
 1.19 10

-6
 5.50 10

-7
 2.39 10

-3
 3.11 10

-5
 

TOTAL u 1.42 10
-1

 2.06 10
-1

 2.63 10
-1

 1.44 10
-1

 1.51 10
-1

 9.11 10
-2

 2.09 10
-1

 

 

Table A1. 5: Uncertainties parameters for EC/OC, ions and organic species for the site of Nogent-sur-Oise (expanded relative uncertainty – u% and coefficient of variability) 

 
EC OC Cl 

-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

u% 0.10 0.15 0.05 0.05 0.05 0.05 0.10 0.10 0.10 

CV x x 0.40 2.19 4.26 0.85 0.55 0.84 0.93 

 
MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

 
u% 0.10 0.10 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

 
CV 5.08 1.12 1.61 1.77 2.23 1.82 2.81 3.13 1.87 

 
 

Table A1. 6: Detection limits of the measured species for the site of Nogent-sur-Oise (in µg m-3) 

Detection limits 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

3.53 10
-1

 1.57E+00 1.22 10
-2

 4.00 10
-1

 4.00 10
-1

 2.00 10
-2

 1.67 10
-2

 2.00 10
-2

 1.26 10
-3

 

MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose Al 

2.59 10
-4

 1.66 10
-3

 1.53 10
-4

 2.84 10
-5

 1.93 10
-4

 3.87 10
-4

 2.46 10
-4

 4.58 10
-4

 4.08 10
-4

 2.47 10
-5

 

Fe Ca As Ba Cd Co Cu La Mn Mo 

1.54 10
-5

 5.83 10
-2

 3.70 10
-5

 1.59 10
-3

 2.00 10
-5

 2.61 10
-5

 5.30 10
-3

 2.64 10
-5

 2.03 10
-3

 1.21 10
-4

 

 
Ni Pb Rb Sb Sr V Zn 

  

 
4.60 10

-4
 1.51 10

-3
 9.29 10

-5
 2.88 10

-4
 2.35 10

-4
 9.40 10

-5
 6.98 10

-3
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Uncertainties and detection limits for the site of Revin 

Table A1. 7: Uncertainties parameters for the metals for the site of Revin 

  

Al 27 
(cps) 

Ca 44 
(cps) 

Fe 56 
(cps) 

K 39 
(cps) 

Mg 24 
(cps) 

Na 23 
(cps) 

As 75 
(cps) 

Precision u
2
 1.35 10

-3
 2.01 10

-3
 4.53 10

-3
 1.19 10

-2
 1.14 10

-2
 4.15 10

-2
 3.06 10

-2
 

Accuracy u
2
 

  
9.92 10

-2
 9.48 10

-2
 1.39 10

-1
 1.31 10

-1
 2.18 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 4.11 10

-2
 6.65 10

-2
 2.67 10

-2
 1.49 10

-3
 1.25 10

-1
 9.68 10

-3
 4.52 10

-4
 

u
2
 1.03 10

-2
 1.66 10

-2
 6.66 10

-3
 3.73 10

-4
 3.11 10

-2
 2.42 10

-3
 1.13 10

-4
 

TOTAL u 1.21 10
-1

 1.47 10
-1

 3.37 10
-1

 3.32 10
-1

 4.29 10
-1

 4.21 10
-1

 2.35 10
-1

 

         

  
Ba 137 
(cps) 

Bi 209 
(cps) 

Cd 111 
(cps) 

Ce 140 
(cps) 

Co 59 
(cps) 

Cr 52 
(cps) 

Cs 133 
(cps) 

Precision u
2
 2.99 10

-4
 2.34 10

-3
 1.04 10

-2
 1.85 10

-3
 1.91 10

-3
 3.97 10

-3
 3.23 10

-3
 

Accuracy u
2
 2.07 10

-2
 3.42 10

-2
 1.39 10

-2
 1.98 10

-2
 2.01 10

-2
 1.85 10

-2
 1.57 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 3.74 10

-4
 5.56 10

-6
 1.06 10

-5
 1.62 10

-5
 5.81 10

-5
 2.62 10

-3
 1.31 10

-6
 

u
2
 9.34 10

-5
 1.39 10

-6
 2.65 10

-6
 4.05 10

-6
 1.45 10

-5
 6.55 10

-4
 3.27 10

-7
 

TOTAL u 1.55 10
-1

 1.99 10
-1

 1.65 10
-1

 1.57 10
-1

 1.58 10
-1

 1.61 10
-1

 1.48 10
-1

 

         

  
Cu 63 
(cps) 

La 139 
(cps) 

Mn 55 
(cps) 

Mo 98 
(cps) 

Ni 60 (cps) 
Pb 208 
(cps) 

Rb 85 
(cps) 

Precision u
2
 1.01 10

-2
 8.91 10

-3
 1.66 10

-3
 1.88 10

-3
 7.13 10

-3
 1.37 10

-3
 1.70 10

-4
 

Accuracy u
2
 1.60 10

-2
 2.16 10

-2
 1.73 10

-2
 2.14 10

-2
 2.16 10

-2
 3.04 10

-2
 2.24 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 7.45 10

-4
 5.54 10

-6
 3.37 10

-3
 2.68 10

-4
 8.69 10

-4
 1.33 10

-4
 1.86 10

-5
 

u
2
 1.86 10

-4
 1.38 10

-6
 8.41 10

-4
 6.71 10

-5
 2.17 10

-4
 3.32 10

-5
 4.66 10

-6
 

TOTAL u 1.71 10
-1

 1.83 10
-1

 1.51 10
-1

 1.62 10
-1

 1.78 10
-1

 1.86 10
-1

 1.59 10
-1
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Sb 121 
(cps) 

Sr 88 
(cps) 

Ti 47 
(cps) 

Tl 205 
(cps) 

U 238 
(cps) 

Zn 64 
(cps) 

V
-1

 51 
(cps) 

Precision u
2
 1.52 10

-3
 3.45 10

-2
 5.53 10

-4
 

 
1.93 10

-3
 2.07 10

-3
 3.61 10

-3
 

Accuracy u
2
 1.31 10

-2
 1.93 10

-2
 4.32 10

-2
 2.08 10

-2
 4.17 10

-2
 4.45 10

-2
 8.59 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 5.46 10

-5
 1.05 10

-4
 2.04 10

-2
 3.31 10

-6
 1.47 10

-6
 5.24 10

-3
 8.39 10

-5
 

u
2
 1.37 10

-5
 2.62 10

-5
 5.09 10

-3
 8.28 10

-7
 3.67 10

-7
 1.31 10

-3
 2.10 10

-5
 

TOTAL u 1.32 10
-1

 2.38 10
-1

 2.28 10
-1

 1.54 10
-1

 2.16 10
-1

 2.25 10
-1

 1.23 10
-1

 

 

Table A1. 8: Uncertainties parameters for EC/OC, ions and organic species for the site of Revin (expanded relative uncertainty – u% and coefficient of variability) 

 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

u% 0.10 0.15 0.05 0.05 0.05 0.05 0.05 0.10 0.10 

CV x x 0.81 1.32 0.35 0.47 1.06 0.93 1.42 

 

MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

u% 0.10 0.10 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

CV 0.88 0.73 1.00 0.46 0.84 0.53 0.99 0.23 0.06 

 

Table A1. 9: Detection limits of the measured species for the site of Revin (in µg m-3) 

Detection limits 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

 
3.25 10

-2
 8.93 10

-1
 2.86 10

-4
 2.12 10

-1
 2.56 10

-1
 1.87 10

-3
 2.41 10

-3
 3.03 10

-3
 9.43 10

-4
 

 
MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

 
2.72 10

-4
 6.59 10

-4
 2.82 10

-3
 1.24 10

-3
 1.93 10

-4
 3.87 10

-4
 2.46 10

-4
 4.58 10

-4
 4.08 10

-4
 

 
Al Fe Ca As Cd Ce Co Cs Cu 

 
3.49 10

-2
 1.22 10

-3
 6.98 10

-3
 1.11 10

-4
 3.15 10

-5
 5.37 10

-5
 1.31 10

-5
 7.29 10

-6
 1.74 10

-4
 

 
La Mn Mo Pb Rb Sb Se Sr Ti Zn 

1.59 10
-5

 9.55 10
-4

 1.26 10
-5

 1.14 10
-3

 9.95 10
-5

 1.56 10
-5

 1.46 10
-4

 3.12 10
-4

 1.67 10
-4

 3.33 10
-3
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Uncertainties and detection limits for the site of Rouen 

Table A1. 10: Uncertainties parameters for the metals for the site of Rouen 

  
Al 27 
(cps) 

Ca 44 
(cps) 

Fe 56 
(cps) 

K 39 
(cps) 

Mg 24 
(cps) 

Na 23 
(cps) 

As 75 
(cps) 

Precision u
2
 1.45 10

-3
 1.87 10

-3
 4.54 10

-3
 1.24 10

-2
 1.13 10

-2
 4.16 10

-2
 3.00 10

-2
 

Accuracy u
2
 8.41 10

-2
 2.43 10

-2
 

 
1.05 10

-1
 1.52 10

-1
 1.29 10

-1
 4.56 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 3.29 10

-2
 5.80 10

-2
 8.94 10

-3
 1.33 10

-2
 3.22 10

-2
 1.08 10

-2
 7.76 10

-5
 

u
2
 8.21 10

-3
 1.45 10

-2
 2.24 10

-3
 3.33 10

-3
 8.06 10

-3
 2.71 10

-3
 1.94 10

-5
 

TOTAL u 3.11 10
-1

 2.09 10
-1

 9.83 10
-2

 3.51 10
-1

 4.17 10
-1

 4.20 10
-1

 1.94 10
-1

 

