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Résumé 

Les particules fines troposphériques de diamètre aérodynamique inférieur à 2,5 µm 

(PM2.5) peuvent impacter la santé et les écosystèmes. Les aérosols inorganiques secondaires 

(AIS) et organiques (AO) contribuent fortement aux PM2.5. Pour comprendre leur formation 

et leur origine, une campagne d’1 an (août 2015 - juillet 2016) de mesures horaires de gaz 

précurseurs inorganiques et d’ions hydrosolubles particulaires a été menée sur un site 

suburbain du nord de la France avec un MARGA 1S, complétées par les concentrations 

massiques en PM2.5, carbone suie, oxydes d’azote et éléments traces. Des niveaux élevés de 

nitrate d’ammonium (NA) ont été observés la nuit au printemps et de sulfate d’ammonium la 

journée en été. L’étude de la contribution des sources par le modèle PMF (Positive Matrix 

Factorization) a permis d’identifier 8 facteurs sources: 3 régionaux (riche en sulfates, riche en 

nitrates et marin) pour  73 à 78%, et 5 locaux (trafic, combustion de biomasse, fond industriel 

métallurgique, industrie locale et poussières minérales) (22-27%). De plus, un HR-ToF-AMS 

(spectromètre de masse à aérosols) et un SMPS (granulomètre) ont été utilisés lors d’une 

campagne intensive en hiver, afin de mieux documenter l’AO et la formation de nouvelles 

particules, respectivement. L’application du PMF aux spectres de masses d’AO a permis 

d’identifier 5 facteurs liés au trafic (15%), à la cuisson (11%), à la combustion de biomasse 

(25%), et à une oxydation plus ou moins forte de la matière organique (33% et 16%). 

Plusieurs événements nocturnes de formation de nouvelles particules impliquant les AIS, 

notamment du NA, ont été observés. 

 

Mots clés: particules fines, aérosol inorganique secondaire, aérosol organique, gaz 

précurseur, nitrate d’ammonium, spectrométrie de masse à aérosols, identification de sources, 

Positive Matrix Factorization 
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Abstract 

Tropospheric fine particles with aerodynamic diameters less than 2.5 µm (PM2.5) may 

impact health, climate and ecosystems. Secondary inorganic (SIA) and organic aerosols (OA) 

contribute largely to PM2.5. To understand their formation and origin, a 1-year campaign 

(August 2015 to July 2016) of inorganic precursor gases and PM2.5 water-soluble ions was 

performed at an hourly resolution at a suburban site in northern France using a MARGA 1S, 

complemented by mass concentrations of PM2.5, Black Carbon, nitrogen oxides and trace 

elements. The highest levels of ammonium nitrate (AN) and sulfate were observed at night in 

spring and during daytime in summer, respectively. A source apportionment study performed 

by positive matrix factorization (PMF) determined 8 source factors, 3 having a regional origin 

(sulfate-rich, nitrate-rich, marine) contributing to PM2.5 mass for 73-78%; and 5 a local one 

(road traffic, biomass combustion, metal industry background, local industry and dust) (22-

27%). In addition, a HR-ToF-AMS (aerosol mass spectrometer) and a SMPS (particle sizer) 

were deployed during an intensive winter campaign, to gain further insight on OA 

composition and new particle formation, respectively. The application of PMF to the AMS 

OA mass spectra allowed identifying 5 source factors: hydrocarbon-like (15%), cooking-like 

(11%), oxidized biomass burning (25%), less- and more-oxidized oxygenated factors (16% 

and 33%, respectively). Combining the SMPS size distribution with the chemical speciation 

of the aerosols and precursor gases allowed the identification of nocturnal new particle 

formation (NPF) events associated to the formation of SIA, in particular AN. 

Keywords: fine particles, secondary inorganic aerosols, organic aerosols, precursor gases, 

ammonium nitrate, aerosol mass spectrometry, sources apportionment, Positive Matrix 

Factorization 



5 

 

Table of contents 

 

List of Figures .......................................................................................................................... 10 

List of tables ............................................................................................................................. 14 

List of Abbreviations ................................................................................................................ 15 

GENERAL INTRODUCTION ................................................................................................ 21 

CHAPTER 1. Atmospheric Context ........................................................................................ 29 

1.1 General introduction to atmospheric aerosols ........................................................... 29 

1.1.1 Definition of atmospheric particulate matter (PM) ................................................. 29 

1.1.2 Size of aerosols ........................................................................................................ 29 

1.1.3 Sources ..................................................................................................................... 31 

1.1.4 Aerosol life cycle ..................................................................................................... 39 

1.1.5 Chemical composition of aerosols ........................................................................... 41 

1.1.6 Effects ...................................................................................................................... 44 

1.1.7 Legal framework ...................................................................................................... 47 

1.2 Secondary inorganic aerosols (SIA) .......................................................................... 48 

1.2.1 Sulfur species ........................................................................................................... 48 

1.2.2 Nitrogen species ....................................................................................................... 52 

1.2.3 Neutralization reactions for SIA formation ............................................................. 55 

1.2.4 Ammonium nitrate formation .................................................................................. 56 

1.3 Techniques for the measurement of aerosols and gaseous precursors in the ambient 

air…… .................................................................................................................................. 60 

1.3.1 Offline measurements .............................................................................................. 60 

1.3.2 Online measurements ............................................................................................... 62 

1.4 Source apportionment ................................................................................................ 62 

1.4.1 Source receptor models ............................................................................................ 62 

1.4.2 Positive matrix factorization (PMF) ........................................................................ 64 

1.4.3 PM2.5 source apportionment with PMF in North-Western Europe .......................... 65 

1.5 Work motivation ........................................................................................................ 66 

1.5.1 Pollution in Northern France ................................................................................... 66 

1.5.2 Previous studies in the region of Northern France .................................................. 69 

1.5.3 Issues in air quality modelling ................................................................................. 71 

1.6 Objectives and scientific strategy .............................................................................. 75 



6 

 

1.7 References ................................................................................................................. 78 

CHAPTER 2. Materials and methods ...................................................................................... 89 

2.1 Location of the campaign and summary of the instrumentation used ....................... 89 

2.1.1 Site description ........................................................................................................ 89 

2.1.2 Air quality in Douai ................................................................................................. 90 

2.1.3 Instrumentation ........................................................................................................ 93 

2.2 MARGA .................................................................................................................... 96 

2.2.1 Description ............................................................................................................... 96 

2.2.2 Literature review .................................................................................................... 101 

2.2.3 Data validation ....................................................................................................... 112 

2.2.4 Detection limit calculations ................................................................................... 113 

2.3 Aethalometer ........................................................................................................... 114 

2.4 Partisol 2300 – filter sampling and ICP-MS analysis of trace and major elements 116 

2.5 BAM-1020 ............................................................................................................... 117 

2.6 Gas monitors ............................................................................................................ 118 

2.6.1 NOx ........................................................................................................................ 118 

2.6.2 SO2 ......................................................................................................................... 118 

2.7 HR-ToF-AMS .......................................................................................................... 119 

2.7.1 Description and operating principle ....................................................................... 119 

2.7.2 Data collection ....................................................................................................... 120 

2.7.3 Data analysis .......................................................................................................... 121 

2.7.4 Calibrations of the AMS ........................................................................................ 124 

2.8 Scanning Mobility Particle Sizer (SMPS) ............................................................... 127 

2.9 Calculation of uncertainties ..................................................................................... 129 

2.9.1 MARGA ................................................................................................................ 129 

2.9.2 Filter sampling and ICP-MS analysis of trace and major elements....................... 130 

2.10 Ratios for the analysis of the aerosol acidity and the oxidation of nitrogen and sulfur 

  ................................................................................................................................. 132 

2.11 Source apportionment .............................................................................................. 134 

2.11.1 Application of PMF to hourly to daily-resolved data of inorganic compounds ..... 

   .......................................................................................................................... 134 

2.11.2 Application of PMF to mass spectrometry data of organic compounds .......... 136 

2.12 Geographical determination of sources ................................................................... 137 

2.12.1 Local sources .................................................................................................... 137 



7 

 

2.12.2 Distant sources ................................................................................................. 138 

2.13 Thermodynamic partitioning analysis: ISORROPIA II .......................................... 140 

2.14 References ............................................................................................................... 142 

CHAPTER 3. Characterization and variability of inorganic aerosols and their gaseous 

precursors at a suburban site in northern France over one year (2015-2016) (ARTICLE 1) 149 

1. Introduction ..................................................................................................................... 152 

2. Materials and methods .................................................................................................... 154 

2.1. Campaign description .............................................................................................. 154 

2.2. Instrumentation ........................................................................................................ 155 

2.3. Ratios (NR and GR) ................................................................................................ 156 

2.4. Weather and trajectory models ................................................................................ 156 

2.4.1. Non-parametric wind regression ............................................................................ 156 

2.4.2. Back-trajectory calculations .................................................................................. 157 

2.4.3. Potential source contribution function ................................................................... 157 

2.5. Thermodynamic module .......................................................................................... 158 

3. Results ............................................................................................................................. 158 

3.1. PM2.5 chemical composition and correlations between species .............................. 158 

3.2. Seasonal daily variability of precursor gases and inorganic aerosol species .......... 162 

3.2.1. Precursor gases ...................................................................................................... 162 

3.2.2. Aerosols ................................................................................................................. 167 

3.3. Study of ratios and SIA partitioning ........................................................................ 172 

3.3.1. Ammonium neutralization ratio (NR) and gas ratio (GR) ..................................... 172 

3.3.2. Hourly gas-aerosol partitioning of SIA ................................................................. 175 

3.4. Source identification ................................................................................................ 177 

3.4.1. Local sources ......................................................................................................... 177 

3.4.2. Distant sources ....................................................................................................... 179 

3.5. Characteristics of high daily PM2.5 concentrations .................................................. 181 

4. Conclusions ..................................................................................................................... 184 

5. Data availability .............................................................................................................. 185 

6. Acknowledgements ......................................................................................................... 185 

7. References ....................................................................................................................... 185 

CHAPTER 4. Real-time assessment of wintertime organic aerosol characteristics and sources 

at a suburban site in northern France ..................................................................................... 193 

1. Introduction ..................................................................................................................... 196 



8 

 

2. Materials and methods .................................................................................................... 198 

2.1. Measurement site ......................................................................................................... 198 

2.2. Instrumentation ............................................................................................................ 198 

2.3. Source apportionment of OA ....................................................................................... 200 

2.4. Geographical determination of sources ....................................................................... 200 

2.5. Ventilation coefficient ................................................................................................. 202 

3. Results and discussion .................................................................................................... 202 

3.1. Overview of NR-PM1 .................................................................................................. 202 

3.2. OA characteristics ........................................................................................................ 204 

3.3. Source apportionment of OA ....................................................................................... 206 

3.3.1. HOA ...................................................................................................................... 207 

3.3.2. COA ...................................................................................................................... 209 

3.3.3. oBBOA ................................................................................................................. 211 

3.3.4. LO-OOA and MO-OOA ....................................................................................... 212 

3.4. Impact of meteorological parameters and long range transport on NR-PM1 

characteristics ..................................................................................................................... 213 

4. Conclusions ..................................................................................................................... 216 

5. Acknowledgements ......................................................................................................... 217 

6. References ....................................................................................................................... 218 

CHAPTER 5. Effect of high temporal resolution and database composition on source 

apportionment of PM2.5 using positive matrix factorization .................................................. 227 

1. Introduction ........................................................................................................................ 230 

2. Materials and methods ....................................................................................................... 232 

2.1. Site description ............................................................................................................ 232 

2.2. Instrumentation ............................................................................................................ 233 

2.3. Source apportionment .................................................................................................. 234 

2.4. Geographical determination of sources ....................................................................... 236 

2.4.1. Non-parametric wind regression (NWR) .............................................................. 236 

2.4.2. Potential source contribution function (PSCF) ..................................................... 236 

3. Results and discussion ........................................................................................................ 238 

3.1. Dataset presentation ..................................................................................................... 238 

3.2. Hourly PMF results ..................................................................................................... 239 

3.3. Daily PMF results ........................................................................................................ 247 

3.4. Geographical determination of source factors ............................................................. 254 



9 

 

3.5. Comparison with other SA studies .............................................................................. 258 

4. Conclusions ........................................................................................................................ 260 

5. Acknowledgements ............................................................................................................ 262 

6. References .......................................................................................................................... 262 

CONCLUSIONS AND PERSPECTIVES ............................................................................. 271 

ANNEX 0: Scientific Valorization ........................................................................................ 281 

ANNEX 1: Detection limits for major and trace elements .................................................... 282 

ANNEX 2: Supplementary material for Article 1 .................................................................. 284 

ANNEX 3: Supplementary material for Article 2 .................................................................. 318 

ANNEX 4: Supplementary material for Article 3 .................................................................. 331 

 

 



10 

 

List of Figures 

Figure 1.1 Representation of aerosol size distribution and main processes of the aerosol life 

cycle (Buseck and Adachi, 2008) ............................................................................................. 31 

Figure 1.2 (a) Emission shares of NOx for EEA member countries for 2011 and (b) 

atmospheric emissions of NOx (in Kt per year) in the metropolitan France; *2016= Estimation 

(CITEPA, 2017) ....................................................................................................................... 35 

Figure 1.3 (a) Emission shares of SO2 for EEA member countries for 2011 and (b) 

atmospheric emissions of SO2 (in Kt per year) in the metropolitan France; *2016= Estimation 

(CITEPA, 2017) ....................................................................................................................... 37 

Figure 1.4 (a) Emission shares of NH3 for EEA member countries for 2011 and (b) 

atmospheric emissions of NH3 (in Kt per year) in the metropolitan France; *2016= Estimation 

(CITEPA, 2017) ....................................................................................................................... 38 

Figure 1.5 Representation of the nucleation process from H2SO4, NH3, organics and other ions 

(Pierce, 2011) ........................................................................................................................... 40 

Figure 1.6 Average size distribution of main aerosol ions (Seinfeld and Pandis, 2006) ......... 42 

Figure 1.7 PM2.5 relative average composition at different European sites (Putaud et al., 2010)

 .................................................................................................................................................. 44 

Figure 1.8 Deposition potential of PM depending on the size (Kim et al., 2015) ................... 45 

Figure 1.9 Predicted average gain in life expectancy (in months) for 30-year old aged people 

in 25 European cities for a decrease in the annual average PM2.5 level to the WHO 

recommendation of 10 µg m-3 (Aphekom report) .................................................................... 45 

Figure 1.10 Scattering of a radiation beam by (A) reflection, (B) refraction, (C) refraction and 

internal reflection and (D) diffraction (Jacob, 1999) ............................................................... 46 

Figure 1.11 Comparison of aqueous-phase main oxidation pathways at 298 K  (Seinfeld and 

Pandis, 2006) ............................................................................................................................ 52 

Figure 1.12 NH4NO3 concentration dependence on temperature for a system with 7 and 26.5 

µg m-3 of NH3 and HNO3, respectively, and RH 30% (from Seinfeld and Pandis, 2006) ....... 56 

Figure 1.13 Deliquescence and efflorescence curves for some hygroscopic salts in relation to 

RH at 20 °C (Hidy, 1984)......................................................................................................... 59 

Figure 1.14 Schematic of a denuder-filter pack (Limón-Sánchez et al., 2002) ....................... 61 

Figure 1.15 Synthesis of the different receptor models used for estimating pollution source 

contributions (from Viana et al., 2008) .................................................................................... 63 

Figure 1.16 Maps of France (left, in red the Hauts-de-France) and of the Hauts-de-France 

region (right). ........................................................................................................................... 67 

Figure 1.17 Monthly averaged meteorological trends from 1981 to 2010 (blue and red curves: 

minimum and maximum temperatures; blue bars: cumulative precipitations; shaded yellow 

area: solar radiation) ................................................................................................................. 68 

Figure 1.18 PM2.5 seasonal averages (Wi: winter, Sp: spring; Su: Summer; Au: Autumn) 

measured in the station of Douai Theuriet between 2010 and 2016 ........................................ 68 

Figure 1.19 Measured and modelled monthly concentrations for NO3
- (a), NH4

+ (b), SO4
2- (c), 

HNO3 (d) and NH3 (e) (Schaap et al., 2011) ............................................................................ 73 

Figure 1.20 Measured and modelled daily concentrations for NO3
- (a), SO4

2- (b) and NH4
+ (c) 

(Schaap et al., 2011) ................................................................................................................. 74 



11 

 

Figure 1.21 Measured and modelled hourly concentrations for NO3
- (a), NH4

+ (b), SO4
2- (c), 

HNO3 (d) and NH3 (e) (Schaap et al., 2011) ............................................................................ 75 
 
Figure 2.1 Maps of France (left) and “Hauts-de-France” (right) ............................................. 90 

Figure 2.2 Map of Douai showing the urban area (shaded grey area), main roads (orange 

lines), rivers (blue lines), railroad track (black line), industrial activities (blue symbols) and 

sampling site (red symbol). ...................................................................................................... 91 

Figure 2.3 View of the Portakabin where the permanent instrumentation was located (left) and 

MARGA 1S setup (right) ......................................................................................................... 95 

Figure 2.4 OMEGA trailer (left) where the HR-ToF-AMS (right) was installed .................... 95 

Figure 2.5 MARGA front view (left) and flow diagram (right) ............................................... 96 

Figure 2.6 (a) Sample box front view; (b) WRD and (c) SJAC schematics ............................ 98 

Figure 2.7 (a) Detector box front view; (b) syringe pumps; (c) sampling valves; (d) ion 

chromatographs ........................................................................................................................ 99 

Figure 2.8 Example of calculated retention times for the anions ........................................... 100 

Figure 2.9 Air flow control box ............................................................................................. 101 

Figure 2.10 HR-ToF-AMS diagram (DeCarlo et al., 2006) ................................................... 120 

Figure 2.11 Data collection configuration for the campaign carried out in Douai ................ 121 

Figure 2.12 Flow calibration curve for the campaign carried out in Douai ........................... 125 

Figure 2.13 Velocity of the particle relative to the aerodynamic diameter ............................ 127 

Figure 2.14 Schematics of the DMA (left) and the CPC (right) ............................................ 128 

Figure 2.15 Fishbone diagram of the main sources of uncertainty in the analysis of aerosols 

and gases by the MARGA ...................................................................................................... 129 

Figure 2.16 Fishbone diagram of sources of uncertainty for metals ...................................... 131 

Figure 2.17 Scheme of the deconvolution of the organic matrix X into two different factors 

and a residual matrix (Zhang et al., 2011) .............................................................................. 136 
 
Figure P1.1 Maps of France (left) and Douai (right) with the sampling site (yellow cross), the 

main roads (red lines), railroad (black line), city center (grey area), non-ferrous metal industry 

(brown area), slaughterhouse (green cross) and waste water treatment plant (WWTP, blue 

cross). ..................................................................................................................................... 154 

Figure P1.2 PM2.5 average monthly (a) mass concentration and (b) relative contribution for 

the major chemical species, ND: not determined, BC: Black carbon. ................................... 161 

Figure P1.3 Average daily profiles of (a) NO, (b) NO2, (c) O3, (d) HONO, (e) NH3, (f) SO2 

for each season (winter: blue; spring: green, summer: red, autumn: brown). * O3 was obtained 

from the Atmo-HdF station in Douai Theuriet. ...................................................................... 163 

Figure P1.4 HONO vs. NOx concentrations for (a) all daytime-averaged points and (b) data 

averaged over rush hours (6:00-10:00 am). ........................................................................... 164 

Figure P1.5 Daily profiles of (a) PM2.5, (b) NO3
-, (c) NH4

+, (d) SO4
2-, (e) C2O4

2-, (f) Na+, (g) 

Cl-, (h) Mg2+, (i) Ca2+, (j) K+, and (k) BC for each season (winter: blue; spring: green, 

summer: red, autumn: brown). ............................................................................................... 169 

Figure P1.6 Neutralization ratio (NR) daily profiles for each season, with the corresponding 

seasonal averages. .................................................................................................................. 173 

Figure P1.7 (a) Observed vs. predicted NH4
+ colored by Na+ concentration; and (b) NWR 

annual plot for the neutralization ratio (NR). ......................................................................... 174 



12 

 