         

  
Ba 137 
(cps) 

Bi 209 
(cps) 

Cd 111 
(cps) 

Ce 140 
(cps) 

Co 59 
(cps) 

Cr 52 
(cps) 

Cs 133 
(cps) 

Precision u
2
 1.84 10

-4
 4.71 10

-3
 8.70 10

-3
 1.23 10

-3
 1.27 10

-3
 3.32 10

-3
 2.68 10

-3
 

Accuracy u
2
 3.35 10

-3
 5.90 10

-3
 1.26 10

-2
 9.67 10

-4
 1.42 10

-3
 3.79 10

-3
 3.15 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 3.26 10

-5
 5.49 10

-6
 1.16 10

-5
 7.28 10

-6
 1.08 10

-5
 5.40 10

-4
 4.09 10

-6
 

u
2
 8.14 10

-6
 1.37 10

-6
 2.90 10

-6
 1.82 10

-6
 2.70 10

-6
 1.35 10

-4
 1.02 10

-6
 

TOTAL u 8.01 10
-2

 1.16 10
-1

 1.56 10
-1

 7.13 10
-2

 7.47 10
-2

 1.01 10
-1

 9.33 10
-2

 

         

  
Cu 63 
(cps) 

La 139 
(cps) 

Mn 55 
(cps) 

Mo 98 
(cps) 

Ni 60 (cps) 
Pb 208 
(cps) 

Rb 85 
(cps) 

Precision u
2
 7.08 10

-3
 8.89 10

-3
 1.81 10

-3
 3.81 10

-3
 4.56 10

-3
 1.81 10

-3
 8.55 10

-4
 

Accuracy u
2
 3.52 10

-3
 2.01 10

-3
 3.11 10

-3
 4.36 10

-3
 2.91 10

-3
 1.70 10

-2
 7.09 10

-4
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 5.10 10

-4
 2.85 10

-6
 3.08 10

-4
 9.87 10

-5
 2.39 10

-4
 4.76 10

-5
 1.27 10

-5
 

u
2
 1.28 10

-4
 7.13 10

-7
 7.69 10

-5
 2.47 10

-5
 5.98 10

-5
 1.19 10

-5
 3.17 10

-6
 

TOTAL u 1.17 10
-1

 1.17 10
-1

 8.88 10
-2

 1.05 10
-1

 1.02 10
-1

 1.47 10
-1

 6.67 10
-2
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Sb 121 
(cps) 

Sr 88 
(cps) 

Ti 47 
(cps) 

Tl 205 
(cps) 

U 238 
(cps) 

Zn 64 
(cps) 

V
-1

 51 
(cps) 

Precision u
2
 4.14 10

-3
 2.47 10

-4
 6.18 10

-4
 

 
7.16 10

-4
 3.74 10

-3
 3.49 10

-3
 

Accuracy u
2
 3.07 10

-3
 9.33 10

-4
 6.86 10

-3
 6.45 10

-3
 8.64 10

-3
 

 
2.46 10

-2
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 9.66 10

-6
 2.41 10

-5
 3.91 10

-3
 8.02 10

-6
 2.14 10

-6
 1.09 10

-3
 5.46 10

-5
 

u
2
 2.41 10

-6
 6.02 10

-6
 9.77 10

-4
 2.01 10

-6
 5.36 10

-7
 2.73 10

-4
 1.37 10

-5
 

TOTAL u 1.00 10
-1

 6.38 10
-2

 1.07 10
-1

 9.66 10
-2

 1.11 10
-1

 8.30 10
-2

 1.76 10
-1

 

 

Table A1. 11: Uncertainties parameters for EC/OC, ions and organic species for the site of Rouen (expanded relative uncertainty – u% and coefficient of variability) 

 
EC OC Cl 

-
 NO3

 -
 SO4 

2-
 Na 

+
 NH4 

+
 K

 +
 Mg 

2+
 

u% 0.10 0.15 0.05 0.05 0.05 0.05 0.05 0.10 0.10 

CV x x 0.31 0.58 0.72 0.55 0.89 0.43 0.78 

 
MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

u% 0.10 0.10 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

CV 1.53 0.68 1.72 1.66 1.72 1.60 1.87 1.58 1.60 

 

Table A1. 12: Detection limits of the measured species for the site of Rouen (in µg m-3) 

Detection limits 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

3.98 10
-1

 1.46E+00 1.63 10
-2

 3.39 10
-1

 3.18 10
-1

 3.01 10
-2

 2.85 10
-2

 3.33 10
-2

 3.73 10
-3

 

MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

1.62 10
-3

 2.44 10
-4

 3.04 10
-4

 3.11 10
-5

 3.04 10
-4

 1.72 10
-4

 1.01 10
-4

 2.55 10
-4

 1.61 10
-4

 

Fe Ca As Cd Ce Co Cs Cu La 

2.87 10
-3

 2.22 10
-2

 9.25 10
-5

 2.20 10
-5

 9.66 10
-5

 3.97 10
-5

 1.28 10
-5

 5.66 10
-3

 2.84 10
-5

 

Mn Mo Ni Pb Rb Sb Se Sr Zn 

1.43 10
-3

 1.37 10
-5

 1.22 10
-5

 1.61 10
-3

 1.29 10
-4

 4.28 10
-4

 1.43 10
-4

 6.06 10
-4

 4.97 10
-3
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Uncertainties and detection limits for the site of Roubaix 

Table A1. 13: Uncertainties parameters for the metals for the site of Roubaix 

  

Al 27 
(cps) 

Ca 44 
(cps) 

Fe 56 
(cps) 

K 39 
(cps) 

Mg 24 
(cps) 

Na 23 
(cps) 

As 75 
(cps) 

Precision u
2
 1.21 10

-3
 1.83 10

-3
 4.25 10

-3
 1.20 10

-2
 1.14 10

-2
 4.11 10

-2
 3.00 10

-2
 

Accuracy u
2
 5.33 10

-3
 4.80 10

-2
 1.54 10

-2
 4.75 10

-3
 1.47 10

-2
 8.66 10

-3
 5.78 10

-4
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 2.70 10

-2
 3.61 10

-2
 7.76 10

-3
 4.87 10

-3
 3.39 10

-2
 1.44 10

-2
 1.96 10

-4
 

u
2
 6.75 10

-3
 9.03 10

-3
 1.94 10

-3
 1.22 10

-3
 8.47 10

-3
 3.59 10

-3
 4.89 10

-5
 

TOTAL u 1.27 10
-1

 2.48 10
-1

 1.56 10
-1

 1.45 10
-1

 1.93 10
-1

 2.37 10
-1

 1.83 10
-1

 

         

  
Ba 137 
(cps) 

Bi 209 
(cps) 

Cd 111 
(cps) 

Ce 140 
(cps) 

Co 59 
(cps) 

Cr 52 
(cps) 

Cs 133 
(cps) 

Precision u
2
 3.70 10

-4
 2.11 10

-2
 7.93 10

-3
 4.85 10

-3
 1.19 10

-2
 4.42 10

-3
 3.40 10

-3
 

Accuracy u
2
 9.35 10

-3
 2.95 10

-3
 8.65 10

-3
 6.12 10

-3
 5.17 10

-3
 6.98 10

-3
 2.90 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 8.48 10

-5
 1.08 10

-5
 7.22 10

-6
 1.60 10

-5
 9.84 10

-6
 5.53 10

-4
 3.53 10

-6
 

u
2
 2.12 10

-5
 2.70 10

-6
 1.80 10

-6
 4.00 10

-6
 2.46 10

-6
 1.38 10

-4
 8.83 10

-7
 

TOTAL u 1.12 10
-1

 1.64 10
-1

 1.40 10
-1

 1.18 10
-1

 1.41 10
-1

 1.20 10
-1

 9.59 10
-2

 

         

  
Cu 63 
(cps) 

La 139 
(cps) 

Mn 55 
(cps) 

Mo 98 
(cps) 

Ni 60 (cps) 
Pb 208 
(cps) 

Rb 85 
(cps) 

Precision u
2
 7.92 10

-3
 1.32 10

-2
 1.70 10

-3
 7.80 10

-2
 8.09 10

-3
 1.57 10

-3
 9.45 10

-5
 

Accuracy u
2
 7.06 10

-3
 1.05 10

-2
 1.83 10

-3
 5.27 10

-3
 1.08 10

-2
 3.65 10

-3
 2.35 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 3.52 10

-4
 8.08 10

-6
 5.10 10

-4
 1.47 10

-4
 1.41 10

-4
 4.89 10

-5
 1.83 10

-5
 

u
2
 8.79 10

-5
 2.02 10

-6
 1.27 10

-4
 3.68 10

-5
 3.52 10

-5
 1.22 10

-5
 4.59 10

-6
 

TOTAL u 1.34 10
-1

 1.63 10
-1

 8.09 10
-2

 2.94 10
-1

 1.48 10
-1

 9.01 10
-2

 7.30 10
-2
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Sb 121 
(cps) 

Sr 88 
(cps) 

Ti 47 
(cps) 

Tl 205 
(cps) 

U 238 
(cps) 

Zn 64 
(cps) 

V
-1

 51 
(cps) 