Figure P1.8 Comparison between ISORROPIA II predicted values and MARGA 

measurements for (a) NH3, (b) HNO3, (c) NH4
+, and (d) NO3

- .............................................. 176 

Figure P1.9 NWR plots for the main precursor gases and particulate ions (concentrations in 

µg m-3) over the whole field campaign. The radial and tangential axes represent the wind 

direction and speed in km h-1, respectively. ........................................................................... 178 

Figure P1.10 PSCF analysis for the three main particulate ions. The selected threshold is set at 

the 75th percentile. All used back-trajectories were weighted using a sigmoidal function. ... 180 

Figure P1.11 (a) Number of hours when hourly PM2.5 is above 25 µg m-3. (b) Average 

chemical composition for PM2.5 hourly mass concentrations above 25 µg m-3 and (c) below  

25 µg m-3 ................................................................................................................................ 182 
 
Figure P2.1 Time series of NR-PM1, elemental ratios (OM:OC, H:C and O:C)  and of the 

main meteorological parameters (T: temperature, RH: relative humidity, P: atmospheric 

pressure, WD: wind direction and WS: wind speed) ............................................................. 203 

Figure P2.2 Median daily profiles for OM:OC, O:C, H:C and N:C ...................................... 206 

Figure P2.3 Van Krevelen diagram for all the data colored by time, with identified PMF 

factors (HOA: Hydrogen-like OA, COA: cooking-like OA; oBBOA: oxidized biomass 

burning OA, MO-OOA: more oxidized – oxygenated OA, LO-OOA: less oxidized – 

oxygenated OA). .................................................................................................................... 206 

Figure P2.4 (a) Factor profiles with fragments colored by chemical families, and (b) time 

series of the concentrations and mass fractions of the PMF factors (HOA: Hydrogen-like OA, 

COA: cooking-like OA; oBBOA: oxidized biomass burning OA, MO-OOA: more oxidized – 

oxygenated OA, LO-OOA: less oxidized – oxygenated OA). ............................................... 208 

Figure P2.5 Daily profiles of PMF factors by (a) concentration and (b) contribution to OA 

(HOA: Hydrogen-like OA, COA: cooking-like OA; oBBOA: oxidized biomass burning OA, 

MO-OOA: more oxidized – oxygenated OA, LO-OOA: less oxidized – oxygenated OA). . 209 

Figure P2.6 NWR plots for AMS PMF factors, colored by mass concentration (radius: wind 

speed in km h-1). HOA: Hydrogen-like OA, COA: cooking-like OA; oBBOA: oxidized 

biomass burning OA, MO-OOA: more oxidized – oxygenated OA, LO-OOA: less oxidized – 

oxygenated OA. ...................................................................................................................... 210 

Figure P2.7 Averaged mass concentrations and relative contributions of PMF factors as a 

function of RH bins (the width of the bins, represented by the horizontal bars, was chosen to 

increase the representativeness of each interval, with n ≥ 40). HOA: Hydrogen-like OA, 

COA: cooking-like OA; oBBOA: oxidized biomass burning OA, MO-OOA: more oxidized – 

oxygenated OA, LO-OOA: less oxidized – oxygenated OA. ................................................ 212 

Figure P2.8 Average chemical composition of NR-PM1 for (a) period I and (b) period II. The 

OA fraction (highlighted in light green) is subdivided into its PMF factors. ........................ 215 
 
Figure P3.1 (Left) PMFh factor profiles with concentrations (shaded grey bars) in µg m-3 and 

contributions (red dots) in % for every species; (Right) Time series of PMFh factors together 

with the main tracer of each source. ....................................................................................... 241 

Figure P3.2 (Left) annual and (right) seasonal average contributions (in %) of PMFh source 

factors to PM2.5 (modeled concentrations) ............................................................................. 242 

Figure P3.3 Daytime and nighttime averaged contributions (in %) of PMFh source factors to 

PM2.5 (modeled concentrations) ............................................................................................. 244 



13 

 

Figure P3.4 Daily variations of PMFh factor concentrations (in µg m-3) for every season and 

for the whole year. .................................................................................................................. 245 

Figure P3.5 Daily variations of (a) sulfate-rich, (b) nitrate-rich and (c) road traffic 

concentrations (in µg m-3) together with the main trace gases for each source ..................... 246 

Figure P3.6 PMFd source profiles with the concentrations (shaded grey bars) in µg m-3  and 

contributions (red dots) in % for every species. MIB: Metal Industry Background. ............. 248 

Figure P3.7 Time series of PMFd factors together with the main tracer for each source 

(concentrations in µg m-3). MIB: Metal Industry Background. ............................................. 249 

Figure P3. 8 Annual (left) and seasonal (right) average contributions (in %) of PMFd source 

factors to PM2.5 (modeled concentrations). MIB: Metal Industry Background. .................... 251 

Figure P3.9 Comparison of the species concentrations (shaded bars, in µg m-3) and 

contributions (filled circles, in %) for the common factors between PMFd (in blue) and PMFh 

(in red) approaches (only common species are shown). ........................................................ 254 

Figure P3.10 Annual NWR plots of PMFh and PMFd factor concentrations (in µg m-3) per 

wind direction. The radial axis represents the wind speed in km h-1
. ..................................... 255 

Figure P3.11 Annual PSCF probability maps for PMFh factors identified as regional. The 

selected threshold is set at the 75th percentile. All used backtrajectories were weighted using a 

sigmoidal function. ................................................................................................................. 256 

Figure P3.12 Comparison of the relative contributions of sources to PM2.5 (in %) between 

various western European sites where the site typology and average PM mass concentration 

(in µg m-3) are indicated below each bar. ............................................................................... 259 

 



14 

 

List of tables 

Table 1.1 Global emission estimates for major aerosol classes ............................................... 32 

Table 1.2 Inorganic tracers associated with industrial activities and traffic ............................ 36 

Table 1.3 Settling velocities of aerosol particles at 1 atm (adapted from Hinds, 1999) .......... 41 

Table 1.4 Main characteristics of coarse and fine particles ..................................................... 42 

Table 1.5 Dependence of the dissociation coefficient on temperature (T, in K) ..................... 57 

Table 1.6 Thermodynamic cases for ammonium nitrate dissociation ...................................... 57 

Table 1.7 DRH and concentration for saturated solutions at 25°C (Hidy, 1984) .................... 59 

Table 1.8 Equilibrium state of ammonium nitrate and its precursor gases with relation to 

temperature and RH ................................................................................................................. 60 

Table 1.9 Distribution of estimated regional emissions in the Nord-Pas-de-Calais region for 

2008 (emission inventory from Atmo Nord- Pas-de-Calais) ................................................... 69 
 
Table 2.1 Summary of main industrial activities in Douai and its surroundings by wind sector

 .................................................................................................................................................. 92 

Table 2.2 Summary of the used instrumentation in the field campaign ................................... 94 

Table 2.3 Experimental detection limits of the MARGA ...................................................... 103 

Table 2.4 Characteristics and results of the comparisons between MARGA and filter-based 

measurements published in recent studies ............................................................................. 107 

Table 2.5 Comparison results of the MARGA SO2 against two SO2 monitors ..................... 109 

Table 2.6 Characteristics and results of the comparison between the MARGA and the AMS

 ................................................................................................................................................ 109 

Table 2.7 Summary of the performance of the MARGA based on the comparison between 

two MARGA units performed by Rumsey et al. (2014) ........................................................ 111 

Table 2.8 This study and manufacturer DLs for every species analyzed by the MARGA (in µg 

m-3) ......................................................................................................................................... 114 

Table 2.9 Fragments (m/z) used for the determination of major chemical species in low 

resolution mode (from Canagaratna et al., 2007) ................................................................... 123 

Table 2.10 Summary of the different calibrations and their frequency during the campaign  in 

Douai ...................................................................................................................................... 124 
 
Table P1.1 Statistical summary (mean ± one standard deviation) of meteorological parameters 

for each season ....................................................................................................................... 159 

Table P1.2 Statistical summary of all measured parameters at the site of Douai for each 

season: average, standard deviation (SD) and percentiles (Pi) are concentrations in µg m-3; 

nv>D: percentage of valid data, i.e. above the detection limit (DL) for each compound ........ 160 

Table P1.3 Summary of ambient HONO/NOx ratios reported in this work and other studies

 ................................................................................................................................................ 166 

Table P1.4 Summary of PM2.5 chemical composition for each high concentration episode 

(concentrations in µg m-3) ...................................................................................................... 183 
 
Table P3.1 Main statistics for the input data as used in PMFh (7862 points) and PMFd (298 

points) (concentrations are in µg m-3 except for elements analyzed by ICP-MS (from Ca to 

Zn) which are in ng m-3). ........................................................................................................ 240 

 



15 

 

List of Abbreviations 

AE:   Aethalometer 

AIM-IC:  Ambient Ion Monitor – Ion chromatography 

AMS:   Aerosol Mass Spectrometer 

BAM:   Beta Attenuation Monitor 

BBOA:  Biomass burning-like aerosol 

BC:   Black carbon 

BVOC:  Biogenic volatile organic compound 

CCN:   Cloud condensation nuclei 

CDCE:  Composition-dependent collection efficiency 

CE:   Collection efficiency 

CMB:   Chemical mass balance 

COA:   Cooking-like aerosol 

CPC:   Condensation Particle Counter 

CTM:   Chemistry Transport Model 

C-ToF-AMS:  Compact Time-of-Flight Aerosol Mass Spectrometer 

CV:   Coefficient of variation 

DL:   Detection limit 

DMA:   Differential Mobility Analyzer 

DMPS:  Differential Mobility Particle Sizer 

DMS:   Dimethyl sulfide 

DRH:   Deliquescence relative humidity 

EC:   Elemental carbon 

EEA:   European Economic Area 

EMEP:  European Monitoring and Evaluation Program 

EPA:   United States Environmental Protection Agency 

ERH:   Efflorescence relative humidity 

FCB:   Flow control box 

GAC:   Gas and Aerosol Collector 

GPIC:   Gas Particle Ion Chromatography 

GR:   Gas ratio 

GV:   Guideline value 

HEPA:   High Efficiency Particle Arrestance 

HOA:   Hydrocarbon-like organic aerosol 

HPLC:   High performance liquid chromatography 

HR:   High resolution 

HR-ToF-AMS: High-Resolution Time-of-Flight Aerosol Mass Spectrometer 

HYSPLIT:  HYbrid Single-Particle Lagrangian Integrated Trajectory 

IB:   Ionic balance 

IC:   Ion chromatography 

ICP-MS:  Inductively Coupled Plasma – Mass Spectrometry 

IE:   Ionization efficiency 

LO-OOA:  Less oxidized - oxygenated organic aerosol 



16 

 

LOTOS-EUROS: Long Term Ozone Simulation – European Operational Smog 

LRT:   Long-range transport 

LV:   Limit value 

MARGA:  Monitor for Gases and AeRosols in ambient Air 

MCP:   Multichannel Plate 

MDRH:  Mutual deliquescence relative humidityx 

ME:   Multilinear Engine 

MEL:   European Metropolis of Lille 

MFC:   Mass Flow Controller 

MO-OOA:  More oxidized – oxygenated organic aerosol 

MS:   Mass Spectrometry 

MU:   Marga Unit 

NOR:   Nitrogen oxidation ratio 

NPF:   New particle formation event 

NR:   Neutralization ratio 

NR-PM1:  Non-refractory fine particles 

NWR:   Non-parametric wind regression 

OA:   Organic aerosol 

oBBOA:  Oxidized biomass burning-like aerosol 

OM:   Organic matter 

OOA:   Oxygenated organic aerosol 

PAH:   Polycyclic aromatic hydrocarbons 

PBL:   Planetary Boundary Layer 

PCA:   Principal Component Analysis 

PE:   Polyethylene 

PFA:   Perfluoroalkoxy 

PIKA:   Peak Integration by Key Analysis 

PILS:   Particle-Into-Liquid-Sampler 

PM:   Particulate matter 

PMF:   Positive matrix factorization 

PNSD:   Particle number size distribution 

POA:   Primary organic aerosol 

POP:   Persistent organic pollutant 

PSCF:   Potential source contribution function 

PTFE:   Polytetrafluoroethylene 

PToF:   Particle time of flight 

QC:   Quality control 

RIE:   Relative ionization efficiency 

RH:   Relative humidity 

RM:   Receptor model 

SCOA:  Sulfur-containing organic aerosol 

SCR:   Selective catalytic reduction system 

SIA:   Secondary inorganic aerosols 

SJAC:   Steam Jet Aerosol Collector 



17 

 

SMPS:   Scanning Mobility Particle Sizer 

SNR:   Signal-to-noise ratio 

SOA:   Secondary inorganic aerosols 

SOR:   Sulfur oxidation ratio 

SQUIRREL:  SeQUential Igor data RetRIEvaL 

T:   Temperature 

TEOM-FDMS: Tapered Element Oscillation Monitor –  

Filter Dynamics Measurement System 

UMR:   Unit mass resolution 

UTC:   Universal Time Coordinated 

VK:   Van Krevelen 

VOC:   Volatile organic compound 

WHO:   World Health Organization 

WRD:   Wet Rotating Denuder 

WSII:   Water soluble inorganic ions 



18 

 



19 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INTRODUCTION 



20 

 



21 

 

GENERAL INTRODUCTION 

The interest in atmospheric aerosols or particulate matter (PM) has grown large in the 

last decades due to their numerous effects towards the climate (Hallquist et al., 2009), 

environment (EEA, 2017) and most notably, human health (Kelly and Fussell, 2012). Only in 

the year 2016, ambient air pollution was responsible for 4.2 million deaths worldwide, mostly 

due to the inhalation of particulate matter (WHO, 2018). In Europe, the premature mortality 

associated to ambient air pollution is also alarmingly high, with estimations for the year 2012 

ranging from 190,000 to 289,000 for low- to middle-income and high-income countries, 

respectively (WHO, 2016) . In France alone, a comprehensive study reported an annual 

average of 48,000 premature deaths related to PM2.5 exposure (Santé publique France, 2016).  

Particularly the region of northern France is frequently affected by high ambient levels 

of PM2.5. These recurring particulate pollution events are partly attributed to the presence of 

industrialized, agricultural or highly populated areas nearby despite of the flat topography 

which favors the dispersion of pollutants. While SIA is a great contributor to PM2.5 in 

northwestern Europe (Putaud et al., 2010), it has previously been shown that in the north of 

France there is a particularly high contribution of biomass burning emissions during 

wintertime (Joaquin, 2015).  

In order to reduce the PM2.5 levels, it is necessary to apply effective pollution 

reduction strategies. A good knowledge on the sources of PM and its composition is therefore 

necessary both at the local and regional scales. A common and effective approach is the 

identification of PM sources by the use of statistical receptor models applied to a database of 

pollutants collected at a given location, also known as source apportionment. However, up to 

date most source apportionment studies have been carried out with low time resolution 

databases, which do not provide information about the (trans)formation processes of the 

aerosols or the change of pollution sources at a high time resolution, and are rather a 

reflection of the long-term equilibrium. This hampers the understanding of source patterns, 

which might be essential in the implementation of mitigation policies (Peng et al., 2016).   

In this context, the main goal of this work is to improve the scientific knowledge on 

SIA and their precursor gases, as well as on their main drivers and their interaction with other 

particulate constituents. For this purpose, a MARGA 1S (Monitor for AeRosols and Gases in 

ambient Air), financed within the framework of the Laboratoire Central de Surveillance de la 

Qualité de l’Air funded by the French Ministry of Environment, has been implemented for the 
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first time in France over a year to measure the concentrations of SIA and their precursor gases 

at an hourly time resolution. The chosen site is an urban background one and the database 

obtained allows identifying the sources of PM2.5 SIA, in order to help policymakers to devise 

effective mitigation strategies. This part of the work is inserted within the ISARD 

(Identification des Sources d’AéRosols dans le Douaisis) project, which is funded by ADEME 

(French Environment and Energy Management Agency), and aims at designing strategies to 

decrease particulate pollution in Douai and other similar cities of the northern Coal Basin. 

This long campaign was complemented by additional instruments, and more particularly, by 

an intensive wintertime campaign carried out using a High-Resolution Time-of-Flight Aerosol 

Mass Spectrometer (HR-ToF-AMS) in order to study the sources of organic aerosol (OA) and 

evaluate the importance of biomass burning emissions.  

The first chapter of this manuscript presents an overview on the current knowledge 

about tropospheric aerosols, including their composition, sources and effects, with a specific 

focus towards SIA and their gaseous precursors. A summary on the main measurement 

techniques and a thorough description of the source apportionment approach and its 

application in North-Western Europe is also given. The chapter is completed by a presentation 

of the specific air pollution issues in northern France and of the main objectives of the thesis 

and work strategy. 

The second chapter is centered on the description of the instrumentation used 

throughout the long-term and intensive campaigns. For the MARGA, the main instrument of 

work of this thesis, a special consideration is given, with a detailed description complemented 

by a review of its use in previous studies and its validation. While the HR-ToF-AMS, used in 

the intensive campaign, is also described thoroughly, the rest of the instrumentation is 

presented more briefly. In addition, we present the details of the methodologies used in this 

thesis, including the calculation of uncertainties, use of ratios, source apportionment, 

geographical determination of sources and study of the thermodynamic partitioning. 

The core of the manuscript focuses on the presentation of the results, and is divided 

into three chapters in the form of scientific articles:  

 The third chapter is based on the measurements obtained from the long-term 

measurement campaign and is presented under the form of an article entitled 

“Characterization and variability of inorganic aerosols and their gaseous precursors at 

a suburban site in northern France over one year (2015-2016)” submitted to 
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Atmospheric Environment. It describes the main characteristics and the variability of 

secondary inorganic aerosols and their gaseous precursors throughout one year, and 

presents a first approach on the possible sources of aerosol and their geographical 

origins. The study is complemented by the analysis of the characteristics of high 

pollution episodes. 

 The fourth chapter is centered on the results of the intensive measurement campaign 

and focuses on the “Real-time assessment of wintertime organic aerosol characteristics 

and sources at a suburban site in northern France”, which is ready for submission. The 

article describes the main characteristics of the organic aerosol during winter and 

presents the results obtained from a typical source apportionment study applied to the 

organic fraction of the aerosol. 

 The fifth chapter presents a thorough source apportionment study of PM2.5 based on 

the hourly database of MARGA and 2-λ aethalometer measurements. This approach 

being not so common, a comparison with other source apportionment approaches 

performed with two more typical datasets (different input variables and/or temporal 

resolutions) is presented. The first one consists of a daily database where the hourly 

MARGA and aethalometer measurements have been averaged to daily values and 

major and trace elements have been included in order to take advantage of their 

tracing capabilities and eventually determine additional sources. The second one is 

based on the organic mass spectra presented in the fourth chapter. This chapter is also 

presented as a research article named “Effect on high temporal resolution and database 

composition on source apportionment of PM2.5 using positive matrix factorization” 

which is currently under preparation and needs to be sent to some co-authors. 

Finally, the main conclusions drawn from the data analysis of these extended datasets are 

given together with some guidelines and perspectives for future work. 
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CHAPTER 1. Atmospheric Context 

1.1 General introduction to atmospheric aerosols  

1.1.1 Definition of atmospheric particulate matter (PM) 

In atmospheric sciences, aerosols, or particulate matter (PM), are defined as a 

collection of solid or liquid particles suspended in a gas, excluding hydrometeors such as 

cloud and rain droplets or ice crystals (Meszaros, 1999). The size of PM ranges from a few 

nanometers up to several micrometers (see section 1.1.2). 

Aerosols may be directly emitted to the atmosphere from a variety of sources, 

resulting in primary aerosols, or formed in the atmosphere from precursor compounds, 

leading to secondary aerosols. The sources of primary aerosols are really diverse and a 

classification between natural and anthropogenic sources is typically made (and is further 

detailed in section 1.1.3). The type of source might determine the physical characteristics of 

the aerosols (e.g. size, density, and surface) and their chemical composition (Calvo et al., 

2013), which will be presented in section 1.1.5. 

After being released into the atmosphere, PM or their precursor gases experience a 

number of physicochemical processes sometimes called ageing, including homogeneous and 

heterogeneous nucleation, coagulation, adsorption / desorption (Delmas et al., 2005), 

affecting as well their physical and chemical properties. The removal of particles from the 

atmosphere occurs through dry and wet deposition, as well as heterogeneous chemistry. 

Overall, their lifetime will depend on their physical and chemical properties, their 

concentration, their altitude in the atmosphere, and may range from a few seconds to several 

years (Hinds, 1999). The aerosol life cycle will be described in section 1.1.4. 

The interest in studying aerosols becomes evident when their adverse impacts are 

assessed, which include effects on health (Kim et al., 2015), climate (Jacob, 1999), 

ecosystems (EEA, 2014), and economy (Calvo et al., 2013). These issues will be presented in 

section 1.1.6, followed by a discussion on the legal framework concerning aerosols (section 

1.1.7). 

1.1.2 Size of aerosols 

The size of airborne particles is one of the most important physical characteristics of 

aerosols, since many other parameters are dependent on it. Even though the vast majority of 

particles have irregular shapes, they are considered to be ideally spherical for modelling 

purposes. The size of a particle is then defined through the equivalent diameter of a non-
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spherical (i.e. irregular) particle, which equals the diameter of a spherical (i.e. ideal) particle 

that exhibits identical properties to those of the non-spherical particle. 

Different definitions of equivalent diameter are available; among which the 

aerodynamic diameter (da) is commonly adopted and used to study the physical nature of 

particles and their deposition in the human respiratory systems. It is defined as the diameter of 

a unit density sphere (1 g cm-3) that would have an identical settling velocity as the particle of 

interest (Renoux and Boulaud, 1998). The da of airborne particles ranges from 0.002 µm to 

100 µm, even though the lower end is not clearly defined, as there is not a rigorous agreement 

on where a cluster of molecules becomes a particle (Finlayson-Pitts and Pitts Jr, 1999). 

According to the da, a first classification between coarse (da > 2.5 µm) and fine (da < 

2.5 µm) particles is made. The distinction between fine and coarse aerosols is essential in the 

study of aerosols since they proceed from different origins, are transformed separately, get 

removed from the atmosphere by different processes, have different chemical composition, 

and differ significantly regarding their deposition in the respiratory tract (Seinfeld and Pandis, 

2006). In addition, according to this latter parameter, another classification is commonly 

made, distinguishing between PM10 (Particulate Matter with da < 10 µm), PM2.5 (da < 2.5 µm) 

and PM1 (da < 1 µm), where particles with smaller da might be deposited in deeper regions of 

the respiratory system. 

Coarse particles are mainly formed by mechanical natural and anthropogenic 

processes. Natural processes include soil erosion, sea spray generation, volcano eruptions and 

dispersion of plant debris, while anthropogenic activities involve wearing (e.g. of pneumatics 

and brake pads), land changes, construction and mining. The size of coarse particles implies 

high sedimentation velocities and that these particles settle in a relatively short period of time.  

Fine particles are generally formed due to condensation of gases and coagulation of 

smaller particles, although they can also be emitted directly by natural and anthropogenic 

sources. A more detailed classification into three size modes is usually made in order to study 

different processes and properties that do not affect all fine particles the same manner:  

- The nucleation or nuclei mode accounts for particles from 1-2 to 10 nm (again, the 

lower end is not strictly defined). Although particles in this mode are the most 

numerous (see number distribution of Figure 1.1), they present a very small size and 

therefore constitute a small percentage of the aerosol mass. They are generally formed 

by nucleation (condensation) of hot vapors during combustion processes and from the 

condensation of gaseous species, and are lost due to coagulation with bigger particles 

or to condensational growth to give place to particles of the Aitken mode.  
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- The Aitken mode includes particles from 10 to 100 nm. It is often described together 

with the nucleation mode as one unique mode due to its similar characteristics. This 

mode also accounts for a very small percentage of the aerosol mass and the processes 

of formation and loss are very similar to those of the nucleation mode. 

- The accumulation mode refers to particles from 100 nm up to 2.5 µm. It accounts for a 

substantial part of the aerosol volume and mass (Figure 1.1). Particles in this mode 

originate from the coagulation of particles in the nuclei and Aitken modes and from 

condensation of hot vapors onto pre-existing particles. Particles tend to accumulate in 

this mode, since other methods of particle removal like condensation or coagulation 

(nuclei and Aitken modes) and sedimentation (coarse mode) are not efficient in this 

size region.  

 
Figure 1.1 Representation of aerosol size distribution and main processes of the aerosol life 

cycle (Buseck and Adachi, 2008) 
 

1.1.3 Sources  

Particulate matter, as well as the precursor gases that might lead to its formation, can 

present natural or anthropogenic origins. Natural sources include emissions from seas and 

oceans, deserts, soils, volcanoes, vegetation, wildfires and lightning, and represent the vast 

majority of aerosol sources in the world, mainly due to sea salt and mineral dust. On the other 

hand, anthropogenic sources of aerosols and precursor gases involve a number of different 
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activities such as industry, construction, biomass burning, and farming (Calvo et al., 2013). 

The average aerosol emissions for major sources are summarized in Table 1.1. 

 

Table 1.1 Global emission estimates for major aerosol classes 

(adapted from Seinfeld and Pandis, 2006) 

Source Estimated flux (Tg yr-1) 

 Natural 

   Primary  

     Mineral dust (0.1 – 2.5 µm) 308 

     Mineral dust (2.5 – 10 µm) 1,182 

     Sea salt 10,100 

     Volcanic dust 30 

     Biological debris 50 

   Secondary  

     Sulfates from DMS 12.4 

     Sulfates from volcanic SO2 20 

     Organic aerosol from BVOC 11.2 

 Anthropogenic 

   Primary  

     Industrial dust (w/o BC) 100 

     BC 12* 

     Organic aerosol 81* 

   Secondary  

     Sulfates from SO2 48.6** 

     Nitrates from NOx 21.3*** 
*Tg C ; **Tg S ; ***Tg NO3

- 

 

1.1.3.1 Natural sources 

Mineral dust, also referred to as the crustal fraction of the aerosol, is generated by the 

action of the wind on the Earth surface. Even though any type of soil is a potential source of 

dust, deserts, dry lake beds and semi-arid surfaces are the main contributors. The chemical 

composition of mineral dust may vary greatly from one region to another, although it is 

generally composed of calcite, quartz, dolomite, clays, feldspar and small amounts of calcium 

sulfate and iron oxides. Most of mineral particles are found in the coarse mode, with only 

between 7% and 20% of the annual dust emissions (in mass) with a diameter lower than 1 µm 

(Cakmur et al., 2006). Some authors have estimated that dust concentrations in the 

atmosphere have doubled over the last century and have attributed this increase to 

anthropogenic activity (Calvo et al., 2013). 

Sea spray is the most important contributor to the total aerosol mass in the world. It 

consists mainly of primary marine salt, made of Na+ and Cl-, and smaller amounts of SO4
2-, 

K+, Mg2+ and Ca2+. Part of the Cl- might be depleted through chemical reactions with sulfuric 
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acid and nitric acid to give place to Na-based aerosols such as NaNO3 and Na2SO4. In 

addition, there is a significant emission at the surface of seas and oceans of organic 

compounds such as dimethyl-sulfide (DMS), which is the main precursor of sulfate over the 

oceans. Marine aerosols generally contribute to the coarse aerosol, although a significant 

fraction is also found in fine particles, and can be transported over long distances implying it 

is not restricted to coastal areas. 

After mineral dust and sea spray, biogenic aerosols (primary and secondary), emitted 

by several types of vegetation and microorganisms, are the third most important contributors 

to natural PM. Primary biogenic aerosols include pollen, fern spores, fungal spores, and other 

particles with diameters up to 100 µm, or small fragments and excretions from plants, 

animals, bacteria, viruses, carbohydrate, proteins, waxes, ions, etc. with diameters less than 10 

µm, which might be transported over long distances. Moreover, biogenic volatile organic 

compounds (BVOC) (mostly isoprene and monoterpenes) which are also emitted to the 

atmosphere may act as precursors of secondary organic aerosols (SOA).  

Volcanic eruptions contribute to the increase of aerosol ambient concentrations in the 

atmosphere. These mainly consist of H2O (v), followed by CO2, SO2, HCl and heavy metals. 

In addition, large amounts of secondary sulfate might be formed from the oxidation of SO2. 

Volcanic ashes are generally found in the size range of 1-10 µm and present an atmospheric 

lifetime of about 1 week. 

Although a direct release of particles to the atmosphere is not associated to lightning, 

it is one of the most important natural sources of NOx and, consequently, of secondary 

nitrogen aerosols. 

 

1.1.3.2 Anthropogenic sources 

Road traffic (i.e. mainly cars, but also motorcycles, trucks and buses) is today one of 

the main sources of anthropogenic particulate matter, particularly in urban areas. A distinction 

between exhaust and non-exhaust traffic emissions is usually made.  

Exhaust emissions are released through vehicle pipes and consist of precursor gases 

such as NOx (precursors of secondary nitrogen compounds) and ultrafine primary carbon 

particles. NO is the dominant component of primary road traffic emissions, while NO2 is also 

directly emitted but only with a contribution of 5 to 10% to total NOx emissions, and is mostly 

formed in the atmosphere. Diesel vehicles are an important exception, since their exhaust 

after-treatment systems causes NO2 emission rates to increase up to 70 % of their total NOx 
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emissions (Grice et al., 2009). In Europe, due to the increased use of diesel vehicles, the 

primary emissions of NO2 are increasing, particularly for newer vehicles (Euro 4 and 5). 

Despite this increase, the emissions of NOx in the EU28 fell by 30% in the period 2003-2012. 

Transport is the sector that emits the most NOx, accounting for 40% of the total European 

Economic Area (EEA) emissions in 2011, followed by the energy (22%), commercial and 

institutional households (13%) and industry (13%) sectors (Figure 1.2a). Similarly, the 

emissions of NOx in France experienced a substantial decrease in the recent years, with road 

transport also being the main emitter, followed by the industry and residential/tertiary sectors 

(Figure 1.2b). 

On the other hand, non-exhaust emissions comprise particles and trace metals emitted 

from brake wear, tire wear, road surface abrasion and resuspension. Table 1.2 illustrates the 

main elements released in different types of non-exhaust emissions. Both exhaust and non-

exhaust emissions have been found to contribute equally to total traffic emissions (Querol et 

al., 2004). 

Recently, NH3 emissions derived from traffic have raised concern in Europe, where 

new light duty vehicles have started implementing the DeNOx selective catalytic reduction 

system (SCR) in order to meet the new Euro 6 standards (Suarez-Bertoa et al., 2014). SCR 

aims at reducing NOx emissions by reacting NO and NO2 with NH3, which is formed by 

reduction of urea injected into the system, on a catalyst surface. However, some process 

defaults such as over-doping of urea, low temperatures in the system or catalyst degradation 

may lead to NH3 emissions (Suarez-Bertoa et al., 2014).  

 



35 

 

a) b) 

  

 

Figure 1.2 (a) Emission shares of NOx for EEA member countries for 2011 and (b) 

atmospheric emissions of NOx (in Kt per year) in the metropolitan France; *2016= Estimation 

(CITEPA, 2017) 

 

 Other types of traffic might contribute to PM ambient concentrations in certain 

environments and have also been subject of study. For instance, railway traffic emissions of 

iron, aluminum and calcium particles might issue from the abrasion of the gravel bed and the 

resuspension of mineral dust (Lorenzo et al., 2006). Maritime traffic is also responsible for 

the emission of important quantities of SO2 (16% of global sulfur emissions), but also NOx 

and carbonaceous aerosols (Corbett and Fischbeck, 1997).  

Industrial activities are responsible for the emission of particulate matter and 

precursor gases. Due to the great diversity of industrial activities and processes, the span of 

emitted pollutants is also very large. The activities that generate more emissions of PM 

include industries involved in the production of ceramics, bricks and cement, foundries, 

mining and quarrying (Jang et al., 2007; Riffault et al., 2015). Table 1.2 summarizes the main 

inorganic tracers associated with a number of industrial activities.  

Coal burning is mainly employed for the production of electricity and heat, even 

though coal might also be consumed in non-industrial sectors. For instance, residential coal 

combustion represents a serious problem in developing countries. Aside from the emitted 

carbonaceous aerosols, the added presence of polycyclic aromatic hydrocarbons (PAHs) and 

heavy metals contributes to a higher toxicity and more severe health effects to population 

exposed to this type of emissions (Linak et al., 2007). In addition, coal also contains varying 

quantities of sulfur, which might be emitted as SO2 (precursor of sulfate aerosols) when it is 
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burned. However, the use of coal for energy production has substantially decreased in Europe 

over the last decades and hence the total emissions of SO2 (Vestreng et al., 2007; EEA, 2016), 

with energy production still being the first source, as shown in the graph of the emissions 

share of SO2 in Europe (Figure 1.3a). Similarly, SO2 emissions have greatly decreased in 

France (CITEPA, 2017) (Figure 1.3b).  However, it is observed that the manufacturing 

industry is now the major contributor to SO2 emissions in France. 

 

Table 1.2 Inorganic tracers associated with industrial activities and traffic 

(adapted from Calvo et al., 2013) 

Activity Tracers  Activity Tracers 

Steel industry Cr, Ni, and Mo  Cement industry Ca 

Copper metallurgy Cu and As  Refuse incineration K, Zn, Pb, and Sb 

Ceramic industries Ce, Zr, and Pb  Biomass burning K and Br 

Heavy industry 

(refinery, coal mine, 

power stations) 

Ti, V, Cr, Co, 

Ni, Zn, As, and 

Sb 

 Firework combustion 
K, Pb, Ba, Sb, 

and Sr 

Petrochemical industry V and Ni  Vehicle tailpipe 
Pt, Ce, Mo, and 

Zn 

Oil burning 

V, Ni, Mn, Fe, 

Cr, As, S, and 

SO4
2- 

 Automobile gasoline 
Ce, La, Pt, SO4

2-, 

and NO3
- 

Coal burning 

Al, Sc, Se, Co, 

As, Ti, Th, S, 

Pb, and Sb 

 Automobile diesel 
S, SO4

2-, and 

NO3
- 

Iron and steel industries 
Mn, Cr, Fe, Zn, 

W, Rb 
 
Mechanical abrasion of 

tires 
Zn 

Non-ferrous metal 

industries 

Zn, Cu, As, Sb, 

Pb, and Al 
 
Mechanical abrasion of 

brakes 
Ba, Cu, and Sb 
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a) b) 

 

 

Figure 1.3 (a) Emission shares of SO2 for EEA member countries for 2011 and (b) 

atmospheric emissions of SO2 (in Kt per year) in the metropolitan France; *2016= Estimation 

(CITEPA, 2017) 

 

Biomass burning includes the burning of woods, grazing lands, and croplands after 

harvesting activities. The aerosols emitted by biomass burning mainly consist of 

carbonaceous compounds and minor amounts of inorganic compounds such as insoluble dust 

and ashes, and soluble salts like potassium, ammonium, sulfate and nitrate. In particular, 

levoglucosan is an organic compound formed from the pyrolysis of carbohydrates which is 

commonly used as a tracer of biomass combustion. Domestic biomass burning is another 

type of biomass burning activity which, even though being done at a small scale in fireplaces 

or wood stoves, might represent an important contribution to ambient PM during cold periods 

in certain countries, such as rural European sites. Particles emitted in biomass burning are 

mostly found in the fine mode, with a median diameter between 100-150 nm (Badarinath et 

al., 2009). 

Food cooking represents an important source of fine particles in urban areas. As an 

example, a study in Los Angeles attributed 20% of fine PM organic matter to meat 

charbroiling and frying (McDonald et al., 2003). The composition of the emitted aerosol will 

depend on parameters such as the cooking method, temperature, and used materials. For 

instance, higher concentrations of organic pollutants and metals were found when oil-based 

materials were used, compared to water-based cooking methods emitting more water soluble 

ions (See and Balasubramanian, 2008). 
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Agricultural activities include land fertilizing and livestock breeding. Despite non-

significant particulate emissions, they are the main contributors to atmospheric ammonia 

(precursor of secondary ammonium). In Europe, agriculture was responsible for 94% of total 

NH3 emissions in the EEA in 2011 (Figure 1.4a). Although European policies have cut the 

emissions of precursor gases significantly over the last years, NH3 emissions have almost not 

decreased. The same tendency is observed in France, where the emissions of NH3 have been 

very similar during the last 40 years (CITEPA, 2017) (Figure 1.4b). 

 

a) b) 

 

 

Figure 1.4 (a) Emission shares of NH3 for EEA member countries for 2011 and (b) 

atmospheric emissions of NH3 (in Kt per year) in the metropolitan France; *2016= Estimation 

(CITEPA, 2017) 

 

Waste burning is a significant emission source in both urban and rural areas. Several 

studies have shown that half of the garbage generated in the world (~1000 Tg year-1) might be 

incinerated or burnt in open fires (Christian et al., 2010), suggesting an important amount of 

carbonaceous aerosols and other substances are emitted from this activity. The heterogeneity 

of garbage as a fuel also implies the emission of several hazardous compounds (Lemieux et 

al., 2004). HCl is a specific compound found in garbage burning emissions, issued from large 

contents of polyvinyl chloride (PVC) and has been observed in a recent campaign carried out 

by our group in Senegal, West Africa (Rivellini et al., 2017).  

Finally, even though fireworks present only a transitory effect, they constitute an 

important source of gases and particles (mainly metals, organic compounds and to a lesser 
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extent inorganic compounds) in specific events, creating short-term air pollution and serious 

health hazards.  

1.1.4 Aerosol life cycle 

The concentration of aerosols in the atmosphere is not constant, but continuously 

changing as a function of several production and removal processes, as illustrated in Figure 

1.1 and developed in the next subsections. 

1.1.4.1 Production processes 

Mechanical production processes are the most important in aerosol formation since 

they account for the majority of natural aerosol emissions (in mass). They are usually 

classified in mechanical suspension of mineral dust and production of sea spray.  

Mechanical suspension of mineral dust is started by high velocity winds, causing 

phenomena such as dust suspension (particles of 70 µm or less present a similar or lower 

weight than vertical drag forces and can be carried by the air) and saltation (particles bigger 

than 70 µm are lifted from the ground but pulled down again by gravity, causing other 

particles to be ejected or suspended by the impact) (Shao, 2008). Experiments have shown 

that usually particle suspension starts above a critical velocity ranging from 0.2 to 1 m s-1 and 

depends on the particle diameter (Marticorena et al., 1997). Particles smaller than 20 µm tend 

to remain suspended for days and might therefore be transported over long distances (Qureshi 

et al., 2009). 

Similarly to the mechanical suspension of dust, the production of sea spray aerosol is 

also initiated by the wind. Speeds beginning at around 10 m s-1 might cause wave cleavage 

which leads to the production of spume drops. Alternatively, lower wind speeds might also 

produce smaller film drops and jet drops which are formed as a result of bubble bursting 

(Qureshi et al., 2009). 

Nucleation, or gas-to-particle conversion, is the production and growth of particles 

in the presence of condensable vapors (Hidy, 1984). In order for nucleation to take place, the 

system has to overcome an energy threshold before nucleation clusters are formed (i.e. the 

ambient air requires a super-saturation). Once they are formed, nuclei tend to grow rapidly. 

Different types of nucleation are distinguished, depending if one or more species are present 

in the nucleation process and whether it occurs on another nuclei or surface. 

In homogeneous nucleation particles are formed on molecular clusters in a 

supersaturated vapor in the absence of particles in the condensable vapor, while in 

heterogeneous nucleation the process takes place in a multicomponent system (more than one 
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phase) and particles may act as nuclei for condensation. Heterogeneous nucleation is also 

known as condensation Figure 1.1 and since it requires a much lower energy threshold 

compared to regular (homogeneous) nucleation, it is the preferential gas-to-particle 

conversion process in the atmosphere (Hinds, 1999). 

In the troposphere, nucleation is observed in two main types of situations (Hinds, 

1999): (1) in combustion processes, where hot exhaust gases form nuclei as they cool down; 

and (2) in ambient air under high concentrations of sulfuric acid, ammonia or low-volatile 

organic species. In Figure 1.5, the nucleation pathway between sulfuric acid, ammonia and 

organic molecules is represented. In addition, in urban environments, ion-induced nucleation 

has been found to contribute to new particle formation events (Iida et al., 2006).  