Precision u
2
 1.36 10

-3
 2.43 10

-2
 5.29 10

-4
 

 
5.46 10

-4
 2.98 10

-3
 3.41 10

-3
 

Accuracy u
2
 6.23 10

-3
 4.13 10

-3
 4.56 10

-2
 3.62 10

-3
 4.10 10

-3
 6.47 10

-2
 7.44 10

-3
 

Volume u
2
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 2.89 10

-3
 

Contamination 
Blanks 5.22 10

-5
 6.12 10

-5
 3.68 10

-3
 7.09 10

-6
 2.57 10

-6
 4.12 10

-3
 3.02 10

-5
 

u
2
 1.31 10

-5
 1.53 10

-5
 9.19 10

-4
 1.77 10

-6
 6.42 10

-7
 1.03 10

-3
 7.55 10

-6
 

TOTAL u 1.02 10
-1

 1.77 10
-1

 2.24 10
-1

 8.07 10
-2

 8.68 10
-2

 2.68 10
-1

 1.17 10
-1

 

 

Table A1. 14: Uncertainties parameters for EC/OC, ions and organic species for the site of Roubaix (expanded relative uncertainty – u% and coefficient of variability) 

 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K

 +
 Mg 

2+
 

u% 0.10 0.15 0.05 0.05 0.05 0.05 0.05 0.10 0.10 

CV x x 0.54 0.76 0.73 0.71 5.17 1.09 0.75 

 
MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

u% 0.10 0.10 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

CV 2.10 0.61 0.28 0.40 0.49 1.06 0.64 0.40 0.90 

 

Table A1. 15: Detection limits of the measured species for the site of Roubaix (in µg m-3) 

Detection limits 

EC OC Cl 
-
 NO3 

-
 SO4 

2-
 Na 

+
 NH4 

+
 K 

+
 Mg 

2+
 

2.77 10
-1

 9.20 10
-1

 2.97 10
-3

 3.60 10
-1

 4.26 10
-1

 1.97 10
-2

 1.21 10
-2

 3.04 10
-2

 7.16 10
-3

 

MSA Oxalate Levoglucosan Mannosan Galactosan Arabitol Mannitol Glucose Mannose 

1.61 10
-3

 1.22 10
-4

 1.36 10
-4

 4.03 10
-5

 7.52 10
-5

 1.89 10
-4

 6.28 10
-5

 1.61 10
-4

 1.76 10
-4

 

Al Fe Ca As Ba Cd Ce Co Cs 

1.75 10
-2

 1.14 10
-1

 3.82 10
-2

 1.33 10
-5

 3.79 10
-5

 2.14 10
-5

 2.08 10
-4

 5.73 10
-5

 3.64 10
-6

 

Cu La Mn Mo Ni Pb Rb Sb Se 

5.85 10
-3

 6.01 10
-5

 2.40 10
-3

 2.39 10
-4

 7.07 10
-4

 8.76 10
-4

 1.34 10
-4

 5.71 10
-4

 1.96 10
-4

 

  
Sr Ti U Zn 

   

  
4.93 10

-4
 8.37 10

-5
 4.70 10

-6
 3.95 10

-3
 

   



Color scale: Green for the highest values (1.0) and red to the minimum value observed. 

 

Correlations 

Lens 

Table A1. 16: Correlation between the measured species in the site of Lens (correlation coefficient – R) 

  

R Pearson EC OC Cl - NO3 - SO4 2- nssSO4 ssSO4 Na + NH4 + K + Mg 2+ Ca 2+ MSA Oxalate Levoglucosan Polysac Alcohols Monosac Al Fe Ca As Ba Cd Ce Co Cs Cu La Mn Mo Ni Pb Rb Sb Se Sr Ti U Zn

EC 1.00

OC 0.33 1.00

Cl - -0.14 -0.17 1.00

NO3 - 0.26 0.70 -0.13 1.00

SO4 2- 0.12 0.65 -0.15 0.73 1.00

nssSO4 0.13 0.66 -0.21 0.74 1.00 1.00

ssSO4 -0.23 -0.39 0.92 -0.30 -0.30 -0.36 1.00

Na + -0.23 -0.39 0.92 -0.30 -0.30 -0.36 1.00 1.00

NH4 + 0.23 0.74 -0.18 0.96 0.88 0.88 -0.37 -0.37 1.00

K + 0.32 0.80 0.13 0.68 0.60 0.60 -0.10 -0.10 0.69 1.00

Mg 2+ -0.21 -0.37 0.90 -0.27 -0.28 -0.34 0.99 0.99 -0.35 -0.09 1.00

Ca 2+ 0.32 0.37 -0.13 0.42 0.25 0.25 -0.14 -0.14 0.33 0.28 -0.03 1.00

MSA -0.14 0.00 -0.21 0.01 0.17 0.17 -0.04 -0.04 0.04 -0.09 0.01 0.22 1.00

Oxalate 0.17 0.43 -0.14 0.44 0.32 0.33 -0.22 -0.22 0.42 0.31 -0.18 0.31 -0.09 1.00

Levoglucosan 0.45 0.81 0.05 0.52 0.42 0.42 -0.17 -0.17 0.53 0.75 -0.22 0.08 -0.23 0.25 1.00

Polysac 0.24 0.65 0.01 0.54 0.60 0.59 -0.17 -0.17 0.62 0.58 -0.19 0.11 -0.11 0.12 0.68 1.00

Alcohols 0.04 0.29 -0.23 -0.06 0.10 0.12 -0.26 -0.26 0.02 0.07 -0.23 0.01 0.22 0.09 0.06 0.12 1.00

Monosac 0.05 0.12 -0.22 -0.06 -0.01 0.00 -0.22 -0.22 -0.03 -0.05 -0.19 0.03 0.15 0.14 -0.06 0.11 0.70 1.00

Al 0.23 0.25 -0.11 0.30 0.10 0.11 -0.14 -0.14 0.22 0.15 -0.05 0.81 0.01 0.46 0.04 0.04 -0.04 0.11 1.00

Fe 0.40 0.47 -0.17 0.47 0.17 0.18 -0.23 -0.23 0.38 0.30 -0.17 0.72 -0.02 0.56 0.30 0.22 0.01 0.14 0.83 1.00

Ca 0.21 0.30 -0.07 0.36 0.11 0.11 -0.08 -0.08 0.25 0.17 0.00 0.87 0.05 0.44 0.08 0.06 -0.05 0.07 0.89 0.85 1.00

As 0.28 0.69 -0.10 0.69 0.47 0.48 -0.25 -0.25 0.67 0.54 -0.23 0.38 -0.06 0.59 0.53 0.53 0.02 0.09 0.41 0.68 0.49 1.00

Ba 0.25 0.36 -0.14 0.41 0.13 0.14 -0.17 -0.17 0.32 0.25 -0.12 0.46 0.02 0.34 0.22 0.19 -0.02 0.09 0.50 0.69 0.57 0.63 1.00

Cd 0.44 0.78 -0.12 0.71 0.49 0.50 -0.30 -0.30 0.68 0.66 -0.27 0.46 -0.08 0.54 0.66 0.60 0.04 0.03 0.43 0.74 0.52 0.85 0.58 1.00

Ce 0.37 0.38 -0.15 0.33 0.09 0.10 -0.20 -0.20 0.25 0.22 -0.15 0.69 -0.07 0.47 0.24 0.16 -0.03 0.12 0.86 0.88 0.84 0.52 0.54 0.60 1.00

Co 0.24 0.35 -0.08 0.37 0.14 0.14 -0.12 -0.12 0.28 0.21 -0.08 0.61 0.03 0.39 0.21 0.16 -0.02 0.06 0.55 0.70 0.77 0.54 0.53 0.58 0.67 1.00

Cs 0.16 0.43 -0.11 0.51 0.37 0.38 -0.19 -0.19 0.48 0.41 -0.12 0.51 0.24 0.45 0.20 0.22 0.08 0.09 0.45 0.63 0.49 0.52 0.43 0.63 0.46 0.53 1.00

Cu 0.52 0.39 -0.16 0.32 0.12 0.13 -0.24 -0.24 0.26 0.25 -0.18 0.56 -0.03 0.42 0.30 0.22 0.05 0.12 0.69 0.81 0.65 0.57 0.58 0.66 0.73 0.46 0.37 1.00

La 0.25 0.31 -0.10 0.36 0.12 0.12 -0.12 -0.12 0.27 0.17 -0.07 0.68 0.02 0.48 0.15 0.10 -0.07 0.08 0.81 0.83 0.85 0.51 0.53 0.53 0.90 0.80 0.52 0.59 1.00

Mn 0.35 0.55 -0.17 0.52 0.29 0.30 -0.25 -0.25 0.46 0.43 -0.17 0.75 0.06 0.59 0.32 0.32 0.09 0.16 0.74 0.90 0.80 0.71 0.65 0.80 0.76 0.68 0.70 0.73 0.72 1.00

Mo 0.36 0.56 -0.10 0.52 0.34 0.34 -0.23 -0.23 0.48 0.43 -0.17 0.63 -0.01 0.47 0.41 0.38 0.07 0.12 0.73 0.84 0.71 0.61 0.53 0.73 0.75 0.57 0.50 0.77 0.65 0.79 1.00

Ni 0.21 0.28 -0.10 0.34 0.15 0.16 -0.12 -0.12 0.27 0.16 -0.06 0.62 0.12 0.41 0.12 0.13 0.02 0.13 0.77 0.78 0.75 0.45 0.55 0.50 0.76 0.71 0.55 0.61 0.78 0.69 0.79 1.00

Pb 0.43 0.78 -0.10 0.70 0.46 0.47 -0.29 -0.29 0.67 0.66 -0.26 0.49 -0.06 0.53 0.66 0.60 0.06 0.05 0.48 0.78 0.56 0.85 0.59 0.97 0.63 0.62 0.64 0.69 0.57 0.80 0.78 0.55 1.00