 

 

Figure 1.5 Representation of the nucleation process from H2SO4, NH3, organics and other ions 

(Pierce, 2011) 

 

Coagulation represents the process in which two small clusters collide and join 

forming a new larger particle (Figure 1.1). Coagulation becomes more effective when the 

difference of sizes between the clusters is larger. This is due to the large diffusion coefficient 

of small particles or clusters which makes them to diffuse faster onto the large surface area of 

bigger particles. 

Evaporation is the reverse process of condensation in which molecules abandon the 

particle surface. The absence of an energy barrier makes aerosol droplet particles to evaporate 

under sub-saturation conditions. 
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1.1.4.2 Elimination processes 

Aerosols are naturally eliminated from the atmosphere by two main processes known 

as dry and wet deposition. 

Dry deposition is the means by which particles are removed onto surfaces in the 

absence of precipitation. The way in which dry deposition will affect any aerosol depends on 

several factors, including the atmospheric turbulence, the nature of the aerosol and its size, 

density and shape. The smallest particles behave similarly to gases; they are rather governed 

by a Brownian diffusion movement, and are rather advected by winds and removed by wet 

deposition. Therefore, only large aerosols (> 4-5 µm) have enough mass to be affected by 

gravitational forces and fall through the atmosphere (Maxey, 1987). In Table 1.3 the mean 

settling velocities depending on the particle diameter are shown. 

Wet deposition, also called wet removal, washout or rainout, is the natural process in 

which particulate matter is scavenged by different atmospheric precipitation (e.g. rain, snow, 

and fog). The term is also used to describe nucleation scavenging, that is, when particles act 

as cloud condensation nuclei (CCN).  

 

Table 1.3 Settling velocities of aerosol particles at 1 atm (adapted from Hinds, 1999) 

Particle diameter (µm) Settling velocity (m s-1) 

0.001 6.9 × 10-9 

0.01 7.0 × 10-8 

0.1 8.8 × 10-7 

1 3.5 × 10-5 

10 0.0031 

100 0.25 

 

1.1.5 Chemical composition of aerosols 

Aerosol in the troposphere may contain several chemical species: inorganic ions such 

as sulfate, ammonium, nitrate, sodium and chloride, trace metals, carbonaceous material, 

crustal elements, and water (Seinfeld and Pandis, 2006). This composition may vary 

dramatically depending on the location and time of the year. 

Depending on the size, the chemical composition of aerosols may also greatly change. 

For instance, ultrafine particles are mostly composed of sulfates and organics (Jimenez et al., 

2003). Fine particles are mostly made of elemental and organic carbon (EC and OC) and 

inorganic species such as nitrate, ammonium and sulfate (Colbeck, 2008). On the other hand, 

coarse particles are rich in Earth constituents, including Ca, Fe, Si, and in sea salt, but also in 

nitrate, OC, and trace metals. Figure 1.6 presents the size distribution of some of the main 
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aerosol chemical constituents. Most of the species present a bimodal distribution, with a 

maximum inferior to 1 µm and another one around 2-3 µm, suggesting most of the inorganic 

mass is found in the fine mode. 

 

 

Figure 1.6 Average size distribution of main aerosol ions (Seinfeld and Pandis, 2006) 

 

The chemical composition of fine and coarse particles together with their different 

sources and formation pathways, sinks and other characteristics are summarized in Table 1.4 

and detailed below. 

 

Table 1.4 Main characteristics of coarse and fine particles  

(adapted from Wilson and Suh, 1997) 

 Fine particles Coarse particles 

Formation 

pathways 

Chemical reactions, nucleation, condensation, 

coagulation, 

cloud/fog processing 

Mechanical disruption, suspension 

of dust 

Composition SO4
2-, NO3

-, NH4
+, H+, EC, OM, H2O, metals 

Dust, ashes, crustal elements (Ca, 

Fe, Si, Ti), NaCl, OM, NO3
- 

Solubility Very soluble, hygroscopic Insoluble, non-hygroscopic 

Sources 
Combustion, gas-to-particle conversion of 

precursor gases, chemical reactions 

Suspension of dust, ocean spray, 

biological sources 

Sinks 
Growth into accumulation mode, wet deposition, 

dry deposition (Brownian diffusion, turbulence) 

Wet deposition, dry deposition 

(sedimentation, turbulence) 

Atmospheric 

lifetime 

Minutes to hours (ultrafine particles) 

Days to weeks (fine particles) 
Minutes to days 

Travel distance 102-103 km < to 102 km 

 

 Elemental carbon (EC), often referred to as black carbon (BC) or soot, is the 

mixture of graphitic particles and light absorbing organic matter, and originates mainly from 
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anthropogenic combustion processes. In urban environments it is typically associated with 

vehicle exhaust emissions.  

 Organic matter (OM) or organic aerosol (OA) is a complex mixture of different 

organic compounds which can be emitted directly from several natural and anthropogenic 

sources giving rise to primary organic aerosols (POA) or be formed in the atmosphere mainly 

due to the oxidation of volatile organic compounds (VOCs) followed by gas-to-particle 

conversion, resulting in secondary organic aerosols (SOA). Natural sources of OM include 

emissions of pollen, microbes, leaf wax, and sea spray, whereas anthropogenic sources 

involve emissions from biomass burning, fossil fuel combustion (traffic, industry, domestic), 

paved road dust and cooking (Medeiros et al., 2006; O’Dowd et al., 2004; Schauer et al., 

1996). A few hundreds of organic compounds have been identified in airborne particles, 

including alkanes, aromatic polycarboxylic acids, polycyclic aromatic compounds (PAHs), 

alcohols, and several other macromolecular compounds (Seinfeld and Pandis, 2006).   

 The inorganic fraction of the aerosol is mainly composed of major ions including 

nitrate (NO3
-), sulfate (SO4

2-) and ammonium (NH4
+). The nitrate found in fine particles is 

usually a result of the reaction of nitric acid and ammonia, whereas the one found in the 

coarse fraction is rather formed through the reaction of nitric acid with sea salt or crustal 

compounds such as calcium carbonate (Finlayson-Pitts and Pitts, 1999).  

 Trace metals are also present in airborne particles emitted from several processes 

such as fossil fuel combustion, biomass burning, waste incineration and a vast number of 

industrial activities (see Table 1.2).  

 Crustal elements such as Al, Ca, Fe, K, and Si are mainly related to soil emissions 

and are mainly found in the coarse fraction.  

In addition, the average composition of PM2.5 at different sites of North-Western and 

Central Europe is illustrated in Figure 1.7. It is clearly observed that secondary inorganic ions 

(NO3
-, SO4

2- and NH4
+) are dominating, sometimes contributing to more than 50% of the 

PM2.5 mass on average. Organic matter is also an important contributor to PM2.5, whereas EC 

makes up a small fraction of the aerosol. 
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Figure 1.7 PM2.5 relative average composition at different European sites (Putaud et al., 2010) 

 

1.1.6 Effects 

The variety of effects towards the human health, environment, climate and economy 

has instigated an exponential increase in the study of aerosols in the last decades. In this 

section the main effects of aerosols are described, with a particular emphasis to the health-

related ones.  

1.1.6.1 Health effects 

Particulate matter is one of the main responsible for an increased incidence of several 

respiratory and cardiovascular diseases, which lead to significant reductions in human life 

expectancy. Particle size has been directly linked to the potential of PM for causing health 

problems, with smaller particles likely to be deposited in deeper parts of the respiratory 

system (Kelly and Fussell, 2012; Kim et al., 2015). Figure 1.8 shows how deep PM of 

different sizes reaches the respiratory tract.  

Health effects of PM result from either short-term (hours-days) or long-term (months-

years) exposure, and include respiratory and cardiovascular morbidity and mortality from 

cardiovascular and respiratory diseases including lung cancer (WHO, 2018). Population with 

pre-existing lung or heart diseases, as well as elderly people and children, are particularly 

vulnerable. Long-term exposure to PM2.5 is associated with an increase in the long term risk 

of cardiopulmonary mortality by 6-13% for every increase of 10 µg m-3 of PM2.5 (WHO, 

2018). Only in the year 2016, ambient air pollution was responsible for 4.2 million deaths 

worldwide, most of which were due to the inhalation of fine particulate matter (WHO, 2018). 
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Another study carried out in France reported 48,000 premature deaths related to PM2.5 

exposure (Santé publique France 2016). 

More specifically, the European APHEKOM project estimated the average life 

expectancy gain in different European cities for a decrease in the PM2.5 levels down to the 

recommended level set by the WHO (10 µg m-3). Among the different cities, the calculated 

increase in life expectancy in the city of Lille, located in northern France, is of 5.8 months 

(Figure 1.9). 

 

Figure 1.8 Deposition potential of PM depending on the size (Kim et al., 2015) 

 

 
Figure 1.9 Predicted average gain in life expectancy (in months) for 30-year old aged people 

in 25 European cities for a decrease in the annual average PM2.5 level to the WHO 

recommendation of 10 µg m-3 (Aphekom report) 
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1.1.6.2 Environmental effects 

Eutrophication is defined as an excess of nutrients in soils or water bodies 

(Hutchinson, 1973). It endangers biodiversity through the excessive growth of certain species 

which take advantage of the added nutrients ahead of other species which are adapted to live 

in lower-nutrient environments. Deposition of nitrate and ammonium-rich aerosols might 

contribute to eutrophication in certain regions (Mahowald et al., 2017).  

Acidification is the phenomenon through which acidic species are removed from the 

atmosphere through dry or wet deposition, the latter being known as acid rain (EEA, 2014). 

When acidic species in the ambient air are deposited in the ground they create an 

accumulation of hydrogen ions in the soil. This leads to a reduction of the soil pH (soil 

acidification) and contributes to the leaching of cations such as Ca2+, Mg2+, K+ and Na+ (EEA, 

2014). When the deposition takes place in water bodies the pH of water becomes lower and 

the ecosystem is altered. In general, acidification damages plant and animal life, both on land 

and in water. 

1.1.6.3 Climate effects 

Scattering of the radiation by aerosols is the underlying phenomenon under the 

alteration of climate by aerosols. A beam of radiation is scattered by a particle in its path 

when the direction of propagation is altered with no absorption (Jacob, 1999), and might take 

place through three main ways: reflection, refraction or diffraction (Figure 1.10). The 

scattering will reach a maximum for a particle radius corresponding to the wavelength of the 

radiation. Therefore, particles in the accumulation mode will scatter radiation very efficiently 

since their size is of the same order as the wavelength of radiation (around 1 µm).  

 

Figure 1.10 Scattering of a radiation beam by (A) reflection, (B) refraction, (C) refraction and 

internal reflection and (D) diffraction (Jacob, 1999) 

 

The scattering of solar radiation by aerosols causes a fraction of the scattered light to 

be reflected back to space, increasing the Earth albedo. In this way, anthropogenic aerosols 

exert a significant cooling effect on the Earth climate, also known as negative forcing. It is 
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calculated that aerosols have compensated about a third of the greenhouse radiative forcing 

over the past century (Jacob, 1999).  

However, not all aerosols exert a negative forcing. For example, whereas sulfate 

particles scatter radiation very efficiently and participate for most of the negative forcing, 

black carbon particles absorb the radiation, giving place to a positive forcing, which may 

counteract the cooling effect of sulfate aerosols (Schult et al., 1997). 

In addition, there is an indirect effect associated with the role of aerosols as CCN for 

cloud droplet formation. When a cloud is formed in a polluted atmosphere, the water is 

distributed over a larger number of aerosol particles compared to when the same process 

occurs in a clean atmosphere, thus leading to a larger area of cloud droplets and therefore 

increasing the albedo.  

On the other hand, although it does not contribute to altering the climate, another 

related effect to radiation scattering is visibility reduction. Scattering by aerosols is the main 

limitation to visibility in the troposphere. In the absence of aerosols, the human visual range 

would be about 300 km (Jacob, 1999). Anthropogenic aerosols may reduce visibility by one 

order of magnitude compared to unpolluted conditions. The reduction in visibility is more 

important at high relative humidities, when the aerosols grow due to the water uptake, giving 

place to a phenomenon known as haze. 

1.1.7 Legal framework 

In France, particulate matter pollution is regulated by the European Directive 

2008/50/EC on ambient air quality and cleaner air for Europe, which concerns ambient air 

concentrations of SO2, NOx, PM10 and PM2.5, Pb, benzene (C6H6), carbon monoxide (CO), 

and O3. This directive sets a limit value of 25 µg m-3, a target value of 20 µg m-3, and a 

quality goal of 10 µg m-3, all values for PM2.5 in annual average. This has been transposed 

into the French law by the decree n°2010-1250. In addition, the WHO sets air quality 

guideline values for PM2.5 of 10 and 25 µg m-3 for annual mean and 24-hour mean, 

respectively. 

The directive declares that measurements have to be performed at rural background 

locations (away from significant sources of pollution), for the purposes of providing 

information on the total mass concentration and chemical speciation concentrations of PM2.5 

on an annual average basis (Article 6, section 5). The knowledge of the concentrations at 

background sites is essential in order to evaluate the enhanced levels in more polluted areas 

(such as urban background, industrial and traffic sites), assess the possible contributions from 
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long-range transport of air pollutants, support source apportionment analysis and understand 

specific pollutants such as particulate matter. It is also essential for the increased use of 

modelling also in urban areas. 

The measurement of PM2.5 must include the total mass concentration and concentrations of 

appropriate compounds to characterize its chemical composition. At least, the list of following 

chemical species should be included: SO4
2-, NO3

-, Cl-, NH4
+, K+, Na+, Ca2+, Mg2+, EC, OC. 

The sum of the concentrations of these compounds may correspond to up to 80 % of the PM2.5 

fraction, while the rest is given as an unknown fraction of the aerosol (Putaud et al., 2004). 

1.2 Secondary inorganic aerosols (SIA) 

Inorganic aerosols present a very important contribution to the PM2.5 mass. Secondary 

inorganic aerosols (SIA) are inorganic aerosols which are not emitted directly to the 

atmosphere, but instead formed through chemical reactions or gas-to-particle conversion of 

gaseous precursors, including nitric acid (HNO3), sulfuric acid (H2SO4) and ammonia (NH3). 

Although in some regions of the world their contribution to the mass of PM is not significant, 

in Europe SIA may account for more than half of the PM2.5 mass (Putaud et al., 2004).  The 

main components of SIA are NO3
-, NH4

+ and SO4
2-, which are found mainly as ammonium 

nitrate (NH4NO3) and ammonium sulfate ((NH4)2SO4). However, minor ions like Cl-, K+, 

Mg2+, and Ca2+ might also contribute significantly. Specifically, in North-Western Europe, 

NH4NO3 might reach up to 27% of the PM2.5 mass (Putaud et al., 2004). This high 

contribution highlights the importance of the study of SIA, which are the main subject of 

interest of this work, and are presented more in detail in the following sections.  

1.2.1 Sulfur species 

 Most particulate sulfur species consist of secondary sulfate aerosols formed by the 

oxidation of gaseous precursors, followed by particle formation through nucleation and 

condensation processes. The main contributors of sulfate aerosols are sulfur dioxide (SO2) 

and dimethyl sulfide (DMS).  

1.2.1.1 Sulfur aerosol precursors 

1.2.1.1.1 Sulfur dioxide 

SO2 is emitted by both anthropogenic and natural sources, even though it has been 

estimated that more than 70% of SO2 global emissions have an anthropogenic origin (Seinfeld 

and Pandis, 2006). Activities including stationary power generation and transport, and 

domestic heating, where sulfur-containing fuels are burned, are the main contributors to 
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anthropogenic SO2. Other anthropogenic sources of SO2 are shipping, metal smelting, 

agricultural waste burning, pulp and paper processing (Calvo et al., 2013).  

 Sulfur dioxide is soluble in water, giving other species such as HSO3
- and SO3

2- in 

aqueous solution, all compounds with an oxidation state +IV (S(IV)), the sum of which is 

expressed as follows: 

 

[    Eq. 1.1 

 

Although most of the SO2 in the atmosphere is primarily emitted, the chemical 

reaction of other compounds might also lead to the formation of SO2. For instance, reduced 

sulfur-containing species such as hydrogen sulfide, methanethiol and DMS react with OH and 

NO3 radicals to ultimately result in the formation of SO2. The main sources of hydrogen 

sulfide include volcanic eruptions, natural decomposition of sulfates, production by anaerobic 

bacteria, coal pits, landfills, livestock manure and thermal or polluted waters (Borrás et al., 

2016; Li et al., 2014). Methanethiol might be found near marshes, surface seawater, natural 

gas and also pulp-mills, among others (Toda et al., 2010). DMS is mainly produced by marine 

microorganisms via enzymatic cleavage of another marine compound (dimethyl 

sulfoniopropionate), and is of particular importance, since it is one of the most important 

contributors to the formation of SO2 (Wang et al., 2018). The oxidation of DMS will depend 

on the latitude where it is found, with the majority of the path occurring by OH at low 

latitudes and by NO3 in colder, darker regions (higher latitudes) (Seinfeld and Pandis, 2006). 

1.2.1.1.2 Sulfuric acid 

In general, sulfuric acid, which presents the oxidation state +VI, results from the 

atmospheric oxidation of SO2. H2SO4 presents a very low vapor pressure (1.3 · 10-3 Pa at 

23°C) and therefore its anhydrous form is never seen in the atmosphere, and is instead diluted 

in water as aqueous sulfate particles (Ayers et al., 1980). The conversion from S(IV) to S(VI) 

takes place through a variety of reaction paths, which are explained in the following section. 

1.2.1.2 Atmospheric chemistry of sulfur compounds 

The conversion of the gas precursor SO2 into sulfuric acid and then sulfate aerosols is 

mainly carried out in two ways: homogeneous (gas-phase) reactions and heterogeneous 

(liquid-phase) reactions.  
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In the homogeneous or gas-phase pathway, the reaction of SO2 with the OH radical is 

the dominant path  for the production of SO3, which in the presence of water is further 

converted to H2SO4 (Stockwell and Calvert, 1983), following reactions R 1.1 to R 1.3. At 

typical ambient concentrations of OH∙, the lifetime of SO2 based on the gas-phase oxidation 

with OH∙ is about one week. The homogeneous path takes place mainly during daytime due to 

the higher concentration of OH in the ambient air. 

 

    R 1.1 

    R 1.2 

    R 1.3 

 

In the heterogeneous or aqueous-phase pathway, the oxidation of SO2 can be 

accomplished through many reactions with different oxidant species. Aqueous-phase 

reactions mainly take place during nighttime or under cloudy and foggy conditions, and are 

the dominant path of SO2 oxidation, given the relatively long lifetime of SO2 according to its 

oxidation with OH radicals in the gas phase (Finlayson-Pitts and Pitts, 1999). Among the 

different aqueous-phase reaction pathways of SO2 oxidation, the oxidation by dissolved (1) 

O3, (2) H2O2, (3) O2 (catalyzed by metals), (4) OH∙, and (5) NO2, are predominant:  

(1) The oxidation of S(IV) (R 1.4) by dissolved O3 has been proposed to occur by 

nucleophilic attack of O3 by SO2 ∙ H2O, HSO3
- and SO3

2- (Hoffmann and Calvert, 1985). 

Ozone reacts more rapidly with SO3
2- than with HSO3

-, and with the latter than with SO2 ∙ 

H2O. Since the presence of SO3
2- and HSO3

- is favored at high pH values, an increase of the 

pH results in an increase of their concentrations and hence in an increase of the overall 

reaction rate. The ubiquitousness of atmospheric O3 highlights the role of this path as a sink 

of SO2. 

 

     R 1.4 

 

(2) Hydrogen peroxide is one of the most effective oxidants in clouds and fogs and as 

such promotes the oxidation of S(IV) (R 1.5 and R 1.6). It is highly soluble in water and 

under typical ambient conditions its aqueous-phase concentration is around six orders of 
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magnitude higher than that of dissolved ozone. This reaction is very fast and, as a result, 

H2O2(g) and SO2(g) rarely coexist in clouds and fogs.  

 

    R 1.5 

      R 1.6 

 

(3) In the presence of oxygen, iron in the ferric state (Fe(III)) and manganese (Mn(II)) 

catalyze the oxidation of S(IV) in aqueous solutions (R 1.7). When Fe and Mn are present in 

the atmosphere, a synergistic effect which enhances the reaction rate is triggered. Rates 3 to 

10 times higher than expected from the sum of the independent rates have been reported 

(Martin, 1984). 

 

      R 1.7 

 

(4) Free radicals such as OH∙ and HO2 can be scavenged from the gas phase by cloud 

droplets or produced in the aqueous phase, and participate in the oxidation of S(IV). More 

than 30 aqueous-phase reactions involving both radicals have been described in the literature 

(Seinfeld and Pandis, 2006). 

(5) The oxidation of S(IV) by NO2 is presented in R1.8. Nitrogen dioxide has limited 

water solubility and consequently a low concentration in the aqueous phase, suggesting this 

path is not significant in typical conditions. However, for fogs in urban areas where high NO2 

concentrations are encountered, this reaction could be an important pathway for S(IV) 

oxidation (Seinfeld and Pandis, 2006): 

 

   R 1.8 

 

All aqueous-phase reactions are dependent on pH and temperature. H2O2-oxidation is 

the dominant way when pH is under 5. At pH ≥ 5, the oxidation by O3 and by O2 catalyzed by 

Fe and Mn becomes important. H2O2 is the only identified oxidant that produces S(VI) with a 

reaction rate almost independent from the pH value (Figure 1.11).  

 

H2O 

Mn2+, Fe3+ 
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Figure 1.11 Comparison of aqueous-phase main oxidation pathways at 298 K  

(Seinfeld and Pandis, 2006) 

 

1.2.2 Nitrogen species 

Even though the most abundant gas in the atmosphere is N2, it is very stable and 

practically inert, and therefore has very limited role in tropospheric chemistry, with the 

exception of NOx production during lightning events. However, other nitrogen-containing 

species show higher reactivity and present a greater influence in atmospheric chemistry. The 

main nitrogen-based gaseous species are nitrous oxide (N2O), nitric oxide (NO), nitrogen 

dioxide (NO2), nitric acid (HNO3) and ammonia (NH3), precursors of aerosols such as nitrate 

(NO3
-), nitrite (NO2

-) and ammonium (NH4
+). Additionally, organo-nitrogen species are also 

found in the atmosphere such as amines emitted by animal husbandry operations. 

1.2.2.1 Nitrogen aerosol precursors 

1.2.2.1.1 Ammonia 

Ammonia is the major basic gas in the atmosphere and plays an important role in 

atmospheric chemistry as a precursor of fine inorganic secondary aerosol by the neutralization 

of acids (Sharma et al., 2007). It is known to also play a key role in the formation of new 

particles (Kulmala, Pirjola, and Mäkelä 2000). After N2 and N2O, it is the most abundant N-

containing compound in the atmosphere, and is principally emitted by agricultural activities. 

It is readily absorbed by surfaces such as water bodies and soil, and thus its residence 

time in the lower atmosphere is expected to be low (ca. < 10 days). Ammonia is very soluble 

in water and dissociates readily into NH4
+ ions (R 1.9 and R 1.10): 
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     R 1.9 

      R 1.10 

 

1.2.2.1.2 Nitrogen oxides 

Nitrogen oxides (NOx) are a family of gases which include NO and NO2. High 

temperature combustion processes (e.g. in car engines and power plants) are the main sources. 

While NO is only directly emitted, NO2 is mainly formed by the oxidation of NO in the 

presence of sunlight and at wavelengths smaller than 424 nm as shown in reactions R 1.11 to 

R 1.13: 

 

     R1.11 

     R1.12 

    R1.13 

 

1.2.2.1.3 Nitrogen radicals 

The NO3 radical, either as such or as dinitrogen pentoxide (N2O5), is the most reactive 

nitrogen species in the aqueous phase during nighttime, given its rapid photolysis during 

daytime. NO3 and N2O5 are very soluble in water and are a potential source of nitrate (R 1.14 

and R 1.15). The NO3 radical might also be converted into nitrate ions through its reaction 

with Cl-, or with HSO3
- when little chloride is available (R 1.16 and R 1.17). 

 

     R 1.14 

      R 1.15 

     R 1.16 

     R 1.17 

 

1.2.2.1.4 Nitric acid 

The formation of HNO3 in the atmosphere is accomplished mainly through aqueous-

phase reactions (R 1.18 or R 1.19): 
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     R 1.18 

     R 1.19 

 

However, it is also formed in gas-phase reactions by reaction of NO2 with OH radicals 

(daytime) or hydrocarbons with NO3 radicals (nighttime) (R 1.20 and R 1.21) (Finlayson-Pitts 

and Pitts, 1999): 

 

      R 1.20 

      R 1.21 

 

Nitric acid is a very sticky gas and adsorbs easily to surfaces, particularly if there is 

water on the surface, and therefore it undergoes fast dry and wet deposition. Dry deposition of 

HNO3 may be responsible for the majority of the removal of inorganic nitrogen in the 

troposphere. Nitric acid is highly water-soluble and easily dissociates into nitrate ions (R 1.22 

and R 1.23) (Seinfeld and Pandis, 2006): 

 

      R 1.22 

      R 1.23 

1.2.2.1.5 Nitrous acid 

HONO or HNO2 presents a high importance in the day-time chemistry due to its 

decomposition into OH radicals (R 1.24): 

 

    R 1.24 

 

Direct sources of HONO include primary emissions from light-duty motor vehicles 

having high levels of NOx in exhaust gases, but it is also naturally emitted from land-cover or 

vegetation (Su et al., 2011). Additionally, it is formed from precursor compounds, as in the 

heterogeneous reaction of NO2 onto surfaces (R 1.25) and the daytime reaction of NO with 

the OH radical (R 1.26). However, since the photolysis of HONO is very fast during daytime, 

significant concentrations are not generated (Finlayson-Pitts and Pitts, 1999).  
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    R 1.25 

      R 1.26 

 

 In addition, HONO might react with HCl in order to give place to ClNO (R 1.27) 

(Wingen et al., 2000), or be oxidized by O2 in the aqueous phase, particularly at low 

temperatures (R 1.28) (Takenaka et al., 1996): 

 

     R 1.27 

     R 1.28 

1.2.3 Neutralization reactions for SIA formation 

As previously presented, ammonia is the main basic gas in the atmosphere and as such 

plays a key role in the formation of SIA by neutralizing acid gases such as HNO3 (R 1.29) and 

H2SO4 (R 1.30), to mainly form NH4NO3, (NH4)2SO4 and NH4HSO4: 

 

    R 1.29 

    R 1.30 

 

The neutralization of sulfate by ammonia occurs preferentially to that of nitrate. 

Therefore, ammonium nitrate is usually formed in areas characterized by high concentrations 

of ammonia and nitric acid and low sulfate concentrations (Seinfeld and Pandis, 2006).  

In addition, other species than those mentioned above might also play a significant 

role in the formation of SIA in specific environments. For instance, in coastal regions, Na+ 

and Cl- contribute significantly to PM2.5 concentrations and might interact with several 

aerosol components. The presence of NaCl in urban environment might lead to the formation 

of several aerosol compounds, including ammonium chloride (NH4Cl), sodium nitrate 

(NaNO3), sodium sulfate ((Na2)SO4), and sodium bisulfate (NaHSO4) (R 1.31 to R 1.33). 

Aerosols resulting from these reactions are typically associated with coarse particles.  

 

   R 1.31 

  R 1.32 

M 
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    R 1.33 

 

1.2.4 Ammonium nitrate formation 

The equilibrium between ammonium nitrate and its gaseous precursors described by 

R1.29 is reversible, and depends on temperature and relative humidity (RH). Figure 1.12 

shows the temperature dependence of ammonium nitrate equilibrium. The lower temperatures 

shift the equilibrium of the system towards the aerosol phase, increasing the aerosol mass of 

NH4NO3. In addition, depending on RH, ammonium nitrate may exist as a solid or as an 

aqueous solution of NH4
+ and NO3

-.  

The standard free energy of dissociation (Gd °) of ammonium nitrate is equal to Gd° 

= 93.4±0.3 kJ mol-1 at 25°C and 1 atm for its crystalline phase IV (stable between -17°C and 

32°C) (Mozurkewich, 1993). The constant of dissociation Kd of ammonium nitrate is related 

to Gd° through equation: 

       Eq. 1.2 

and to R1.29 by taking into account the activity coefficients of the involved species (ai): 

       Eq. 1.3 

 

Figure 1.12 NH4NO3 concentration dependence on temperature for a system with 7 and 26.5 

µg m-3 of NH3 and HNO3, respectively, and RH 30% (from Seinfeld and Pandis, 2006) 

 

Since the activity of a pure solid equals 1 and the activities of gases (under the 

assumption of perfect gases) are equal to their partial pressures (pi) with respect to the total 
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pressure (Pt); knowing that the ratio between pi and pt for a given gas equals its molar fraction 

(χi), the equilibrium constant can be rewritten as: 

      Eq. 1.4 

In the case of trace atmospheric gases the molar fractions are very small and they are 

rather expressed in parts per billion (ppb) by multiplying them by 109, leading to a new molar 

fraction ( ) (Eq. 1.4). Then, a new Kd in ppb2 ( ) is calculated (Eq. 1.5), which is 

dependent on temperature, as shown in Table 1.5. Different values of  are obtained 

depending on which equation is used: 29 (Stelson and Seinfeld, 1982) and 43 ppb2 

(Mozurkewich, 1983) (both at 25°C and 1 atm). 

 

     Eq. 1.5 

     Eq. 1.6 

 

Table 1.5 Dependence of the dissociation coefficient on temperature (T, in K) 

Equation Reference 

 
Mozurkewich (1983) 

 
Stelson and Seinfeld (1982) 

 

The equilibrium of ammonium nitrate at a given moment (Q*), defined as 

, might be compared with , giving place to three distinct cases, 

summarized in the table below. 

Table 1.6 Thermodynamic cases for ammonium nitrate dissociation 

 
The dissociation of ammonium nitrate is favored (the reaction 

is spontaneous in the direction of the dissociation) 

 The system is in equilibrium, the gases and the solid coexist 

 The formation of ammonium nitrate is favored 
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The equations proposed above only take into account the effect of temperature on the 

equilibrium of ammonium nitrate. However, field observations have shown that its 

thermodynamic partitioning is also dependent on relative humidity (Mozurkewich, 1993). The 

particles of ammonium nitrate are hygroscopic and therefore can absorb water and become 

deliquescent (deliquescence is the process by which substances having a strong affinity for 

moisture will absorb large quantities of water from the air when they are exposed to it, 

forming an aqueous solution). This process is reversible: the solution might lose water as RH 

decreases until the phenomenon of efflorescence occurs (i.e. the spontaneous loss of water by 

a hydrated salt) given by the efflorescence relative humidity (ERH). However, a hysteresis 

phenomenon might be present, meaning that the absorption and loss of water by the particles 

is not symmetrical with the change of RH.  

The deliquescence point is given by the deliquescence relative humidity (DRH), the 

RH at a specific temperature for which the hygroscopic solid particle is transformed into a 

droplet of saturated liquid. When the ambient RH is higher than DRH, Kd depends both on 

temperature and RH (and now is named Kdb as opposed to the previous, now called Kda, 

which only depends on the temperature) and is calculated as follows: 

   Eq. 1.7 

 where RH1 is defined as (1–RH/100) and p1, p2, and p3 are given by: 

    Eq. 1.8 

    Eq. 1.9 

   Eq. 1.10 

 

The deliquescence-efflorescence phenomenon affects not only ammonium nitrate but 

also many other atmospheric inorganic salts. As an example, in Figure 1.13 (Hidy, 1984), the 

deliquescence and efflorescence curves (upward and downward arrows, respectively) are 

shown for KCl, NaCl and MgCl2 6 H2O, by representing the evolution of the wet to dry mass 

ratio of each salt (mA/mB) with respect to RH. For instance, a dry particle of NaCl adsorbs 

water on the surface along with increasing RH values until DRH is reached (75.7% at 20°C 

for NaCl), where it is transformed into an aqueous saturated droplet of a mass twice that of 
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the dry particle. If RH increases more, the droplet grows by absorbing water and keeps in 

equilibrium with ambient RH. When RH decreases, the NaCl droplet decreases its size 

continuously, retaining the absorbed water for a longer time, and the solid state 

(efflorescence) does not appear until the RH is less than 50%. In Table 1.7 values of DRH and 

solubility for some hygroscopic inorganic salts are given. 

 

 
Figure 1.13 Deliquescence and efflorescence curves for some hygroscopic salts in relation to 

RH at 20 °C (Hidy, 1984) 

 

Table 1.7 DRH and concentration for saturated solutions at 25°C (Hidy, 1984) 

Salt DRH (%) Solubility (g/100 g H2O) 

(NH4)2SO4 81 75.4 

NaCl 75.7 36 

NH4NO3 62 192 

CaCl2 · 6 H2O 32 74.5 

 

In the specific case of ammonium nitrate, at 25°C the particles will be in the solid 

phase for RH < 62% and in the aqueous phase for RH > 62%. This process is represented by 

R 1.34. The enthalpy of reaction (ΔH°) is –25.7 kJ mol-1, which implies that it is exothermic 

and favored at low temperatures, while the change of entropy ΔS° is –0.1087 kJ mol-1 K-1, 

implying that the disorder decreases. 

      R 1.34 

If we consider  it follows that R1.34 is at equilibrium (  

for a temperature of –36.72°C, and that above this temperature the reaction will be favored.  
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In summary, depending on the ambient temperature and RH a total of four cases can 

be distinguished, all presented in Table 1.8. 

Table 1.8 Equilibrium state of ammonium nitrate and its precursor gases with relation to 

temperature and RH 

Temperature RH Formation of ammonium nitrate 

Low <DRH 
Favored as a particle. Low concentrations of precursor gases 

at the equilibrium. 

Low ≥DRH 
Favored as an aqueous solution. Low concentrations of 

precursor gases at the equilibrium. 

High <DRH 
Not favored. High concentrations of precursor gases at the 

equilibrium. 

High ≥DRH 
Favored as an aqueous solution, but low since the 

concentrations of precursor gases are high. 

 

All these phenomena are taken into account in thermodynamic modules integrated in 

chemical transport models (CTM), such as ISORROPIA II (Fountoukis and Nenes, 2007) 

which is used in CTM such as CHIMERE (Mailler et al., 2017), or LOTOS-EUROS (Schaap 

et al. 2008). 

1.3 Techniques for the measurement of aerosols and gaseous precursors in the 

ambient air 

Up to date, a large number of techniques have been developed for the sampling and 

analysis of the chemical composition of aerosols and their precursor gases. They can be 

classified between offline and online methodologies. The former consist of sampling the 

ambient air on site followed by an analysis in the laboratory, while the latter deals with 

simultaneous in situ sampling and analysis.  

1.3.1 Offline measurements 

These types of techniques were firstly developed and have been used widely for the 

sampling of aerosols and precursor gases in the last decades due to their relative simplicity 

and low cost, but despite of their possible artifacts. 

The most common method for the measurement of the composition of aerosols is 

sampling on filters during a relatively long period (commonly 24 hours) followed by the 

chemical analysis in the laboratory by different techniques, usually ion chromatography (IC) 

for SIA. Filters are typically made of cellulose, Teflon, nylon or quartz depending on the 

purpose of the analysis. Multiple filters are commonly used and named as filter packs. The 
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filters can be impregnated with different chemical solutions for the sampling of different 

particulate and gaseous species. For example, cellulose filters impregnated with an alkaline 

solution are used to sample acidic gases (e.g. SO2, HNO3, HCl), whereas filters impregnated 

with an acid solution are used to sample ammonia.  

However, the use of filters suffers from a number of disadvantages. Different positive 

(retention in the filter material) and negative (volatilization and chemical reaction of some 

compounds) artifacts have been observed (Dong et al., 2012). For instance, the volatilization 

of NH4NO3 has been reported, particularly under high temperatures and dry conditions (Appel 

et al., 1988; Schaap et al., 2002). In addition, this method presents a low time resolution due 

to the large collection time, typically from a few hours to days, hampering the study of 

atmospheric processes which tend to be very fast.  

Gas denuders are often coupled to filter packs, resulting in denuder-filter packs, in 

order to remove interfering gases such as nitric acid before sampling aerosols. For instance 

the adsorption of nitric acid on filters and particles may cause an overestimation of particulate 

nitrate (Acker et al., 2005). Figure 1.14 shows an example of a schematic of a denuder-filter 

pack. Nowadays the use of open-face denuder-filter packs, where the first filter is used to 

collect aerosols and the second to measure gases, is worldwide common and official in 

several air quality monitoring networks such as the European Monitoring and Evaluation 

Program (EMEP).  

 

 

Figure 1.14 Schematic of a denuder-filter pack (Limón-Sánchez et al., 2002) 
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1.3.2 Online measurements 

The wish to find a reliable method for the measurement of aerosols and precursor 

gases with high time resolution, good gas/aerosol separation, low detection limits and 

minimal artifacts has led to the development of online techniques. For SIA, these techniques 

are generally based on the combination of a Wet Rotating Denuder for online water-

solubilization of precursor gases (Keuken et al., 1988; Wyers et al., 1993), a Steam Jet 

Aerosol Collector (SJAC) for online water-solubilization of particulate salts (Khlystov et al., 

1995; Slanina et al., 2001) and analysis by IC of solubilized ions.  

Commercial examples are the Particle-Into-Liquid Sampler (PILS) (Weber et al., 

2001) coupled to an IC, the Gas and Aerosol Collector (GAC) (Dong et al., 2012), the 

Ambient Ion Monitor-Ion Chromatograph (AIM-IC) (Wu and Wang 2007; Nie et al. 2010; 

Beccaceci et al., 2015), the Gas Particle Ion Chromatography (GPIC) (Godri et al., 2009) and 

the Monitor for AeRosols and GAses and ambient air (MARGA) (ten Brink et al., 2007).  

The performance of simultaneous measurements of aerosols and precursor gases at 

high time resolution has proven valuable for the evaluation of secondary inorganic aerosol 

formation (Schaap et al., 2011) as well as for the partitioning of ammonium nitrate (Aan de 

Brugh et al., 2012). 

On the other hand, different methodologies based on mass spectrometry have been 

widely used for an exhaustive analysis of the composition of the aerosol phase. For instance, 

the High Resolution – Time of Flight - Aerosol Mass Spectrometer (HR-ToF-AMS) presents 

a really high resolution (in the order of a few minutes) and measures the size-resolved 

composition of the major inorganic aerosol constituents (nitrate, sulfate and ammonium) and 

of the particulate organic compounds (DeCarlo et al., 2006). However, it does not detect some 

important inorganic ions including calcium, magnesium, sodium and potassium, due to the 

nature of the technique, does not allow the speciation of the organic fraction and is limited to 

PM1.  

The MARGA, the main instrument of work of this thesis, and the HR-ToF-AMS are 

described in more detail in the second chapter. 

1.4 Source apportionment 

1.4.1 Source receptor models 

In order to identify and estimate the contribution or apportionment of different 

pollution sources at a specific site, source receptor models (RMs) have been developed in the 

last decades. RMs are commonly used in different areas of science in order to reduce very 
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large datasets into a new one of fewer dimensions with the goal of deriving new meaningful 

information and to explain the variability of different variables of the dataset. RMs require an 

input of information given by a set of samples analyzed at the monitoring site, also called the 

receptor site. These models rely on a series of assumptions that need to be kept in mind when 

interpreting the data. Firstly, the composition of the source profiles is constant over the whole 

period, which might not always be realistic, particularly for secondary sources. Secondly, the 

number of source profiles has to be determined by the user, and this might render the 

comparison between different studies difficult, depending on the choices of each modeler 

(Hopke, 2016). In general, they are classified between chemical mass balance (CMB) models 

and multivariate models.  

CMB models are used when a large part of the information about the pollution 

sources is known and the mass contribution of each source wants to be determined. However, 

in most of the cases the main sources are not well known, hindering the application of this 

type of models. For such cases, the application of multivariate models is more adequate.  

Multivariate models have been developed in order to obtain information about the 

type number of sources, their typology and their contribution, starting from a set of 

observations at the receptor site. Common examples include Principal Component Analysis 

(PCA), UNMIX, Positive Matrix Factorization (PMF) and Multilinear Engine (ME) (Viana et 

al., 2008 and references therein). In Figure 1.15 the main RMs are presented according to the 

required amount of information about the pollution sources. In this work, the PMF model has 

been used.  