Rb 0.40 0.68 -0.12 0.64 0.39 0.40 -0.25 -0.25 0.58 0.57 -0.20 0.67 0.01 0.59 0.51 0.45 0.03 0.08 0.71 0.89 0.74 0.77 0.61 0.87 0.79 0.66 0.77 0.70 0.74 0.89 0.81 0.69 0.90 1.00

Sb 0.41 0.64 -0.14 0.57 0.27 0.28 -0.27 -0.27 0.49 0.48 -0.24 0.51 -0.11 0.50 0.52 0.45 0.02 0.10 0.51 0.75 0.56 0.68 0.52 0.79 0.66 0.59 0.49 0.67 0.60 0.71 0.68 0.52 0.84 0.76 1.00

Se 0.33 0.64 -0.20 0.68 0.44 0.45 -0.32 -0.32 0.64 0.49 -0.26 0.48 0.17 0.53 0.39 0.37 0.12 0.14 0.42 0.70 0.48 0.72 0.53 0.79 0.50 0.54 0.74 0.54 0.50 0.74 0.66 0.52 0.80 0.80 0.65 1.00

Sr 0.12 0.14 0.15 0.18 0.00 -0.01 0.16 0.16 0.08 0.18 0.25 0.71 0.00 0.35 0.00 -0.01 -0.11 0.04 0.83 0.74 0.83 0.36 0.50 0.39 0.75 0.59 0.45 0.57 0.74 0.68 0.63 0.71 0.43 0.64 0.43 0.36 1.00

Ti 0.21 0.28 -0.11 0.35 0.15 0.15 -0.13 -0.13 0.27 0.16 -0.04 0.82 0.07 0.47 0.03 0.04 -0.04 0.12 0.95 0.86 0.91 0.50 0.56 0.49 0.85 0.63 0.52 0.66 0.84 0.78 0.71 0.75 0.53 0.75 0.53 0.50 0.82 1.00

U 0.30 0.44 -0.08 0.41 0.17 0.17 -0.15 -0.15 0.33 0.29 -0.10 0.67 -0.06 0.51 0.26 0.23 -0.01 0.15 0.79 0.86 0.79 0.66 0.58 0.69 0.85 0.73 0.52 0.70 0.80 0.80 0.73 0.73 0.72 0.81 0.74 0.59 0.72 0.82 1.00

Zn 0.36 0.70 -0.14 0.58 0.43 0.44 -0.32 -0.32 0.57 0.55 -0.27 0.49 -0.04 0.46 0.54 0.54 0.13 0.08 0.43 0.67 0.51 0.72 0.48 0.85 0.53 0.49 0.45 0.66 0.45 0.76 0.76 0.44 0.85 0.74 0.69 0.69 0.36 0.47 0.61 1.00



Color scale: Green for the highest values (1.0) and red to the minimum value observed. 

 

Nogent-sur-Oise 

Table A1. 17: Correlation between the measured species in the site of Nogent-sur-Oise (correlation coefficient – R) 

 

  

R Pearson EC OC Cl - NO3 - SO4 2- nssSO4 ssSO4 Na + NH4 + K + Mg 2+ Ca 2+ MSA Oxalate Levoglucosan Polysac Alcohols Fe Ca As Ba Cd Co Cu La Mn Mo Ni Pb Rb Sb Sr V Zn

EC 1.00

OC 0.77 1.00

Cl - 0.02 0.01 1.00

NO3 - 0.23 0.54 -0.03 1.00

SO4 2- 0.06 0.48 -0.11 0.72 1.00

nssSO4 0.07 0.48 -0.17 0.71 1.00 1.00

ssSO4 -0.07 -0.04 0.76 0.00 -0.09 -0.17 1.00

Na + -0.07 -0.04 0.76 0.00 -0.09 -0.17 1.00 1.00

NH4 + 0.07 0.42 -0.13 0.94 0.83 0.83 -0.08 -0.08 1.00

K + 0.67 0.92 0.18 0.48 0.48 0.47 0.09 0.09 0.35 1.00

Mg 2+ 0.11 0.15 0.86 -0.05 -0.06 -0.11 0.76 0.76 -0.22 0.33 1.00

Ca 2+ 0.31 0.22 0.07 0.23 0.08 0.07 0.08 0.08 0.13 0.15 0.17 1.00

MSA -0.12 0.02 -0.22 0.09 0.23 0.24 -0.12 -0.12 0.13 -0.01 -0.04 -0.01 1.00

Oxalate 0.10 0.39 -0.24 0.38 0.60 0.62 -0.25 -0.25 0.48 0.32 -0.17 0.08 0.21 1.00

Levoglucosan 0.71 0.84 0.19 0.46 0.26 0.26 0.05 0.05 0.30 0.80 0.21 0.16 -0.03 0.15 1.00

Polysac 0.70 0.88 0.20 0.48 0.31 0.31 0.05 0.05 0.31 0.86 0.24 0.14 -0.02 0.17 0.98 1.00

Alcohols 0.23 0.22 -0.31 -0.08 0.08 0.10 -0.32 -0.32 -0.04 0.14 -0.22 0.05 0.23 0.23 0.02 0.06 1.00

Fe 0.56 0.63 0.00 0.25 0.29 0.28 0.10 0.10 0.15 0.60 0.18 0.16 0.07 0.27 0.45 0.48 0.19 1.00

Ca 0.50 0.52 -0.02 0.24 0.20 0.20 0.03 0.03 0.10 0.45 0.18 0.26 -0.04 0.13 0.29 0.33 0.11 0.52 1.00

As 0.16 0.35 -0.18 0.40 0.46 0.46 -0.08 -0.08 0.47 0.28 -0.18 0.05 0.07 0.17 0.23 0.25 0.13 0.18 0.37 1.00

Ba 0.52 0.43 -0.11 0.15 0.05 0.06 -0.09 -0.09 0.05 0.35 0.03 0.24 -0.10 -0.01 0.21 0.25 0.16 0.23 0.69 0.52 1.00

Cd 0.57 0.76 0.00 0.48 0.45 0.44 0.07 0.07 0.39 0.71 0.10 0.18 -0.01 0.31 0.61 0.64 0.13 0.60 0.59 0.56 0.49 1.00

Co 0.53 0.55 -0.06 0.31 0.29 0.29 0.04 0.04 0.23 0.46 0.09 0.34 0.04 0.22 0.34 0.36 0.13 0.60 0.87 0.49 0.64 0.67 1.00

Cu 0.69 0.66 0.03 0.34 0.21 0.21 0.02 0.02 0.21 0.59 0.13 0.29 -0.04 0.06 0.53 0.55 0.15 0.54 0.70 0.49 0.74 0.70 0.79 1.00

La 0.28 0.34 -0.12 0.24 0.26 0.25 0.04 0.04 0.20 0.24 0.03 0.34 0.11 0.25 0.14 0.15 0.15 0.36 0.70 0.43 0.54 0.51 0.81 0.54 1.00

Mn 0.46 0.58 0.00 0.35 0.36 0.35 0.01 0.01 0.28 0.53 0.10 0.19 -0.01 0.22 0.44 0.45 0.02 0.52 0.62 0.42 0.48 0.62 0.70 0.69 0.50 1.00

Mo 0.44 0.62 0.05 0.53 0.41 0.40 0.07 0.07 0.47 0.55 0.09 0.27 0.08 0.17 0.58 0.58 0.01 0.36 0.49 0.53 0.53 0.61 0.67 0.76 0.47 0.66 1.00

Ni 0.38 0.41 -0.01 0.24 0.27 0.27 0.02 0.02 0.18 0.37 0.13 0.21 0.16 0.18 0.27 0.30 0.09 0.53 0.60 0.29 0.33 0.45 0.80 0.56 0.58 0.51 0.49 1.00

Pb 0.53 0.63 -0.06 0.43 0.34 0.34 -0.01 -0.01 0.37 0.57 -0.03 0.20 -0.06 0.34 0.45 0.46 0.15 0.50 0.55 0.48 0.45 0.87 0.62 0.60 0.49 0.53 0.49 0.36 1.00

Rb 0.49 0.63 -0.02 0.40 0.35 0.34 0.03 0.03 0.32 0.58 0.07 0.26 -0.07 0.23 0.53 0.55 0.06 0.28 0.69 0.55 0.66 0.70 0.74 0.70 0.72 0.62 0.71 0.41 0.63 1.00

Sb 0.33 0.34 -0.08 0.32 0.12 0.12 -0.09 -0.09 0.27 0.23 -0.12 0.21 -0.02 0.11 0.35 0.32 0.08 0.23 0.31 0.32 0.35 0.43 0.41 0.56 0.35 0.34 0.47 0.24 0.48 0.42 1.00

Sr 0.35 0.37 0.10 0.16 0.09 0.08 0.20 0.20 0.03 0.34 0.29 0.33 -0.06 0.09 0.23 0.24 0.02 0.34 0.86 0.31 0.65 0.49 0.76 0.58 0.78 0.50 0.43 0.43 0.46 0.76 0.25 1.00

V 0.19 0.23 -0.14 0.15 0.25 0.24 0.05 0.05 0.16 0.16 0.02 0.22 0.27 0.19 0.09 0.10 0.18 0.25 0.42 0.34 0.31 0.30 0.66 0.35 0.72 0.33 0.34 0.65 0.24 0.47 0.17 0.48 1.00

Zn 0.43 0.44 -0.01 0.34 0.25 0.23 0.13 0.13 0.28 0.41 0.05 0.16 -0.05 0.07 0.29 0.32 0.14 0.45 0.46 0.47 0.42 0.52 0.50 0.57 0.32 0.44 0.41 0.33 0.50 0.43 0.29 0.38 0.18 1.00



Color scale: Green for the highest values (1.0) and red to the minimum value observed. 

 

Revin 

Table A1. 18: Correlation between the measured species in the site of Revin (correlation coefficient – R) 

 

  

R Pearson EC OC Cl - NO3 - SO4 2- nssSO4 ssSO4 Na + NH4 + K + Mg 2+ Ca 2+ MSA Oxalate Levoglucosan Polysac Alcohols Monosac Al Fe Ca As Cd Ce Co Cs Cu La Mn Mo Pb Rb Sb Se Sr Ti Zn

EC 1.00

OC 0.64 1.00

Cl - -0.20 -0.33 1.00

NO3 - 0.45 0.42 -0.05 1.00

SO4 2- 0.42 0.58 -0.16 0.70 1.00

nssSO4 0.42 0.58 -0.21 0.70 1.00 1.00

ssSO4 -0.18 -0.22 0.75 -0.10 -0.19 -0.25 1.00

Na + -0.18 -0.22 0.75 -0.10 -0.19 -0.25 1.00 1.00

NH4 + 0.45 0.53 -0.16 0.91 0.88 0.88 -0.25 -0.25 1.00

K + 0.54 0.56 -0.02 0.61 0.58 0.58 -0.02 -0.02 0.62 1.00

Mg 2+ -0.14 -0.27 0.89 -0.07 -0.20 -0.25 0.84 0.84 -0.22 0.00 1.00

Ca 2+ 0.36 0.33 -0.04 0.23 0.21 0.20 0.11 0.11 0.16 0.33 0.13 1.00

MSA -0.07 0.02 -0.11 -0.08 0.10 0.10 0.09 0.09 -0.05 -0.17 0.07 0.08 1.00

Oxalate 0.40 0.39 0.01 0.44 0.48 0.47 0.04 0.04 0.44 0.56 -0.04 0.37 -0.03 1.00

Levoglucosan 0.36 0.40 -0.01 0.34 0.24 0.25 -0.13 -0.13 0.39 0.56 -0.10 -0.13 -0.37 0.12 1.00

Polysac 0.40 0.38 0.16 0.41 0.37 0.36 0.00 0.00 0.46 0.52 0.01 -0.03 -0.28 0.27 0.80 1.00

Alcohols -0.07 0.21 -0.10 -0.20 -0.01 -0.02 0.10 0.10 -0.18 0.00 -0.09 0.09 0.17 0.13 -0.25 -0.08 1.00

Monosac -0.02 0.24 0.04 -0.05 0.05 0.05 0.10 0.10 -0.03 0.09 -0.01 0.06 0.05 0.16 0.00 0.19 0.76 1.00

Al 0.37 0.37 -0.10 0.10 0.17 0.17 -0.04 -0.04 0.08 0.20 0.03 0.87 0.01 0.25 -0.07 0.00 0.03 0.02 1.00

Fe 0.58 0.60 -0.12 0.34 0.35 0.35 -0.04 -0.04 0.31 0.36 0.03 0.77 0.03 0.31 0.09 0.15 0.01 0.02 0.87 1.00

Ca 0.37 0.35 -0.02 0.11 0.13 0.12 0.14 0.14 0.05 0.21 0.14 0.92 0.03 0.28 -0.09 -0.02 0.10 0.06 0.94 0.86 1.00

As 0.45 0.70 -0.23 0.42 0.57 0.58 -0.24 -0.24 0.51 0.44 -0.20 0.22 -0.05 0.29 0.20 0.23 0.15 0.17 0.26 0.45 0.22 1.00

Cd 0.44 0.63 -0.15 0.40 0.46 0.46 -0.16 -0.16 0.49 0.47 -0.14 0.05 -0.08 0.22 0.55 0.48 -0.12 0.03 0.15 0.39 0.13 0.50 1.00

Ce 0.43 0.44 -0.09 0.12 0.18 0.18 -0.03 -0.03 0.09 0.23 0.04 0.83 0.01 0.25 -0.05 0.00 0.07 0.06 0.93 0.85 0.91 0.29 0.17 1.00

Co 0.40 0.37 -0.04 0.13 0.19 0.19 0.01 0.01 0.12 0.24 0.07 0.53 -0.07 0.16 0.06 0.10 0.16 0.15 0.59 0.68 0.63 0.36 0.21 0.66 1.00

Cs 0.45 0.60 -0.19 0.35 0.53 0.52 -0.08 -0.08 0.42 0.33 -0.09 0.49 0.09 0.31 0.07 0.16 0.04 0.07 0.51 0.69 0.51 0.56 0.45 0.53 0.52 1.00

Cu 0.55 0.64 -0.17 0.39 0.40 0.40 -0.09 -0.09 0.40 0.34 -0.04 0.28 0.17 0.22 0.19 0.19 0.02 0.02 0.26 0.58 0.30 0.47 0.60 0.35 0.38 0.51 1.00

La 0.42 0.43 -0.10 0.12 0.22 0.21 -0.01 -0.01 0.11 0.23 0.05 0.80 0.04 0.28 -0.07 0.04 0.09 0.07 0.89 0.85 0.87 0.34 0.20 0.91 0.67 0.60 0.38 1.00

Mn 0.57 0.63 -0.15 0.38 0.36 0.36 -0.07 -0.07 0.36 0.35 -0.01 0.58 0.06 0.23 0.15 0.19 -0.05 0.01 0.63 0.87 0.64 0.48 0.46 0.65 0.58 0.76 0.67 0.70 1.00

Mo 0.39 0.47 -0.13 0.35 0.38 0.38 -0.08 -0.08 0.38 0.22 -0.09 0.15 0.04 0.09 0.17 0.16 -0.04 0.00 0.17 0.52 0.20 0.40 0.44 0.20 0.51 0.64 0.56 0.30 0.66 1.00

Pb 0.58 0.68 -0.15 0.52 0.54 0.54 -0.16 -0.16 0.58 0.47 -0.10 0.20 -0.03 0.25 0.38 0.37 -0.13 -0.02 0.21 0.54 0.22 0.64 0.62 0.26 0.33 0.65 0.64 0.35 0.71 0.64 1.00

Rb 0.63 0.76 -0.20 0.40 0.49 0.50 -0.15 -0.15 0.45 0.52 -0.11 0.68 -0.06 0.37 0.30 0.33 -0.03 0.03 0.77 0.88 0.73 0.58 0.52 0.78 0.60 0.82 0.54 0.77 0.83 0.48 0.63 1.00

Sb 0.44 0.52 0.03 0.37 0.40 0.40 -0.03 -0.03 0.42 0.35 0.05 0.17 -0.02 0.18 0.23 0.24 -0.05 0.03 0.17 0.40 0.18 0.48 0.44 0.21 0.28 0.41 0.52 0.29 0.48 0.45 0.59 0.43 1.00

Se 0.33 0.47 -0.13 0.31 0.37 0.37 0.02 0.02 0.35 0.23 -0.03 0.08 0.10 0.11 0.19 0.18 0.04 0.06 0.09 0.36 0.14 0.48 0.46 0.14 0.38 0.57 0.53 0.30 0.53 0.68 0.62 0.42 0.48 1.00

Sr 0.26 0.22 0.12 0.04 0.10 0.08 0.20 0.20 -0.01 0.17 0.28 0.87 0.03 0.22 -0.11 -0.02 0.01 0.02 0.92 0.77 0.93 0.14 0.06 0.86 0.55 0.45 0.19 0.83 0.54 0.08 0.13 0.67 0.13 0.07 1.00

Ti 0.40 0.49 -0.16 0.15 0.28 0.28 -0.05 -0.05 0.16 0.19 -0.02 0.81 0.10 0.27 -0.13 -0.03 0.11 0.09 0.93 0.86 0.87 0.39 0.21 0.90 0.59 0.61 0.38 0.88 0.69 0.26 0.32 0.80 0.24 0.19 0.83 1.00

Zn 0.50 0.48 -0.05 0.30 0.20 0.20 -0.08 -0.08 0.27 0.32 -0.02 0.14 -0.04 0.06 0.37 0.33 -0.14 -0.08 0.17 0.45 0.21 0.35 0.44 0.23 0.30 0.40 0.46 0.26 0.63 0.55 0.66 0.46 0.37 0.46 0.13 0.20 1.00



Color scale: Green for the highest values (1.0) and red to the minimum value observed. 