 

 

Figure 1.15 Synthesis of the different receptor models used for estimating pollution source 

contributions (from Viana et al., 2008) 
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1.4.2 Positive matrix factorization (PMF) 

Positive Matrix Factorization (PMF) is a multivariate source-receptor statistical 

analysis tool based on factor analysis of the data. It was created in an attempt to resolve some 

limitations of previous receptor models such as the Principal Component Analysis (PCA) 

(Paatero and Tapper, 1994). 

In the present thesis, PMF has been chosen because of its many advantages: (i) no 

need of prior knowledge of the sources, (ii) possibility to identify unknown or missing 

sources, (iii) ability to work with missing data and with measurements below the DL, (iv) and 

application of individual data scaling with an uncertainty matrix assigning a higher weight to 

data with high precision. 

The foundation of the PMF model is the principle of mass conservation and is 

summarized in the following equation: 

 

      Eq. 1.11 

or 

    Eq. 1.12 

 

 where X or xij expresses the concentration of a chemical species j at time i; G or gij the 

contribution of the factor or source k at time i; F or fij the fraction of the factor or source k 

from the chemical species j; E or eij the fraction of the species j at time i unexplained by the 

model, or simply the residual (i.e. the difference between the measured value and the 

predicted value of the concentration of the species j at each time i); and p is the user-chosen 

number of factors.  

In this model the values of G and F are constrained to be zero or positive. For a 

specific number of factors, the goal is to determine G and F by minimizing a new function 

Q(E), defined as: 

 

     Eq. 1.13 

where sij is the uncertainty of the species j at time i.  
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The resolution of the previous equation is performed iteratively until a solution 

converges by the use of the least-squares method. In the minimization of Q(E), the model will 

preferably represent data points with a low uncertainty, or high signal-to-noise ratio, than 

points with a higher uncertainty, or low signal-to-noise ratio. Different functions of Q can be 

defined: Qtrue calculated taking into account all the data; Qrobust obtained by excluding all the 

values classified as outliers (i.e. their normalized residual is higher than 4); and Qtheoretical 

which is approximated by multiplying n (the total number of samples) by m (the total number 

of species). 

The choice of the best number of factors for a specific solution is often the critical step 

for the interpretation of the results. The observation of the variation of the ratio Qtrue/Qexp in 

relation to the number of factors is one of the principal ways to help in choosing the number 

of factors. A strong decrease of Qtrue/Qexp with an increase of the number of factors suggests 

that the additional factor explains a significant part of the residual variability. The correct 

number of factors generally corresponds to a marked decrease of Q, followed by a change of 

slope. The expected value of Q should not exceed the number of degrees of freedom of the 

model. Therefore, a proper solution with weak errors should present a value of Qtrue/Qexp close 

to 1 (Ulbrich et al., 2009). When the number of factors has been chosen, one needs to verify 

that each obtained factor has a physical meaning. This can be done by comparing their 

variability with that of external tracers and analyzing their daily profiles (if possible) and their 

relationship with meteorological variables. 

In order to help evaluate the quality of the obtained solution, the residuals are also 

analyzed. The residuals of a good solution should resemble a Gaussian distribution with 

values comprised between ±3 and centered on 0. A value higher or lower than 0, suggests that 

the residuals have been overestimated or underestimated, respectively.   

In addition, it is possible to obtain different minimums of Qtrue/Qexp. To address this, 

the fpeak parameter is used, which allows to alter the function Q(E) by applying a positive or 

negative rotation which will change the solution of the model. In general, the solutions found 

in the literature present a fpeak value between ±1 (Reff et al., 2007). 

More details on how PMF was used in this work are given in the second chapter. 

1.4.3 PM2.5 source apportionment with PMF in North-Western Europe 

To the best of our knowledge, in North-Western Europe, only a limited number of 

PMF studies have focused on the PM2.5 fraction. It is worth noting two studies: one conducted 

in Paris, France (Bressi et al., 2014) and one in the Netherlands (Mooibroek et al., 2011), 
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which were applied to datasets of at least one year in duration with a daily resolution. Other 

studies have been conducted only for either a small period of time (e.g. Ledoux et al., 2017) 

or have been applied to PM10 (Waked et al., 2014; Maenhaut et al., 2016, Oliveira, 2017). 

In the study of Bressi et al. (2014), carried out at an urban background site in Paris 

during one year in 2009-2010, seven factors were determined: ammonium sulfate-rich (with 

an average annual contribution to the total PM2.5 mass of 27%), ammonium nitrate-rich 

(24%), heavy oil combustion (17%), road traffic (14%), biomass burning (12%), marine 

aerosol (6%) and metal industry (1%). SIA were clearly the major contributors to PM2.5, and 

were associated to mid- or long-range transport from continental Europe. 

 Mooibroek et al. (2011) performed a PMF analysis to pooled data from 5 different 

sites in the Netherlands, consisting of three rural background sites (Cabauw, Hellendoorn and 

Vredepeel), one urban background site (Schiedam) and one curbside site (Rotterdam), with a 

duration of one year from 2007 to 2008. Again seven factors were identified, including 

nitrate-rich secondary aerosol (with an average contribution for all the sites to PM2.5 mass of 

44%), sulfate-rich secondary aerosol (25%), traffic and re-suspended road dust (10%), 

industrial activities/incineration (10%), sea spray (7%), crustal material (3%) and residual oil 

combustion (1%). In this study, the nitrate- and sulfate-rich secondary aerosols also appeared 

to be major contributors to PM2.5 (69% on average) and their long-range origin was concluded 

from their limited spatial variability among the five sites. 

Both studies highlighted the important contribution of SIA factors in North-Western 

Europe, as well as their regional origin given by the mid-to-long range transport from 

continental Europe. 

1.5 Work motivation 

1.5.1 Pollution in Northern France 

The “Hauts-de-France” region is located in northern France (Figure 1.16) and 

demonstrates a long record of atmospheric pollution events. With a population of 5,987,883 

inhabitants and an area of 31,813 km2, it presents a high population density of 188 inhabitants 

per km2. The region is the 3rd most populated one in France and the 2nd most densely 

populated of Metropolitan France only after the “Île-de-France” region. It is bordered by 

Belgium to the north-east, by the North Sea to the north and west, by the “Île-de-France” 

region to the south, by the “Normandie” region to the west and by the “Grand-Est” region to 
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the east. A total of five departments (Aisne, Nord, Oise, Pas-de-Calais, and Somme) form this 

region, which until recently was separated in two regions: Nord-Pas-de-Calais (Nord and Pas-

de-Calais departments) and Picardie (Aisne, Oise, and Somme).  

The capital of the region, Lille (233,897 inhabitants within the city limits in 2014), 

was part of the APHEKOM project (Improving Knowledge and Communication for Decision 

Making on Air Pollution and Health in Europe), which compares the impact of atmospheric 

pollution between cities (Declerq et al., 2012).  

 

 
Figure 1.16 Maps of France (left, in red the Hauts-de-France) and of the Hauts-de-France 

region (right). 

 

 

The climate of the region is temperate oceanic. It is represented by small thermal 

amplitudes, mild winters and cool summers. The annual average of the temperatures is around 

11oC. The inner part of the region is more influenced by the continental climate. Figure 1.17 

summarizes the meteorological trends (maximum and minimum temperatures, precipitation 

and solar radiation) for the weather station of Lille-Lesquin (data from Météo-France weather 

service). The low average solar radiation characteristic of the region is also clearly seen, 

which might play a significant role in the photochemical activity of the atmosphere (i.e. 

resulting to a low production of ozone, or in a low photochemical oxidation of sulfate aerosols 

precursors). In addition, the topography of the region is relatively flat (e.g. minimum and 

maximum heights in the northern city of Douai are 16 and 38 m), which should favor the 

dispersion of pollutants. 
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Figure 1.17 Monthly averaged meteorological trends from 1981 to 2010 (blue and red curves: 

minimum and maximum temperatures; blue bars: cumulative precipitations; shaded yellow 

area: solar radiation) 

 

The annual limit and target values for PM2.5 (25 and 20 µg m-3, respectively) are often 

exceeded in the region, especially in winter and spring. The main possible reasons include the 

location (affected by nearby highly populated and industrial areas such as Belgium and 

western Germany in the west and the metropolis of Paris in the south) and several local 

activities (road traffic, industrial activity, agriculture, domestic biomass burning, etc.). In 

Figure 1.18 the seasonal averages of PM2.5 from 2010 to 2016 measured at the station of 

Douai Theuriet (Atmo-Hauts de France air quality monitoring network) are shown in relation 

with the limit, target, and recommended annual average values. As can be seen, the WHO 

recommended value is doubled during most of the period, whereas the EU target and limit 

values are often exceeded.  

 
Figure 1.18 PM2.5 seasonal averages (Wi: winter, Sp: spring; Su: Summer; Au: Autumn) 

measured in the station of Douai Theuriet between 2010 and 2016 
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We can also observe that road transport is the major contributor to the emissions of 

NOx (58%), and that other sectors such as the manufacturing industry, the energy 

transformation and the residential and tertiary sectors play less important but still significant 

roles to these emissions NOx, which is in agreement with the emission share of NOx observed 

in France (CITEPA, 2017). 

On the other hand, the primary emission of particles is distributed more evenly among 

the different sectors. In the case of PM2.5, the residential and tertiary sector is the main 

responsible for their emissions (47%), which is attributed mainly to household heating. Other 

sectors also contribute significantly, including road transport (22%), and the manufacturing 

industry, waste treatment and construction sector (18%).  

Table 1.9 Distribution of estimated regional emissions in the Nord-Pas-de-Calais region for 

2008 (emission inventory from Atmo Nord- Pas-de-Calais) 

 

1.5.2 Previous studies in the region of Northern France  

Some studies on the measurement of aerosols have already been conducted in the region 

of Northern France. A majority of them have focused on the study of metallic elements 

(Mbengue et al., 2014) and the identification of their sources (Alleman et al., 2010; Ledoux et 

al., 2017), or the source identification of PM10 (Oliveira, 2017; Waked et al., 2014). A few 

studies focused on the characterization and source apportionment of non-refractory fine 

particles (nr-PM1), one of them based on two 1-month intensive campaigns conducted in 

summer and winter (Crenn et al., 2017, 2018), and another one based on a 1-year long 

campaign (Zhang, 2016) and were carried out by our group. 

 Most of these studies were performed in the coastal and heavily industrialized area of 

Dunkirk (90 km NW from Douai) (Alleman et al., 2010; Crenn et al., 2017, 2018; Ledoux et 

al., 2017; Mbengue et al., 2014). The study of Waked et al. (2014) was conducted at an urban 

site in the city of Lens (20 km NNW of Douai), and that of Oliveira (2017) in five locations 



70 

 

spread over the north of France: Lens (urban) and Roubaix (curbside) (40 km NNE of Douai), 

Revin (rural; 120 km SE), Rouen (urban; 175 km SW) and Nogent-sur-Oise (urban; 130 km 

SSW). Part of the study of Crenn et al. ( 2017, 2018) was carried out in Douai itself (1.5 km 

SW from the sampling site of this work).  

 This latter study used a High Resolution-Time-of-Flight-Aerosol Mass Spectrometer 

(HR-ToF-AMS) in order to determine the composition of nr-PM1. Two intensive campaigns 

were carried out, one in winter 2010 (November 18 – December 10) and another one in 

summer 2011 (July 6 – August 6). The mean concentrations of PM2.5 were particularly high 

both during the winter (32.6 ± 16.8 µg m-3), and summer campaigns (20.5 ± 9.8 µg m-3). The 

contribution to nr-PM1 was similar in both, with major inorganic ions (i.e. the sum of NO3
-, 

SO4
2-, and NH4

+) making for most of the nr-PM1 mass (75% and 74%), with a predominance 

of NO3
- (35% and 28% of the total nr-PM1), and the rest being attributed to OM (34% and 

33%), chloride being negligible (only 1% in both campaigns), for winter and summer, 

respectively. In addition, BC was measured only in summer with an aethalometer (average of 

0.32 ± 0.28 µg m-3). In both campaigns, NH4
+ was found to correlate really well with NO3

- (r² 

=0.91 and 0.89), and to a lesser degree with SO4
2- (r² = 0.75 and 0.46), for winter and 

summer, respectively. The aerosol was found to be neutral by comparing the measured and 

predicted NH4
+ (i.e. amount required for the full neutralization of inorganic ions) with r² of 

0.98-0.99 and slopes close to 1. The authors attributed the seasonal difference of 

concentrations due to a variety of factors including the influence of emissions sources at a 

local scale, regional transport depending on the origin of the air masses, as well as multiple 

processes related to meteorological conditions.  

 Additionally, Zhang (2016) monitored the composition of the nr-PM1 during one year 

from July 2013 to September 2014 using an Aerosol Chemical Speciation Monitor (ACSM) 

in Dunkirk, at an urban background site largely influenced by industrial and harbor activities. 

The mean nr-PM1 mass for the whole period was 9.7 ± 9.0 µg m-3, with an average 

contribution from the major aerosol constituents of 32.5% for OM, 26.4% nitrate, 26.0% 

sulfate, 14.4% ammonium and 1% chloride. In addition, the conversion of SO2-to-SO4 was 

studied and found to be enhanced at high RH (>70%), low vertical turbulence and low wind 

speed (0-2 m s-1). A source apportionment study of the organic fraction of the aerosol 

evidenced three primary sources, related to traffic, biomass combustion and domestic 

cooking, and one secondary source.  
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 The studies of Waked et al. (2014) and Oliveira (2017) were focused on the PM10 

fraction, but were conducted over longer periods of time. In the work of Waked et al. (2014) 

the PM10 composition was measured from March 2011 to March 2012, with a mean 

concentration of 21 µg m-3, and OM, NO3
-, and SO4

2- contributed to most of the mass with 

average concentrations of 5.8, 4.5 and 2.3 µg m-3, respectively. A source apportionment 

analysis showed that the main emission sources were SIA (28% of total PM10 mass; divided 

in nitrate-rich and sulfate-rich with equal contributions of 14%), aged marine emissions 

(19%), biomass burning (13%), mineral dust (13%), primary biogenic emissions (9%), fresh 

sea salts (8%), primary traffic emissions (6%) and heavy oil combustion (4%). Some factors 

were found to present significant seasonal variations, such as biomass burning, which 

presented higher contribution in winter, and primary biogenic emissions, which were much 

higher in summer. The contribution of SIA was found to increase to more than 50% of the 

total PM10 during exceedance episodes.  

 The work conducted by Oliveira (2017) at five sites in northern France showed a 

similar mass composition to that observed by Waked et al. (2014), with the predominance of 

SIA (particularly NO3
-) and OM. A source apportionment analysis showed common sources 

among the different sites, including nitrate-rich (12-23%), sulfate-rich (7-15%), traffic (10-

26%), biomass burning (8-15%), oxalate-rich (4-19%), fresh marine (4-11%), land biogenic 

(2-9%), and marine biogenic (3-12%). Other sources were identified only at some sites, 

including an aged marine factor identified at all sites except in Rouen (9-11%) and a road 

dust/crustal factor identified in Revin (15%) and Roubaix (26%). Similarly to the study of 

Waked et al., a higher contribution of SIA was observed during high concentration episodes.  

 All these studies paint an initial picture of the composition of nr-PM1 and PM10 in the 

north of France, as well as the main sources to expect. In addition, they highlight the 

importance of SIA in the north of France and allow comparing the results with those of this 

study.  

1.5.3 Issues in air quality modelling 

The utilization of offline techniques such as filter pack or denuder-filter pack for the 

measurement of aerosols and their precursor gases, described in section 1.3.1, has been the 

European reference measurement method and therefore largely employed in several air 

monitoring networks, such as EMEP, for the speciation of PM2.5. The collected data are 

mainly used to assess the ambient concentrations and the trends of airborne components. In 
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addition, they are also used for evaluation purposes of the regional modelling work (Schaap et 

al., 2011 and references therein). Specifically, in the modelling of SIA, observations on the 

gas-aerosol partitioning of nitrogen species are required, given the non-linear nature of the 

formation of NH4NO3 (see section 1.2.4). However, very few sites are able to supply this 

information with a high temporal resolution, with only large daily datasets available, thus 

hindering the evaluation of regional models and, consequently, the development of cost 

effective mitigation strategies in Europe (Schaap et al., 2011).  

The use of online high-resolution measurement techniques such as the MARGA has 

already been proven valuable for regional model evaluation  (Schaap et al., 2011). In this 

work, the measurements of a MARGA 1S were compared with the predictions of the 

Chemistry Transport Model (CTM) Long Term Ozone Simulation (LOTOS) European 

Operational Smog (EUROS) version 1.3 in a one year campaign (from 1 Aug. 2007 to 1 Aug. 

2008) held at the rural site of Cabauw (The Netherlands). The LOTOS-EUROS model is a 

combination of two individually-developed models: LOTOS (The Netherlands Organisation 

for Applied Scientific Research) and EUROS (National Institute for Public Health and the 

Environment). Both these operational models contain all relevant atmospheric processes and 

are able to model the concentrations of a wide range of atmospheric compounds, such as 

oxidants, SIA, SOA, primary aerosols, heavy metals and persistent organic pollutants (POPs) 

for a large number of scenarios at an hourly time resolution and over large periods of time 

(Schaap et al., 2008). The 1.3 version of LOTOS-EUROS used in their study was created 

based on data from filter sampling methods, which present low time resolution and took into 

account the associated artifacts that could lead to a poor performance of the model. 

Indeed, the comparison between the MARGA observations and the predictions by 

LOTOS-EUROS showed a disagreement between the observed and predicted concentrations 

of SIA. At the monthly time scale, the variabilities for SO4
2- and NH4

+ were generally well 

predicted, even though an underestimation at peak concentrations was observed (Figure 1.19b 

and c). For NO3
-, there was a general underestimation of the monthly values (Figure 1.19a). 

However, there was a strong discrepancy between the observed and predicted concentrations 

of HNO3 and NH3 (Figure 1.19d and e). The disagreement for NH3 was partially attributed to 

the influence of local emissions not accounted for by the model, since the campaign was 

carried out in an agricultural area. The authors attributed the disagreements for HNO3 to 

defects in the equilibrium, the meteorological parameters (such as boundary layer height and 
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stability), the spatial and temporal emission patterns, cloud or multi-phase chemistry, dry 

deposition, ammonia compensation point and the effective emission height of sources. 

 
Figure 1.19 Measured and modelled monthly concentrations for NO3

- (a), NH4
+ (b), SO4

2- (c), 

HNO3 (d) and NH3 (e) (Schaap et al., 2011) 

 

On a daily basis, LOTOS-EUROS was also able to model correctly a large part of the 

day-to-day variability for most species. The concentrations and variabilities for SO4
2- and 

NH4
+ were well estimated except when high concentrations occurred, which the model could 

not predict correctly (Figure 1.20b and c). For NO3
-, the high concentrations were well 

estimated, although there was a general underestimation (Figure 1.20a).  
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Figure 1.20 Measured and modelled daily concentrations for NO3

- (a), SO4
2- (b) and NH4

+ (c) 

(Schaap et al., 2011) 

 

At the hourly time-scale the daily profiles were compared and similar conclusions to 

the comparisons with lower time resolution were reached. In the cases of NO3
-, NH4

+, SO4
2- 

and NH3 (Figure 1.21a, b, c and e), the hourly variations were similar between the model and 

the observations but with a general underestimation, particularly pronounced for NH3 and 

NO3
-. For HNO3, there was a large difference between the model and the observation in the 

central hours of the day (from 12:00 to 18:00). 

Out of all the compared species, the largest discrepancies were always found for 

HNO3 (overestimated by the model) and NH3 (underestimated by the model) at all time 

scales. In general, non-satisfactory modeling might result from several factors, including 

measurement errors such as artifacts related to volatilization or adsorption of certain species 

during sampling, miscounting of emission processes and time variability of precursor gases 

and assumptions done by the model. Particularly for the modelling of NH4NO3 and its 

gaseous precursors, it was suggested that the thermodynamic equilibrium module used in the 

model produced a too stable NH4NO3 in winter and during summer nights, and too unstable 
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during summer daytime. The observations of the MARGA were in agreement with previous 

studies at high-time resolution, which also found out an underestimation of the particulate 

nitrate concentrations during summer daytime (Fisseha et al., 2006; Morino et al., 2006). 

Nonetheless, other studies had shown that the modelled equilibrium was in accordance with 

observations (Takahama et al., 2004; Yu et al., 2005), although sometimes presenting 

significant inconsistencies between the measured and predicted partitioning.  

Overall, the conflicting results between modelling and observations illustrate the need 

of further work on the thermodynamic gas-aerosol partitioning modules with the use of high-

resolution experimental data for different climatic and pollution conditions. 

 

 
Figure 1.21 Measured and modelled hourly concentrations for NO3

- (a), NH4
+ (b), SO4

2- (c), 

HNO3 (d) and NH3 (e) (Schaap et al., 2011) 

1.6 Objectives and scientific strategy  

In the context of the above motivations, including the air quality issue in north-western 

Europe and northern France, as well as the topic of correctly modelling SIA concentrations, 

the main objectives of this work are therefore to: 
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1. Improve the scientific knowledge on SIA and their precursor gases in northern 

France in order to better understand their origin, formation and improve current 

modelling. 

2. Get a better knowledge on the main drivers of SIA at the local and regional levels in 

order to improve the air quality in the north of France.  

High particulate pollution by SIA has been observed to impact the north-west of Europe. 

However, until now it has been poorly studied in the region of northern France despite the 

evidence of high PM2.5 concentrations and their proven health impact (APHEKOM, 

2011). Douai was chosen for this study as a typical medium-size city of the former Coal 

Basin of the north of France, particularly impacted by particulate pollution. 

In order to achieve the objectives above mentioned, the work strategy followed in this 

thesis is summarized as follows: 

1. Determine the performance of the MARGA by comparison with other gas 

analyzers (SO2, NH3) and HR-ToF-AMS for aerosol components. 

2. Constitute a long-term database by continuous observation at the hourly time scale 

at a fixed site over a period of 1 year, consisting of: 

 Water-soluble inorganic ions (WSII) and precursor gases 

 Source tracers, including heavy metals, nitrogen oxides and black carbon. 

 Total PM10 and PM2.5 

3. Implement additional instruments during the cold season, including an HR-ToF-

AMS for the apportionment of the organic fraction and a SMPS for the study of 

the formation of new particles. 

4. Perform a source apportionment study for the whole year dataset, based on the 

hourly (water soluble ions from the MARGA and BC from the Aethalometer) and 

daily-averaged data (adding heavy metals). 

5. Perform a source apportionment study focusing on the high-concentration period 

(winter-spring), based on the data of the HR-ToF-AMS. 

6. Study the influence of local and regional sources with the use of various methods 

for the geographical determination of sources, including non-parametric wind 

regression (NWR) to distinguish between local and regional sources and potential 

source contribution function (PSCF) for distant sources. 
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7. Compare observations and modelling (using the thermodynamic module 

ISORROPIA II) in order to verify the consistency of ammonium nitrate 

thermodynamic partitioning at an hourly resolution.  
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CHAPTER 2. Materials and methods 

2.1 Location of the campaign and summary of the instrumentation used 

2.1.1 Site description 

The measurement campaign was carried out in the city of Douai, northern France 

(50°23’03’’N, 3°05’08’’E, and 20 m above sea level), for a duration of 1 year from 1 August 

2015 to 31 July 2016.  

The city of Douai has 40,736 inhabitants (INSEE, 2014) and a high population density 

of 2,366 inhabitants per km2. It belongs administratively to the “Hauts de France” region and 

to the “Nord” French department.  

Douai is situated in a flat terrain surrounded by low hills in the southwest (“collines de 

l’Artois”, maximum height of 200 m) and by the Ardennes massif at the southeast (maximum 

height of 700 m). It is located around 100 km east from the North Sea and the Strait of Dover 

and therefore under little influence of air masses from the North Sea (coming from the north 

and northwest) and the Atlantic Ocean (from the southwest).   

The climate of Douai is oceanic and is characterized by mild and rainy winters and 

cool summers. The mean temperature is 10.5 °C, and differences of temperatures between 

seasons are not very large. The precipitations are very frequent and spread throughout the 

whole year. In section 1.5.1 of Chapter 1 the meteorological trends from 1981 to 2010 are 

given for the weather station of Lille Lesquin, located 25 km north of Douai. 

At the European level, Douai is located between three major European capitals: 

Brussels (100 km northeast), Paris (180 km south) and London (260 km northwest) 

(Figure 2.1, left). At the regional level, Douai is 30 km south from the city of Lille and other 

nearby towns (Figure 2.1, right), which form together the “European Metropolis of Lille 

(MEL)”, with about 1.14 milion inhabitants in 2014 and a population density of 1,760 

inhabitants per km2, being the second most densely populated metropolis in France, only after 

that of Paris. The city of Douai is also located at the center of the urban area of Douai-Lens 

(504,796 inhabitants in 2014), which is one of the “agglomerations of more than 250,000 

inhabitants” considered in the French decree 2010-1250 transposing the European directive 

2008/50/CE on air quality. Besides the MEL conurbation and the city of Lens, Douai is 

surrounded by several similar cities corresponding for the most part of the former 

industrialized coal basin of the north of France: 30 km southeast the city of Valenciennes 

(43,787 inhabitants, 2014), 23 km southwest Arras (40,970 inhabitants, 2014), 36 km 
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northwest Béthune (25,982 inhabitants, 2014) and 24 km south Cambrai (33,609 inhabitants, 

2014). Since the shutdown of the last coal mines in 1990, an industrial conversion has taken 

place towards the mechanical (automobile, railway) and food processing industries.  

The sampling site was set at a suburban location outside the city center of Douai 

(Figure 2.2), and is considered to be representative of the background pollution of the region.  

 

 

Figure 2.1 Maps of France (left) and “Hauts-de-France” (right) 

 

2.1.2 Air quality in Douai 

Douai appears as one of the most polluted cities in France as regards air quality with 

PM2.5 values often close or over the limit of 25 µg m-3 (Atmo Hauts-de-France). The PM2.5 

seasonal averages of the Atmo Hauts-de-France station in Douai-Theuriet have been given in 

the first chapter of this manuscript (section 1.5.1), showing that they often exceed the target 

and limit values established by the European Directive 2008/50/CE. Similarly to what has 

been previously discussed, the main reasons for the high pollution levels in Douai include its 

location close to highly-populated and industrial areas and the local activities. The map in 

Figure 2.2 summarizes the main pollution sources and industrial activities in the city and its 

close surroundings. In addition, Table 2.1. presents the main industrial activities according to 

their direction and distance from the sampling site. 
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Figure 2.2 Map of Douai showing the urban area (shaded grey area), main roads (orange 

lines), rivers (blue lines), railroad track (black line), industrial activities (blue symbols) and 

sampling site (red symbol). 
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Table 2.1 Summary of main industrial activities in Douai and its surroundings by wind sector 

 

 

Apart from its dense population and industrial areas, transportation is one of the main 

sources of pollution in the Douai area in the form of roadway, railway and fluvial traffic. 

Roadway traffic is responsible for the emissions of particulate matter and NOx. Douai is 7 km 

east from the A1 highway connecting Paris with Lille (69,300 vehicles/day at the level of 

Douai, of which 13,000 are heavy goods vehicles). Much closer, the A21 highway, located 3 

km north of the city center of Douai, and two national roadways (D621 and D643, located 

south and east of the city, respectively) are important contributors to air pollution.  The 

railway crossing the city which bears the high-speed train line (TGV) from Paris to 

Valenciennes is as well a potential source of pollution, mainly of particles and metals. In 

addition, the fluvial traffic in the navigation canal of the Scarpe river that crosses the city and 

the fluvial port could contribute to the emissions of NOx and SO2.  

The urban area of Douai (represented by the shaded grey area in Figure 2.2) is a 

source of domestic emissions, including residential wood burning (ATMO Nord-Pas de 

Calais, 2009).  
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Besides, several industrial activities are carried out in the city and its close 

surroundings (Table 2.1). Some of these activities are expected to be important sources of 

pollutants: a slaughterhouse (Douaisienne d’Abattage) and a wastewater treatment plant 

(Eaux du Nord) located north-east of the city might emit NH3 and sulfur-containing 

compounds, while a zinc smelter (Nyrstar) located north of Douai could emit nitrogen oxides, 

sulfur dioxide, sulfates and metals. A car manufacturing plant (Renault), which in Douai is 

specialized in surface treatment with organic solvents, could also emit important quantities of 

NOx and VOCs.  

Thereby, the region of northern France – and particularly the city of Douai – appears 

as an interesting focus point for the study and characterization of atmospheric particulate 

pollution, with the ultimate goal of finding the most effective ways to prevent and reduce 

atmospheric pollution and improve the quality of life of its inhabitants. 

2.1.3 Instrumentation 

 A summary of the instruments used in the field campaign, including the time interval 

of use and the operating rate is reported in Table 2.2. Part of the instrumentation was on site 

during all the campaign: the Monitor for Gases and AeRosols in ambient Air (MARGA 1S, 

Metrohm Applikon), a Beta Attenuation Monitor (BAM-1020, Met One), a double 

wavelength Aethalometer (AE42, Magee Scientific), a low-volume filter sampler (Partisol 

2300, Thermo Fisher Scientific), and a NOx monitor (2000G, Seres Environnement). In 

general, these presented high operation rates and only the NOx analyzer showed missing data 

in January, June and July due to malfunctioning. 

Firstly, the permanent instrumentation is going to be presented, with particular detail 

in the case of the MARGA. Secondly, a description of the instruments deployed in the 

intensive campaign will also be given, with particular emphasis on the HR-ToF-AMS.  
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Table 2.2 Summary of the used instrumentation in the field campaign 

Instrument 

(manufacturer) 
Measured species 

Time 

resolution 
Start End 

Operating 

rate 

MARGA 1S 

(Metrohm-

Applikon) 

Gaseous precursors 

(HCl, HONO, HNO3, SO2, NH3) 

1 h 

Aug. 2015 

Jul. 2016 

88% PM2.5 water-soluble aerosols  

(NO3
-, SO4

2-, Cl-, C2O4
2-,NH4

+, 

Na+, K+, Mg2+, Ca2+) 

BAM-1020 

(Met One 

Instruments) 

PM2.5 mass concentration 1 h 94% 

Aethalometer 

AE42 

(Magee Scientific) 

PM2.5 absorbing at 370 nm 

(aromatic species) and 880 nm 

(black carbon) 

5 min 85% 

Partisol 2300 

(Thermo Fisher 

Scientific) 

Particulate heavy metals in PM2.5  

collected on filters 
24 h 92% 

NOx 2000G 

(Seres 

Environnement) 

NO and NO2 15 min May 2016 70% 

SO2 AF22M 

(Environnement 

SA) 

SO2 15 min Dec. 2015 95% 

HR-ToF-AMS 

(Aerodyne 

Research) 

Non-refractory PM1 (NO3
-, SO4

2-, 

Cl-, NH4
+ and organics) 

5 min Feb. 2016 Mar. 2016 70% 

SMPS+C 

(Grimm) 

Particle number size distribution  

(11.1-1083.3 nm) 
5 min Feb. 2016 May 2016 95% 
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Figure 2.3 View of the Portakabin where the permanent instrumentation was located (left) and 

MARGA 1S setup (right) 

 

 

 

  

Figure 2.4 OMEGA trailer (left) where the HR-ToF-AMS (right) was installed 
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2.2 MARGA 

2.2.1 Description 

The Monitor for AeRosols and Gases in ambient Air (MARGA) is a semi-continuous 

measurement system for the simultaneous analysis of aerosols and gases (Metrohm-

Applikon). The MARGA has been deployed with an impactor sampling head with a size cut-

off of 2.5 µm (Leckel) coated with Teflon in order to prevent the absorption of acidic gases, as 

previously recommended in the literature (Rumsey et al., 2014). The sampling head has been 

connected to the MARGA by a 2.5 m long polyethylene tube of ½” O.D.  

 

Figure 2.5 MARGA front view (left) and flow diagram (right) 

 

The MARGA system mainly consists of a wet rotating denuder (WRD) which samples 

five water-soluble gases (HCl, HONO, HNO3, SO2, NH3) and a Steam-Jet Aerosol Collector 

(SJAC) that samples 8 water-soluble inorganic ions (NO3
-, SO4

2-, Cl-, NH4
+, Na+, K+, Mg2+, 

and Ca2+) and 1 water-soluble organic anion (C2O4
2-). The hourly resolution of the MARGA 

measurements allows the study of the relationship between aerosols and their gaseous 

precursors as well as the (trans)formation processes which cannot be observed with other 

offline methods such as sampling with denuder-filter packs.  

The MARGA is divided in three compartments or boxes: the sample box, containing 

the WRD and the SJAC; the detector box, which includes two sets of three syringe pumps and 



97 

 

two ion chromatographs and their associated conductivity detector (one chromatograph for 

cations, the other for anions); and the flow control box, mainly composed of a mass flow 

controller (MFC) and a 24V diaphragm pump.  

In the sample box (Figure 2.6a), the WRD (Figure 2.6b) performs a selective 

separation of the gases from the aerosols based on the differences of diffusion speed between 

the gases and aerosols (Keuken et al., 1988; Wyers et al., 1993). It consists of two concentric 

glass cylindrical tubes forming an annulus constantly fed with a liquid absorbance solution, 

composed of a dilute H2O2 solution (10 mg L-1) in ultrapure water (18 MΩ). By rotating at 30 

rpm, a continuous liquid film is formed in the space between the two cylinders. When the 

ambient air is drawn inside the denuder, the gaseous species are collected in the solution 

mainly due to the diffusion into the air-liquid interface and the absorption of the water-soluble 

gaseous species into the liquid film. Both phenomena being dependent on temperature, this 

one is kept constant in order to ensure a good reproducibility. The resulting solution 

containing the sampled gases is continuously filtered through a PTFE filter (0.45 µm of 

porosity) and sampled by a syringe pump. After the WRD the sample enters the SJAC (Figure 

2.6c), which carries out the collection of aerosol particles (Khlystov et al., 1995; Slanina et 

al., 2001). Generally, it is composed of a glass mixing chamber and a glass cyclone with a 2.5 

µm cut-off. In principle, the absorbance solution (10 mg L-1 H2O2) is directed into a steam 

generator (at 135 °C ± 5 °C). The obtained supersaturated steam enters the mixing chamber 

causing the aerosols to grow into larger and heavier droplets due to the deliquescence 

phenomenon. Further on the air continues through a glass spiral tube which separates the 

generated particles from the air stream. The particles are finally collected in the absorbance 

solution at the bottom of the SJAC, and subsequently filtered through a PTFE filter (0.45 µm) 

and sampled by the syringe pump. An additional supply of absorbance solution at the bottom 

of the SJAC ensures a stable level of absorbance solution.  
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a) 

 

 

b) 

 

c) 

 

Figure 2.6 (a) Sample box front view; (b) WRD and (c) SJAC schematics 

 

The sample box also includes four peristaltic pumps: (i) the denuder fill pump supplies 

the absorbance solution to the WRD and is controlled by the denuder level sensor in order to 

maintain a constant level of liquid; (ii) the SJAC fill pump supplies additional absorbance 

liquid to the SJAC and is controlled by the SJAC level sensor; (iii) the SJAC supply pump 

provides the steam generator with absorbance solution; and (iv) the cold trap drain drains the 

condensed water formed in the cold trap in the flow control box.  

In the detector box (Figure 2.7a) the collected solutions of gases and aerosols are 

continuously drawn by two sets of alternating syringe pumps (Figure 2.7b). Every hour, one 

set of syringes collects 26 mL of the gases solution to the WRD syringe and 26 mL of the 

aerosol solution to the SJAC syringe. Simultaneously, 2.6 mL of a lithium bromide (LiBr) 

internal standard (IS) (320 µg L-1 Li+ and 3680 µg L-1 Br-) are collected by a third syringe. 

When the syringes are full, each one contains a sample representative of 1 hour of continuous 
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sampling. While one of the syringe sets is being filled with the collected sample, the other set 

injects the previously collected sample and the LiBr standard into the sampling valve (Figure 

2.7c). When a cycle has finished (i.e. one syringe set is full of sample solution and the other 

empty), the direction of each syringe set is reversed in order to continuously draw and inject 

new samples. 

 

a) 

 
b) c) d) 

  
 

Figure 2.7 (a) Detector box front view; (b) syringe pumps; (c) sampling valves; 

(d) ion chromatographs 

 

The liquid samples and internal standards are then directed through the sample valve 

to the manifold cross (Figure 2.7c) for the sample to be mixed with the internal standard. 

Moreover, a degasser located behind the detector box is responsible to remove any gases from 

the internal standard, anion and cation eluents and regenerant solution. 

Once mixed with the internal standard, the liquid samples enter the ion chromatograph 

(model 761 Compact IC, Metrohm) through the cation loop (V = 500 µL). A pre-column is 
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placed between the loop and the cation chromatography column in order to prevent any 

particles from damaging the column (Metrosep C 4 – 100x4.0 mm). At the same time, part of 

the sample is conducted to the anion loop (250 µL) and similarly, passes through a pre-

column in order to protect the anion column (Metrosep A Supp 10 – 754.0 mm for anions). 

Both columns are contained in a column oven (40  5 oC). Finally, the sample from the cation 

chromatographic column reaches the conductivity detector while the sample from the anion 

chromatographic column reaches first the eluent suppressor before the conductivity detector.  

The addition of an internal standard to the WRD and SJAC samples makes anion and 

cation IC data validation possible. It also allows for the retention times to be kept stable over 

long periods by comparing the relative retention times of Br– and SO4
2– and adjusting the 

column temperature appropriately, by automatically increasing or reducing it 0.1 °C per hour 

according to the separation between the peaks. To achieve this, the MARGA software uses a 

retention time factor (RT factor) which determines the retention time relative to the internal 

standard (lithium or bromide). For Li and Br the RT factor is always 1, from which the rest of 

the retention times are calculated (e.g. in Figure 2.8), according to Equation 2.1: 

 

  Eq. 2.1 

 

 
Figure 2.8 Example of calculated retention times for the anions 

 

The last main part of the MARGA is the flow control box (FCB), which is in charge of 

controlling the airflow entering the MARGA (Figure 2.9). In the FCB the flow coming from 

the SJAC, previously filtered to prevent any particles from damaging the pump, enters the 

cold trap. The cold trap is a Peltier-type cooler (12 °C) which condenses water in the air 

stream to avoid water droplets in the mass flow controller (MFC). The airflow is then 

conducted to the water separator, where the condensed water is removed from the cold air. 

Just above the cold trap, an inline HEPA filter is responsible to remove any remaining 
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particles and to heat up the cold air in order to prevent condensation in the MFC. After that, 

the airstream arrives to the MFC (not visible in the figure), which allows a mass-based flow 

measurement.  

 

 

1 - Wet part cover 

2 - Cold trap 

3 – Pulsation dampener 

4 – Inline HEPA-filter 

5 – Airflow inlet from 

sample box 

6 – Water separator 

drain collector 

7 – Airflow outlet 

8 – Water separator 

Figure 2.9 Air flow control box 

 

The MFC sends the flow data to the Sample Box with a signal of 4-20 mA and 

receives back a signal of 4-20 mA, which represents the set point of the Sample Box. 

According to this signal, the MFC directly controls the speed of the air pump. Later, the air 

flow goes to the pulse dampener which smooths and stabilizes the airflow, preventing flow 

measurement failures in the MFC. Finally, the air flow is sucked up by the air pump and exits 

the system. The air pump is a 24V diaphragm pump and its speed is set by the MFC (0.5-2.6 

V). Overall, the flow of the MARGA is set at 1.0±0.02 m3 h-1. 

 

2.2.2 Literature review 

2.2.2.1 Detection limits 

The detection limits (DL) for every species analyzed by the MARGA are generally 

low, in the range of 0.01 to 0.10 µg m-3. A number of authors working with the MARGA have 

calculated and reported detection limits for each compound, which are within the same range 

of concentrations but show some differences. These differences might be attributed to 

different factors. First of all, the procedures for obtaining the DLs are generally not reported 

and therefore could lead to different results. In addition, the DLs could be obtained for the 

whole MARGA system (by sampling zero air or filtering ambient air). Lastly, minor 

differences could also be attributed to different anion and cation loop volumes or different 
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types of eluents. The DLs obtained by various studies as well as by the manufacturer 

(Metrohm-Applikon) are summarized in Table 2.3. 