 

Rouen 

Table A1. 19: Correlation between the measured species in the site of Rouen (correlation coefficient – R) 

  

R Pearson EC OC Cl - NO3 - SO4 2- nssSO4 ssSO4 Na + NH4 + K + Mg 2+ Ca 2+ MSA Oxalate Levoglucosan Polysac Alcohols Monosac Fe Ca As Cd Ce Co Cs Cu La Mn Mo Ni Pb Rb Sb Se Sr Zn

EC 1.00

OC 0.79 1.00

Cl - 0.04 -0.08 1.00

NO3 - 0.39 0.68 0.09 1.00

SO4 2- 0.15 0.52 -0.01 0.76 1.00

nssSO4 -0.05 0.49 -0.25 0.75 1.00 1.00

ssSO4 -0.11 -0.31 0.93 -0.12 -0.23 -0.28 1.00

Na + -0.11 -0.31 0.93 -0.12 -0.23 -0.28 1.00 1.00

NH4 + 0.00 0.57 -0.14 0.96 0.86 0.86 -0.20 -0.20 1.00

K + 0.57 0.86 0.04 0.56 0.44 0.43 0.03 0.03 0.52 1.00

Mg 2+ -0.14 -0.34 0.91 -0.15 -0.22 -0.27 0.97 0.97 -0.22 -0.02 1.00

Ca 2+ 0.22 0.52 -0.11 0.58 0.53 0.53 -0.12 -0.12 0.52 0.43 -0.08 1.00

MSA -0.08 -0.06 -0.21 -0.07 0.17 0.18 -0.07 -0.07 -0.05 -0.16 -0.04 0.02 1.00

Oxalate 0.45 0.69 0.01 0.74 0.70 0.75 -0.34 -0.34 0.71 0.42 -0.31 0.60 0.13 1.00

Levoglucosan 0.57 0.61 0.12 0.49 0.26 0.13 -0.03 -0.03 0.25 0.40 -0.08 0.07 -0.23 0.37 1.00

Polysac 0.40 0.50 0.01 0.38 0.19 0.13 -0.08 -0.08 0.24 0.38 -0.13 0.06 -0.29 0.20 0.92 1.00

Alcohols 0.08 0.03 -0.23 -0.20 -0.01 0.03 -0.21 -0.21 -0.12 0.04 -0.18 -0.03 0.10 0.06 -0.15 -0.16 1.00

Monosac 0.34 0.26 -0.08 0.02 0.03 0.00 -0.10 -0.10 -0.09 0.16 -0.08 -0.04 -0.10 0.18 0.24 0.17 0.71 1.00

Fe 0.65 0.64 -0.11 0.32 0.24 0.17 -0.20 -0.20 0.19 0.49 -0.20 0.58 0.03 0.41 0.20 0.15 0.14 0.13 1.00

Ca 0.23 0.45 -0.10 0.43 0.41 0.44 -0.10 -0.10 0.44 0.42 -0.05 0.95 0.01 0.43 0.07 0.06 -0.03 -0.02 0.64 1.00

As 0.25 0.55 -0.24 0.52 0.53 0.58 -0.29 -0.29 0.62 0.54 -0.26 0.59 -0.02 0.54 0.08 0.08 0.17 0.09 0.58 0.62 1.00

Cd 0.39 0.60 -0.06 0.50 0.44 0.42 -0.11 -0.11 0.46 0.53 -0.14 0.38 0.01 0.48 0.28 0.24 0.16 0.17 0.44 0.38 0.48 1.00

Ce 0.55 0.66 -0.19 0.39 0.33 0.31 -0.26 -0.26 0.32 0.50 -0.22 0.72 0.00 0.49 0.22 0.16 0.12 0.19 0.74 0.79 0.66 0.43 1.00

Co 0.31 0.53 -0.23 0.43 0.47 0.51 -0.26 -0.26 0.49 0.49 -0.24 0.72 0.09 0.46 0.14 0.14 0.10 0.05 0.70 0.74 0.69 0.47 0.69 1.00

Cs 0.10 0.43 -0.26 0.39 0.54 0.58 -0.29 -0.29 0.48 0.37 -0.27 0.48 0.42 0.48 0.05 0.01 0.07 0.04 0.37 0.50 0.55 0.39 0.49 0.62 1.00

Cu 0.84 0.66 -0.07 0.29 0.14 0.05 -0.15 -0.15 0.06 0.42 -0.17 0.36 -0.02 0.40 0.36 0.26 0.17 0.27 0.82 0.42 0.43 0.44 0.66 0.51 0.23 1.00

La 0.30 0.44 -0.13 0.16 0.25 0.27 -0.15 -0.15 0.21 0.41 -0.13 0.39 0.05 0.21 0.18 0.26 0.16 0.18 0.46 0.45 0.39 0.28 0.58 0.47 0.34 0.43 1.00

Mn 0.43 0.49 -0.12 0.32 0.23 0.20 -0.17 -0.17 0.28 0.36 -0.15 0.47 0.03 0.39 0.13 0.08 0.13 0.13 0.71 0.53 0.57 0.37 0.61 0.68 0.42 0.60 0.34 1.00

Mo 0.34 0.35 -0.10 0.15 0.08 0.07 -0.13 -0.13 0.12 0.31 -0.14 0.41 0.01 0.18 -0.01 -0.02 0.13 -0.01 0.74 0.44 0.41 0.25 0.40 0.54 0.18 0.46 0.20 0.52 1.00

Ni 0.31 0.41 -0.18 0.23 0.32 0.33 -0.16 -0.16 0.24 0.33 -0.14 0.32 0.27 0.32 0.10 0.09 0.22 0.17 0.47 0.37 0.44 0.35 0.49 0.70 0.54 0.42 0.53 0.41 0.27 1.00

Pb 0.54 0.84 -0.15 0.69 0.59 0.59 -0.28 -0.28 0.69 0.76 -0.29 0.55 -0.01 0.63 0.41 0.37 0.02 0.17 0.57 0.53 0.70 0.64 0.66 0.62 0.58 0.55 0.42 0.59 0.32 0.40 1.00

Rb 0.62 0.91 -0.13 0.69 0.59 0.58 -0.30 -0.30 0.61 0.79 -0.31 0.67 0.04 0.69 0.48 0.39 -0.03 0.16 0.65 0.64 0.64 0.61 0.76 0.67 0.69 0.58 0.46 0.54 0.34 0.48 0.85 1.00

Sb 0.73 0.61 -0.10 0.29 0.17 0.11 -0.21 -0.21 0.11 0.36 -0.23 0.31 -0.01 0.42 0.30 0.21 0.20 0.27 0.67 0.35 0.39 0.39 0.59 0.45 0.24 0.88 0.42 0.52 0.41 0.38 0.56 0.52 1.00

Se 0.09 0.45 -0.28 0.42 0.59 0.65 -0.30 -0.30 0.58 0.45 -0.28 0.46 0.33 0.49 -0.03 -0.05 0.21 0.06 0.37 0.44 0.64 0.48 0.47 0.55 0.74 0.21 0.30 0.40 0.27 0.42 0.64 0.58 0.25 1.00

Sr 0.31 0.34 0.15 0.33 0.27 0.23 0.23 0.23 0.16 0.25 0.30 0.58 0.19 0.36 0.16 0.03 -0.10 0.04 0.34 0.58 0.27 0.25 0.55 0.35 0.33 0.32 0.29 0.31 0.15 0.23 0.34 0.46 0.28 0.23 1.00

Zn 0.57 0.80 -0.14 0.59 0.49 0.48 -0.29 -0.29 0.52 0.66 -0.31 0.51 -0.04 0.59 0.38 0.31 0.01 0.16 0.55 0.51 0.60 0.59 0.63 0.53 0.48 0.54 0.35 0.49 0.31 0.32 0.86 0.79 0.54 0.60 0.35 1.00



Color scale: Green for the highest values (1.0) and red to the minimum value observed. 

 

Roubaix 

Table A1. 20: Correlation between the measured species in the site of Roubaix (correlation coefficient – R) 

 

R Pearson EC OC Cl - NO3 - SO4 2- nssSO4 ssSO4 Na + NH4 + K + Mg 2+ Ca 2+ MSA Oxalate Levoglucosan Polysac Alcohols Monosac Al Fe Ca As Ba Cd Ce Co Cs Cu La Mn Mo Ni Pb Rb Sb Se Sr Ti U Zn

EC 1.00

OC 0.27 1.00

Cl - 0.06 -0.08 1.00

NO3 - 0.02 0.56 -0.13 1.00

SO4 2- -0.02 0.35 -0.11 0.78 1.00

nssSO4 -0.02 0.36 -0.16 0.78 1.00 1.00

ssSO4 -0.05 -0.24 0.92 -0.25 -0.22 -0.27 1.00

Na + -0.05 -0.24 0.92 -0.25 -0.22 -0.27 1.00 1.00

NH4 + -0.01 0.49 -0.13 0.95 0.88 0.89 -0.28 -0.28 1.00

K + 0.03 0.26 0.24 0.23 0.34 0.33 0.11 0.11 0.23 1.00

Mg 2+ -0.06 -0.17 0.90 -0.22 -0.20 -0.25 0.97 0.97 -0.26 0.24 1.00

Ca 2+ 0.15 0.53 -0.07 0.39 0.24 0.25 -0.13 -0.13 0.27 0.27 0.01 1.00

MSA -0.18 -0.13 -0.25 0.01 0.15 0.15 -0.05 -0.05 -0.01 -0.12 -0.03 0.05 1.00

Oxalate -0.09 0.46 -0.22 0.66 0.61 0.61 -0.27 -0.27 0.66 0.10 -0.20 0.40 0.18 1.00

Levoglucosan 0.34 0.59 0.20 0.24 0.12 0.12 0.01 0.01 0.24 0.22 0.00 0.09 -0.41 0.05 1.00

Polysac 0.33 0.59 0.20 0.31 0.21 0.20 0.02 0.02 0.30 0.26 0.02 0.12 -0.36 0.18 0.93 1.00

Alcohols 0.09 0.13 -0.21 -0.08 0.07 0.08 -0.22 -0.22 -0.04 -0.05 -0.21 0.07 0.12 0.08 -0.08 -0.13 1.00

Monosac 0.16 0.22 -0.07 -0.05 -0.12 -0.11 -0.12 -0.12 -0.07 0.01 -0.08 0.04 -0.15 -0.16 0.25 0.17 0.48 1.00

Al 0.14 0.37 -0.13 0.30 0.12 0.13 -0.17 -0.17 0.20 0.00 -0.08 0.68 -0.09 0.31 0.00 0.04 0.07 0.09 1.00

Fe 0.53 0.66 -0.10 0.34 0.11 0.12 -0.19 -0.19 0.22 0.02 -0.09 0.64 -0.07 0.24 0.26 0.28 0.12 0.21 0.71 1.00

Ca 0.25 0.47 -0.09 0.29 0.12 0.12 -0.14 -0.14 0.17 0.14 -0.02 0.91 -0.06 0.30 0.04 0.07 0.07 0.10 0.82 0.75 1.00

As 0.12 0.73 -0.04 0.66 0.53 0.53 -0.20 -0.20 0.62 0.40 -0.11 0.47 -0.10 0.42 0.40 0.44 0.02 0.08 0.34 0.49 0.40 1.00

Ba 0.46 0.65 -0.11 0.27 0.10 0.10 -0.17 -0.17 0.16 0.08 -0.06 0.66 0.04 0.22 0.24 0.24 0.09 0.17 0.53 0.89 0.65 0.48 1.00

Cd 0.14 0.51 0.07 0.29 0.20 0.20 -0.05 -0.05 0.25 0.41 0.02 0.30 -0.17 0.18 0.33 0.36 -0.01 0.12 0.12 0.31 0.25 0.52 0.31 1.00

Ce 0.38 0.69 -0.18 0.28 0.08 0.10 -0.24 -0.24 0.17 0.04 -0.13 0.76 0.01 0.29 0.21 0.20 0.14 0.22 0.71 0.83 0.77 0.46 0.84 0.31 1.00

Co 0.31 0.45 -0.10 0.46 0.50 0.50 -0.15 -0.15 0.41 0.13 -0.11 0.56 0.22 0.37 0.08 0.12 0.25 0.04 0.40 0.55 0.49 0.51 0.59 0.25 0.55 1.00

Cs -0.06 0.37 -0.12 0.48 0.44 0.44 -0.17 -0.17 0.42 0.32 -0.06 0.42 0.27 0.32 -0.04 0.03 0.08 0.02 0.21 0.31 0.32 0.50 0.29 0.27 0.32 0.44 1.00

Cu 0.56 0.66 -0.07 0.24 0.07 0.08 -0.15 -0.15 0.14 0.06 -0.07 0.56 0.04 0.16 0.30 0.29 0.11 0.23 0.38 0.84 0.54 0.43 0.92 0.37 0.78 0.54 0.25 1.00

La 0.12 0.56 -0.23 0.42 0.26 0.27 -0.24 -0.24 0.31 0.06 -0.13 0.78 0.22 0.40 0.01 0.03 0.09 0.10 0.67 0.67 0.75 0.48 0.69 0.24 0.84 0.63 0.53 0.59 1.00

Mn 0.28 0.66 -0.10 0.41 0.32 0.32 -0.19 -0.19 0.31 0.48 -0.04 0.77 0.08 0.29 0.21 0.23 0.09 0.11 0.49 0.69 0.68 0.63 0.78 0.42 0.76 0.63 0.56 0.72 0.74 1.00

Mo 0.25 0.66 -0.15 0.47 0.31 0.32 -0.24 -0.24 0.38 0.13 -0.15 0.61 0.15 0.34 0.17 0.18 0.16 0.14 0.40 0.67 0.53 0.59 0.71 0.28 0.71 0.69 0.55 0.70 0.68 0.79 1.00

Ni 0.07 0.28 -0.11 0.29 0.29 0.30 -0.13 -0.13 0.24 0.14 -0.06 0.36 0.27 0.24 -0.06 -0.04 0.22 0.02 0.21 0.34 0.28 0.32 0.40 0.15 0.34 0.73 0.40 0.36 0.51 0.49 0.60 1.00

Pb 0.30 0.67 0.04 0.46 0.37 0.37 -0.11 -0.11 0.41 0.55 0.00 0.45 -0.14 0.26 0.41 0.43 -0.01 0.11 0.25 0.49 0.39 0.73 0.49 0.76 0.49 0.45 0.52 0.52 0.42 0.70 0.57 0.27 1.00

Rb 0.06 0.39 0.10 0.31 0.37 0.36 -0.02 -0.02 0.28 0.92 0.15 0.46 -0.02 0.15 0.18 0.21 -0.01 0.05 0.18 0.22 0.34 0.53 0.28 0.44 0.29 0.32 0.58 0.24 0.34 0.70 0.38 0.28 0.68 1.00

Sb 0.41 0.53 -0.17 0.25 0.10 0.11 -0.23 -0.23 0.16 0.06 -0.17 0.42 0.05 0.17 0.17 0.19 0.07 0.15 0.24 0.59 0.40 0.34 0.64 0.32 0.56 0.43 0.20 0.78 0.42 0.54 0.52 0.26 0.42 0.20 1.00

Se 0.01 0.61 -0.27 0.58 0.42 0.43 -0.33 -0.33 0.50 0.10 -0.24 0.47 0.19 0.39 0.15 0.15 0.27 0.23 0.40 0.55 0.43 0.66 0.51 0.27 0.55 0.55 0.63 0.49 0.64 0.63 0.72 0.41 0.50 0.34 0.43 1.00

Sr 0.10 0.40 0.13 0.21 0.11 0.10 0.12 0.12 0.09 0.31 0.26 0.86 0.08 0.23 0.04 0.07 -0.03 0.00 0.65 0.57 0.81 0.37 0.64 0.25 0.74 0.50 0.40 0.51 0.75 0.76 0.56 0.35 0.41 0.51 0.31 0.38 1.00

Ti 0.10 0.40 0.13 0.21 0.11 0.10 0.13 0.13 0.09 0.30 0.27 0.86 0.08 0.23 0.03 0.06 -0.03 0.00 0.65 0.57 0.81 0.37 0.64 0.25 0.73 0.50 0.40 0.51 0.75 0.75 0.55 0.34 0.41 0.50 0.31 0.38 1.00 1.00

U 0.13 0.60 -0.22 0.45 0.28 0.29 -0.27 -0.27 0.34 0.05 -0.17 0.86 0.08 0.42 0.11 0.13 0.16 0.15 0.65 0.64 0.79 0.53 0.66 0.24 0.83 0.61 0.48 0.55 0.87 0.74 0.75 0.39 0.43 0.31 0.40 0.63 0.78 0.78 1.00

Zn 0.24 0.58 0.04 0.30 0.23 0.23 -0.07 -0.07 0.25 0.48 0.02 0.48 -0.14 0.19 0.35 0.35 0.02 0.13 0.25 0.45 0.42 0.58 0.48 0.82 0.49 0.34 0.31 0.52 0.38 0.64 0.50 0.20 0.85 0.57 0.45 0.39 0.45 0.45 0.43 1.00
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ANNEX 2: PMF SOLUTIONS 

Qtrue/Qexp value for PMF solutions 

 

Figure A2. 1: Qtrue/Qexp values for different number of factors on the 5 sampling sites 
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IM and IS values for PMF solutions 

 

Figure A2. 2: IM and IS values for different number of factors on the 5 sampling sites 
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Bootstrap 

Lens 

Table A2. 1: Bootstrap results for the PMF solution in Lens 

Biomass burning Marine biogenic Oxalate rich Land biogenic Aged marine Traffic Nitrate rich Fresh marine Sulfate rich Unmapped 

100 0 0 0 0 0 0 0 0 0 

0 99 0 0 1 0 0 0 0 0 

0 0 100 0 0 0 0 0 0 0 

0 0 0 100 0 0 0 0 0 0 

0 0 0 0 100 0 0 0 0 0 

0 0 0 0 0 100 0 0 0 0 

0 0 0 0 0 0 100 0 0 0 

0 0 0 0 0 0 0 100 0 0 

0 0 0 0 0 0 0 0 100 0 
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Nogent-sur-Oise 

Table A2. 2: Bootstrap results for the PMF solution in Nogent-sur-Oise 

Sulfate rich Marine biogenic Aged marine Nitrate rich Fresh marine Land biogenic Biomass burning Oxalate rich Traffic Unmapped 

97 0 1 0 0 0 0 0 0 0 

0 90 0 1 0 0 2 1 1 3 

0 0 96 0 0 0 1 0 0 1 

0 0 0 98 0 0 0 0 0 0 

0 0 0 0 98 0 0 0 0 0 

0 0 0 0 0 98 0 0 0 0 

0 0 0 0 0 0 98 0 0 0 

0 0 0 0 0 0 0 98 0 0 

0 0 0 0 0 0 0 0 94 4 

 

Revin 

Table A2. 3: Bootstrap results for the PMF solution in Revin 

Fresh marine Aged marine Sulfate rich Land biogenic Marine biogenic Oxalate rich Nitrate rich Crustal Traffic Biomass burning Unmapped 

100 0 0 0 0 0 0 0 0 0 0 

0 100 0 0 0 0 0 0 0 0 0 

0 0 100 0 0 0 0 0 0 0 0 

0 0 0 99 0 0 0 0 0 0 1 

0 1 0 0 98 0 0 0 0 1 0 

0 0 0 0 0 100 0 0 0 0 0 

0 0 0 0 0 0 100 0 0 0 0 

0 1 0 0 0 0 0 85 7 7 0 

0 0 0 0 0 0 0 0 97 3 0 

0 0 0 0 0 0 0 0 0 100 0 
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Rouen 

Table A2. 4: Bootstrap results for the PMF solution in Rouen 

Fresh marine Biomass burning Oxalate rich Traffic Sulfate rich Land biogenic Nitrate rich Marine biogenic Unmapped 

100 0 0 0 0 0 0 0 0 

0 99 0 0 0 0 0 0 1 

0 0 99 1 0 0 0 0 0 

0 0 1 99 0 0 0 0 0 

1 0 0 2 97 0 0 0 0 

0 0 0 0 0 100 0 0 0 

0 0 0 0 0 0 100 0 0 

2 0 0 5 0 0 0 93 0 

 

Roubaix 

Table A2. 5: Bootstrap results for the PMF solution in Roubaix 

Biomass burning Sulfate rich Oxalate rich Marine biogenic Crustal Aged marine Fresh marine Nitrate rich Traffic Land biogenic Unmapped 

100 0 0 0 0 0 0 0 0 0 0 

0 98 0 0 0 0 0 0 0 0 2 

0 0 100 0 0 0 0 0 0 0 0 

0 0 0 99 0 0 0 0 0 0 1 

0 0 0 0 99 0 0 0 0 0 1 

0 0 0 0 0 100 0 0 0 0 0 

0 0 0 0 0 0 100 0 0 0 0 

0 0 0 0 0 0 0 100 0 0 0 

0 0 0 0 0 0 0 0 100 0 0 

0 0 0 0 0 0 0 0 0 100 0 
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PMF solution in Lens 

 

Figure A2. 3: Chemical profile (top) and time variability (bottom) of the land biogenic factor in Lens 

 

 

Figure A2. 4: Chemical profile (top) and time variability (bottom) of the sulfate rich factor in Lens 
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Figure A2. 5: Chemical profile (top) and time variability (bottom) of the oxalate rich factor in Lens 

 

Figure A2. 6: Chemical profile (top) and time variability (bottom) of the marine biogenic factor in Lens 
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Figure A2. 7: Chemical profile (top) and time variability (bottom) of the fresh marine factor in Lens 

 

 

Figure A2. 8: Chemical profile (top) and time variability (bottom) of the land nitrate rich in Lens 
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Figure A2. 9: Chemical profile (top) and time variability (bottom) of the land traffic in Lens 

 

 

Figure A2. 10: Chemical profile (top) and time variability (bottom) of the aged marine factor in Lens 
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Figure A2. 11: Chemical profile (top) and time variability (bottom) of the biomass burning factor in Lens 
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PMF solution Nogent-sur-Oise 

 

Figure A2. 12: Chemical profile (top) and time variability (bottom) of the land biogenic factor in Nogent-sur-Oise 

 

Figure A2. 13: Chemical profile (top) and time variability (bottom) of the biomass burning factor in Nogent-sur-Oise 
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Figure A2. 14: Chemical profile (top) and time variability (bottom) of the oxalate rich factor in Nogent-sur-Oise 

 

Figure A2. 15: Chemical profile (top) and time variability (bottom) of the traffic factor in Nogent-sur-Oise 
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Figure A2. 16: Chemical profile (top) and time variability (bottom) of the marine biogenic factor in Nogent-sur-Oise 

 

Figure A2. 17: Chemical profile (top) and time variability (bottom) of the sulfate rich factor in Nogent-sur-Oise 
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Figure A2. 18: Chemical profile (top) and time variability (bottom) of the aged marine factor in Nogent-sur-Oise 

 

Figure A2. 19: Chemical profile (top) and time variability (bottom) of the nitrate rich factor in Nogent-sur-Oise 
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Figure A2. 20: Chemical profile (top) and time variability (bottom) of the fresh marine factor in Nogent-sur-Oise 
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PMF solution Revin 

 

 

Figure A2. 21: Chemical profile (top) and time variability (bottom) of the traffic factor in Revin 

 

 

Figure A2. 22: Chemical profile (top) and time variability (bottom) of the crustal factor in Revin 
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Figure A2. 23: Chemical profile (top) and time variability (bottom) of the nitrate rich factor in Revin 

 

 

Figure A2. 24: Chemical profile (top) and time variability (bottom) of the oxalate rich factor in Revin 
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Figure A2. 25: Chemical profile (top) and time variability (bottom) of the marine biogenic factor in Revin 

 

 

Figure A2. 26: Chemical profile (top) and time variability (bottom) of the land biogenic factor in Revin 
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Figure A2. 27: Chemical profile (top) and time variability (bottom) of the sulfate rich factor in Revin 

 

Figure A2. 28: Chemical profile (top) and time variability (bottom) of the aged marine factor in Revin 
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Figure A2. 29: Chemical profile (top) and time variability (bottom) of the fresh marine factor in Revin 

 

Figure A2. 30: Chemical profile (top) and time variability (bottom) of the biomass burning factor in Revin 
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PMF solution Rouen 

 

 

Figure A2. 31: Chemical profile (top) and time variability (bottom) of the marine biogenic factor in Rouen 

 

Figure A2. 32: Chemical profile (top) and time variability (bottom) of the biomass burning factor in Rouen 
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Figure A2. 33: Chemical profile (top) and time variability (bottom) of the fresh marine factor in Rouen 

 

Figure A2. 34: Chemical profile (top) and time variability (bottom) of the oxalate rich factor in Rouen 
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Figure A2. 35: Chemical profile (top) and time variability (bottom) of the traffic factor in Rouen 

 

Figure A2. 36: Chemical profile (top) and time variability (bottom) of the sulfate rich factor in Rouen 
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Figure A2. 37: Chemical profile (top) and time variability (bottom) of the land biogenic factor in Rouen 

 

Figure A2. 38: Chemical profile (top) and time variability (bottom) of the nitrate rich factor in Rouen 
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PMF solution Roubaix 

 

Figure A2. 39: Chemical profile (top) and time variability (bottom) of the traffic factor in Roubaix 

 

 

Figure A2. 40: Chemical profile (top) and time variability (bottom) of the nitrate rich factor in Roubaix 
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Figure A2. 41: Chemical profile (top) and time variability (bottom) of the land biogenic factor in Roubaix 

 

 

Figure A2. 42: Chemical profile (top) and time variability (bottom) of the fresh marine factor in Roubaix 
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Figure A2. 43: Chemical profile (top) and time variability (bottom) of the aged marine factor in Roubaix 

 

Figure A2. 44: Chemical profile (top) and time variability (bottom) of the crustal factor in Roubaix 
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Figure A2. 45: Chemical profile (top) and time variability (bottom) of the marine biogenic factor in Roubaix 

 

 

Figure A2. 46: Chemical profile (top) and time variability (bottom) of the oxalate rich factor in Roubaix 
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Figure A2. 47: Chemical profile (top) and time variability (bottom) of the sulfate rich factor in Roubaix 

 

Figure A2. 48: Chemical profile (top) and time variability (bottom) of the biomass burning factor in Roubaix 
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Correlation between ionic compounds and factor contributions 

Lens (urban site) 

 

Figure A2. 49: Correlations between factor contributions and the main ions for the sampling site of Lens 

 

Nogent-sur-Oise (urban site) 

 

Figure A2. 50: Correlations between factor contributions and the main ions for the sampling site of Nogent-sur-Oise 
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Revin (remote site) 

 

Figure A2. 51: Correlations between factor contributions and the main ions for the sampling site of Revin 

 

Rouen (urban site) 

 

Figure A2. 52: Correlations between factor contributions and the main ions for the sampling site of Rouen 
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Roubaix (traffic site) 

 

Figure A2. 53: Correlations between factor contributions and the main ions for the sampling site of Roubaix 
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ANNEX 3: CONCENTRATION FIELDS 

Trajectory cluster analysis: 
Each line represents the mean trajectory of a cluster, numbered from 1 to 5. A different color 

is given to each line for better visualization. The percentage of the total number of trajectories 

assigned to each cluster is indicated. 

 

Figure A3. 1: Cluster analysis on the backtrajectories arriving to the site of Lens (Number of endpoints skipped: 3) 

 

Figure A3. 2: Cluster analysis on the backtrajectories arriving to the site of Nogent-sur-Oise (Number of endpoints skipped: 

3) 
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Figure A3. 3: Cluster analysis on the backtrajectories arriving to the site of Revin (Number of endpoints skipped: 3) 

 

Figure A3. 4: Cluster analysis on the backtrajectories arriving to the site of Rouen (Number of endpoints skipped: 3) 
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Figure A3. 5: Cluster analysis on the backtrajectories arriving to the site of Roubaix (Number of endpoints skipped: 3) 

 

Comparison between trajectory density with and without trajectory 

cut-offs 

Lens 

 

Figure A3. 6: Trajectory density without (left) and with (right) altitude and rainfall cutoffs for the site of Lens 
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Nogent-sur-Oise 

 

Figure A3. 7: Trajectory density without (left) and with (right) altitude and rainfall cutoffs for the site of Nogent-sur-Oise 

 

Revin 

 

Figure A3. 8: Trajectory density without (left) and with (right) altitude and rainfall cutoffs for the site of Revin 

Rouen 

 

Figure A3. 9: Trajectory density without (left) and with (right) altitude and rainfall cutoffs for the site of Rouen 
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Roubaix 

 

Figure A3. 10: Trajectory density without (left) and with (right) altitude and rainfall cutoffs for the site of Roubaix 
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Fresh marine aerosols 

 

 

Figure A3. 11: Concentration field maps for fresh marine aerosols on the 5 sites 
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Aged marine aerosols 

 

 

Figure A3. 12: Concentration field maps for aged marine aerosols on the 5 sites 
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Marine biogenic aerosols 

 

 

Figure A3. 13: Concentration field maps for marine biogenic aerosols on the 5 sites 
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Nitrate rich aerosols 

 

 

Figure A3. 14: Concentration field maps for nitrate rich aerosols on the 5 sites 
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Sulfate rich aerosols 

 

 

Figure A3. 15: Concentration field maps for sulfate rich aerosols on the 5 sites 
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Oxalate rich aerosols 

 

 

Figure A3. 16: Concentration field maps for oxalate rich aerosols on the 5 sites 
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