Only the DL provided by Makkonen et al. (2012), Rumsey et al. (2014) and Schaap et 

al., (2011) are obtained from the commercially available MARGA. The DL reported by Trebs 

et al. (2004) are from an initial version of the MARGA, whereas those from Dong et al. 

(2012) are from a similar instrument (GAC-IC) and only given as an indication. The DLs 

presented by the manufacturer are similar to those reported by the different publications. The 

use of a pre-concentration column permits to lower the DLs by a factor of 10, and is 

recommended where really low concentrations are expected, in particular for minor ions such 

as Cl-, Na+, K+, Mg2+, and Ca2+.  

 

2.2.2.2 Measurement artifacts  

Although the use of MARGA prevents some artifacts associated with other techniques 

such as the evaporation/condensation of NH4NO3 in denuder-filter packs, other artifacts, 

mainly related to the measurement of HNO3, have been reported in the literature. 

i. Detection of nocturnal N2O5 as HNO3 (overestimation of HNO3) 

A comparison between the MARGA and a two-channel off-axis cavity ring-down absorption 

spectrometer (OA-CRDS) system for the measurement of dinitrogen pentoxide (N2O5) 

showed that the MARGA detection of HNO3 is sensitive to this other gas-phase component of 

oxidized nitrogen (Phillips et al., 2013), and more generally that alkali and aqueous-denuder 

techniques are sensitive to the sum of HNO3 and N2O5, especially at nighttime when N2O5 

forms from the reaction between the nocturnal radical NO3 and NO2. 

The contribution of N2O5 is an error that depends on various ambient conditions 

(sunlight, [NOx], [O3], [VOCs], T, RH…), and therefore nocturnal data of HNO3 should be at 

best handled with care. The formation path of N2O5 starts with the reaction of NO2 with O3: 

 

 R 2.1 
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Table 2.3 Experimental detection limits of the MARGA 

Reference 

Makkonen  

et al.,  

2012 

Rumsey 

et al.,  

2014 

Schaap  

et al.,  

2011 

Trebs  

et al.,  

2004 

Dong  

et al.,  

2012 

Manufacturer  

(Metrohm- 

Applikon) 

Country Finland USA 
The 

Netherlands 

Brazil 

(Amazon 

basin) 

China The Netherlands 

Site typology 
urban 

background 
urban rural rural Rural - 

Campaign duration 

(months) 
7 1 12 2 1 - 

Type IC IC IC HPLC 
IC 

(Dionex) 
- 

Cation eluent HNO3 HNO3 - - CH4SO3 - 

Anion eluent 
Na2CO3 

NaHCO3 

Na2CO3 

NaHCO3 
- 

Na2CO3 

NaHCO3 

CO3
2- 

HCO3
- 

- 

Cation loop volume 

(µL) 
500 500 - - 20 500 

Preconc. Col. 

(5000 µm) 

Anion loop volume 

(µL) 
250 130 - 199 20 250 

Preconc. Col. 

(2500 µm) 

Detection limits (in µg m-3) 

GASES 

HCl 0.02 - 0.05 0.018* 0.131* 0.01 0.001 

HNO2 0.03 - 0.05 0.044* 0.125* 0.02 0.002 

SO2 0.04 0.05 0.05 0.026* 0.411* 0.03 0.005 

HNO3 0.05 0.10 0.05 0.072* 0.433* 0.05 0.005 

NH3 0.05 0.05 0.05 0.049* 0.015* 0.05 0.005 

AEROSOLS 

Cl- 0.02 - 0.05 0.017* 0.043 0.01 0.001 

NO3
- 0.04 0.10 0.05 0.096* 0.034 0.05 0.005 

SO4
2- 0.03 0.08 0.05 0.063* 0.159 0.04 0.004 

Na+ 0.02 - 0.05 - - 0.05 0.005 

NH4
+ 0.03 0.05 0.05 0.064* 0.030 0.05 0.005 

K+ 0.01 - 0.05 - - 0.09 0.009 

Mg2+ 0.01 - 0.05 - - 0.06 0.006 

Ca2+ 0.01 - 0.05 - - 0.09 0.009 

* Converted from ppb to µg m-3 assuming atmospheric pressure of 1 atm and ambient 

temperature of 25oC 

 

In the daytime, NO3 is rapidly photolyzed by light, leading to the formation of NO and 

NO2. However, at nighttime the photolysis is negligible and NO3 reacts with NO2 to form 

N2O5, in equilibrium with its precursors, as shown by reaction 2.2. The equilibrium constant 

Keq is strongly dependent on temperature, with cold conditions favoring the formation of 

N2O5 (Eq. 2.2). 
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 R 2.2 

 Eq. 2.2 

 

On the other hand, N2O5 might be lost by heterogeneous hydrolysis on wet particles 

and other surfaces, and through its reaction with aqueous Cl- (e.g. with wet particulate 

chloride-based salts such as NaCl): 

 

 R 2.3 

 R 2.4 

 

Finally, any process leading to the loss of NO3, such as the reaction of NO3 with 

biogenic VOCs or with NO, might also influence the formation of N2O5. 

These loss processes drive the equilibrium reaction R 2.2 to the right. Therefore, low 

ambient temperatures and low concentrations of BVOCs, NO and Cl- will favor the formation 

of N2O5. In Europe this phenomenon might be relevant in northern countries, where low 

temperatures are usual. The study of Phillips et al., (2013) was conducted during summer in 

Frankfurt (Germany), with high nocturnal temperatures (15-25 °C) and high BVOC 

concentrations which hinder the formation of N2O5. Yet, the average contribution of N2O5 to 

the nocturnal HNO3 signal was found to be 17%. Hence, this contribution could be much 

different in winter, with longer nights, colder temperatures, lower NO3 formation because of 

less ozone and lower BVOC production due to lower solar radiation. 

 

ii. HNO3 adsorption (underestimation of HNO3) 

The adsorption of HNO3 in sampling heads and inlet tubings used in air monitoring 

equipment has been reported by several authors (Appel et al., 1988; Appel et al., 1993; 

Neuman et al., 1999; Li-Jones et al., 2001). This phenomenon is explained by the “sticky” 

nature of HNO3, which adsorbs mainly onto active sites of the inlet and tubing, and accounts 

for an underestimation of the real HNO3 concentration. A number of factors may have an 

influence on this, such as the HNO3 concentration, the inlet and tubing material, geometry and 

temperature, as well as the relative humidity of the sample airstream (HNO3 being extremely 

soluble in water). 
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 Neuman et al. (1999) performed a comparison study between different inlet materials 

and found that less than 5% of available HNO3 was adsorbed on Teflon fluoropolymer tubing 

after 1 min of exposure to HNO3, while more than 70% was lost when other materials, such as 

stainless steel, glass, fused silica, aluminum, silica-steel and silane-coated glass, were used. 

These results recommend the use of Teflon materials for inlet surfaces in air sampling for 

HNO3 measurements. 

In another study where the MARGA was tested, Rumsey et al. (2014) used a white 

acrylic separator inlet followed by polyethylene tubing. The MARGA HNO3 was compared 

against that of a denuder-filter pack and noticeable differences between both methods were 

observed. The MARGA measured concentrations lower than the denuder during daytime (i.e. 

when HNO3 presents the highest concentrations) and lower concentrations during nighttime 

(i.e. where lower HNO3 concentrations are expected). The study concluded that the use of a 

Teflon-coated inlet and a more inert tubing material, such as perfluoroalkoxy (PFA) Teflon, 

was strongly recommended for future studies. It was also recommended that the tubing length 

was as short as possible in order to minimize losses of HNO3. However, PFA exhibits high 

electrostatic forces that eventually could retain aerosol particles and its use is not as clearly 

recommended. 

In conclusion, the measurement of HNO3 appears complicated due to the 

abovementioned negative and positive artifacts. In this thesis, a Teflon-coated sampling head 

and PE tubing were used in order to limit the artifacts of HNO3 adsorption. However, this 

does not fully guarantee the correct measurement of this gas. A comparison with the 

thermodynamic module ISORROPIA II has been performed in order to verify this  

(Chapter 3). 

2.2.2.3 MARGA validation by comparison with other instruments 

The commercially available version of the MARGA has been compared to a number 

of air measurement instrumentation in order to evaluate its performance and reliability. A few 

authors have reported comparisons between the MARGA and filters, filter-packs, 

denuder/filter-packs, several gas monitors, an Aerosol Mass Spectrometer (AMS), a Tapered 

Element Oscillation Monitor – Filter Dynamics Measurement System (TEOM-FDMS) and a 

Differential Mobility Particle Sizer (DMPS). A comparison between two MARGAs was also 

performed. Overall, most of the comparisons have shown satisfying results and support the 

use of the MARGA in ambient air monitoring.  
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i. Filter and denuder-filter pack 

The MARGA has been compared against measurements done with filters (Schaap et 

al.,  2011; Makkonen et al., 2012; Huang et al., 2014), filter-pack (Makkonen et al., 2014) and 

denuder/filter-pack (Rumsey et al., 2014). The characteristics and results of the comparisons 

are summarized in Table 2.4. 

A study carried out in the Netherlands (Schaap et al., 2011) compared the MARGA 

with sampling on Quartz filters for NO3
-, NH4

+, and SO4
2-. The authors did not specify the 

comparison for individual species (and hence it is not shown in Table 2.4) but the results 

between both methods were satisfying, with slopes of 0.9-1.1, offsets less than 1 µg m-3 and 

correlation coefficients between 0.8 and 0.9. 

In Finland, two separate comparisons were performed at an urban background site 

near Helsinki (Makkonen et al., 2012) and at a rural site in the boreal forest of Hyytiälä 

(Makkonen et al.,  2014). In the first comparison (Makkonen et al., 2012), the 24h-averaged 

MARGA data were compared to daily measurements carried out by standard sampling on 

Teflon filters. The regression coefficients were satisfying, with values around 0.9 for ions 

typically found in high concentrations (NO3
-, SO4

2-, NH4
+), and less good for minor cations, 

which were usually close to the DL (Na+, Mg2+ and, particularly, K+). The slopes were lower 

than 1, which suggests that the MARGA could be underestimating the concentrations. Higher 

slopes (ca. 3) were found for Mg2+ and Ca2+. The overestimation of these two cations was 

found to be caused either by a dirty cation loop, low sensitivity or bad integration of the small 

peaks by the MARGA software, and was later solved with the replacement of the cation loop 

with a pre-concentration column. Additionally, the smaller r2 and slope reported for Na+ were 

justified by a poor integration of the peaks in the chromatogram by the MARGA software, 

which sometimes did not recognize small peaks of Na+ that eluted very close to the NH4
+ 

peaks.  
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Table 2.4 Characteristics and results of the comparisons between MARGA and filter-based 

measurements published in recent studies  

Reference 

Makkonen et al.,  

2012 

(filter, PM10) 

Makkonen et al., 

 2014 

(filter-pack, PM10) 

Rumsey et al., 2014  

(MARGA, PM26 / filter-pack, PM2.5) 

Huang et 

al., 

2014  

(filter 

PM2.5) 

MARGA Unit 1 MARGA Unit 2 

Sampling 

site 
Helsinki, Finland Hyytiälä, Finland North Carolina, United States 

Hong 

Kong, 

China 

Site typology Urban background Rural Urban Suburban 

Measuremen

t period 

1 November 2009 - 

24 May 2010 

21 June 2010 - 

30 April 2011 

8 September 2010 -  

8 October 2010 

1 March 

2011- 

29 

February 

2012 

Compared species 

 slope r2 slope r2 slope r2 slope r2 
slop

e 
r2 

Cl- 0.72/0.77A 
0.83/0.82

A 
- - -  - - 1.08 

0.8

0 

NO3
- 0.90/1.00A 

0.93/0.90
A 

1.31 0.93 
2.36/1.28

C 
0.80C 

1.73/0.82
C 

0.81C 0.76 
0.7

7 

SO4
2- 0.85/0.93A 

0.98/0.97
A 

1.08 0.90 0.97 0.99 0.98 0.99 0.99 
0.7

0 

Na+ 0.49/0.44A 
0.55/0.54

A 

1.50/0.88
B 

0.70/0.95
B 

  - - 0.86 
0.6

1 

NH4
+ 0.91/0.73A 

0.83/0.77
A 

1.23/1.19
B 

0.61/0.83
B 

1.02 0.97 0.97 0.96 0.80 
0.9

4 

K+ 
−0.26/0.38

A 

0.19/−1.0
A 

1.51/1.00
B 

0.75/0.90
B 

  - - 0.58 
0.7

9 

Mg2+ 3.03/2.64A 
0.69/0.68

A 

3.39/0.73
B 

0.86/0.85
B 

  - - - - 

Ca2+ 3.03/3.43A 
0.86/0.83

A 

2.95/0.89
B 

0.97/0.62
B 

  - - - - 

HNO3 - - 0.50 0.70 
0.73/0.90

D 

0.88/0.91
D 

0.57/0.69
D 

0.88/0.90
D 

- - 

SO2 - - 0.98 0.89 1.11 0.99 1.05 0.99 - - 

NH3 - - 1.00 0.79 0.65 0.78 0.72 0.84 - - 
AAfter forcing the offset to zero 
BResults after installing a pre-concentration column for the cations 
COffset correction due to inlet cutoff size 
DAveraged HNO3 concentrations to 24 hours 
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In the second comparison (Makkonen et al., 2014) the MARGA results were 

compared to those of the conventional EMEP denuder-filter pack, delivering good results for 

major ions and better for minor ions when a pre-concentration column for the cations was 

used. However, Ca2+ presented worse results, which was attributed to its really low 

concentrations during the period where the pre-concentration was used. SO2 and NH3 

compared well between both methods, with slopes close to 1 and good correlation 

coefficients. However, HNO3 concentrations were lower in the MARGA (slope = 0.5). This 

was attributed to the sticky nature of this gas, which could get attached to the walls of the 

polypropylene inlet tubing. 

In the United States, Rumsey et al. (2014) compared two MARGA units (MUs) 

against the EMEP denuder-filter pack. The results were good for SO4
2- and SO2. For NO3

- the 

initial results were worse with high slopes and lower correlation coefficients, later found to be 

the consequence of different sampling conditions between the MARGA units and the filter 

pack (a customized inlet with a cutoff diameter of 26 µm was used with the MUs, while the 

denuder-filter pack inlet cutoff was 2.5 µm). Similarly to other comparisons the MARGA 

measured lower HNO3 compared to the denuder-filter pack, which was again associated to the 

sticky nature of the gas. Since the adsorption was affected by the HNO3 concentration, the 

temperature in the inlet and tubing and the moisture content of the sample stream (all factors 

varying through a daily cycle), when averaging the HNO3 concentrations over 24h, the 

adsorption effect was reduced and the comparison results improved significantly. For NH4
+ 

and NH3, the main results were not good, later found to be linked to bacterial contamination 

in the MARGA. It was suggested that NH4
+ could be incorporated to the bacterial biomass 

leading to an underestimation of its concentration. The big cutoff size (26 µm) could have 

helped the entry of coarse aerosols, usually more rich in bacteria, especially those of marine 

origin. A correction for this offset due to bacterial contamination was done and better results 

were obtained. Although NH3 was also suspected to be affected by bacterial consumption, 

other effects such as adsorption to the inlet tubing and a high variable blank of the denuder 

could also account for the differences between the MARGA and the denuder-filter pack. The 

application of an offset to account for the bacterial consumption also resulted in closer NH3 

values between both methods. 

In the study of Huang et al., (2014) concentrations between the MARGA and the filters 

were generally in agreement and were less good for Na+ and K+. It was suggested that a 

possible contamination of the filter materials by Na+ could have affected the comparison 

results.  
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ii. Gas monitors 

Two authors have compared the MARGA SO2 against two conventional SO2 monitors 

(Makkonen et al., 2012; Rumsey et al., 2014). The results of the comparisons (Table 2.5) 

were satisfactory, with high correlation coefficients. However, the slopes indicate that the 

MARGA was underestimating the concentrations of SO2.  

 

Table 2.5 Comparison results of the MARGA SO2 against two SO2 monitors 

Reference Makkonen et al., 2012 Rumsey et al., 2014 

SO2 monitor TEI 43iTL monitor 
TEI 43S PFA 

MARGA Unit 1 MARGA Unit 2 

slope 
0.90 

0.88A 
0.96 0.89 

r2 
0.89 

0.89A 
0.99 0.99 

  AAfter forcing the offset to zero 

 

iii. AMS 

Some authors have compared the MARGA with the HR-ToF-AMS (Mensah et al., 

2012; Lee et al., 2013) and the Compact-Time of Flight-Aerosol Mass Spectrometer (C-ToF-

AMS) (Makkonen et al., 2014). The characteristics and results of each comparison are 

summarized in Table 2.6. 

 

Table 2.6 Characteristics and results of the comparison between the MARGA and the AMS 

Reference Mensah et al., 2012 Lee et al., 2013 Makkonen et al., 2014 

Sampling site Cabauw, The Netherlands Hong Kong Hyytiälä, Finland 

Site typology Rural Suburban Rural 

Sampling period May 2008 
26 April 2011 – 

1 June 2011 

21 June 2010 – 

30 April 2011 

AMS type HR-ToF-AMS HR-ToF-AMS C-ToF-AMS 

MARGA cutoff size 1 µm (MARGA sizer) 2.5 µm 2.5 µm 

Compared species 

 slope r² slope r² slope r² 

NO3
- 1.91 0.82 0.33 0.79 0.29 0.07 

SO4
2- 1.81 0.69 0.60 0.88 1.01 0.92 

NH4
+ 1.32 0.72 0.50 0.80 0.66 0.83 

Cl- 1.30 0.68 - - - - 
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In the first study, Mensah et al. (2012) compared a MARGA-sizer to a HR-ToF-AMS 

and obtained satisfying results. The MARGA-sizer (ten Brink et al., 2007) differs from the 

default MARGA in that it includes a pre-separator of parallel mounted impactors in order to 

classify the particles by different cutoff sizes (in the study of Mensah et al.: 0.18 µm, 0.32 

µm, 0.56 µm, 1 and 2 µm). When the fraction below 1 µm was compared with the 

measurements of the AMS (cutoff of 1 µm) high coefficients of determination were obtained 

but the concentrations were on average a factor of 1.6 higher than those of the AMS. This was 

attributed to the different sampling height of both instruments (4 m for the MARGA sizer and 

60 m for the AMS), as well as to possible losses along the 60-m sampling line of the AMS. 

Lee et al. (2013) observed similar variations between both instruments but a strong 

underestimation in mass concentrations by the AMS, which was mainly justified by the 

difference in inlet cut-off sizes.   

The study of Makkonen et al. (2014) showed good agreement for SO4
2- and NH4

+, and 

worse for NO3
-. Contrarily to previous comparisons, NO3

- measured by the AMS was often 

higher than that of the MARGA. However, the MARGA was also compared to filter 

measurements over the same period and the obtained values were in agreement between both 

methods. The authors concluded that the differences between the MARGA and the AMS in 

NO3
- were partly attributed to the low observed concentrations (DL for NO3

- are one order of 

magnitude lower with the C-ToF-AMS compared to the MARGA), the lower response to 

organic nitrates by the MARGA and filters (part of the inorganic anion NO3
- measured by the 

AMS could have a contribution of organic nitrates, although this should be very small) and a 

constant NO3
- blank subtracted from all the MARGA results which could have varied 

throughout the campaign and be a source of inaccuracy.  

 

iv. Total mass 

The sum of water-soluble inorganic ions from the MARGA has also been compared 

against the total PM mass measured by instruments such as the DMPS or TEOM-FDMS.  

Makkonen et al. (2012) compared the sum of the MARGA water-soluble ions (PM10) 

and the mass concentration measured by a DMPS (PM1). Both instruments measured the 

variations in concentrations well. Nevertheless, the DMPS measured higher mass 

concentrations than the MARGA sum of ions in spite of the lower cut-off of the DMPS. This 

was attributed to the MARGA only analyzing the water-soluble inorganic fraction of the 

aerosol instead of the total mass.  
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In another study, the MARGA water-soluble ions (PM2.5 and PM10) were measured 

next to a TEOM-FDMS (PM2.5 and PM10) for a period of 6 years (January 2007 to December 

2012) at a background site in Auchencorth, United Kingdom (Twigg et al. 2015). On average, 

the sum of water-soluble inorganic ions measured by the MARGA in the PM10 size fraction 

accounted for 78% of the PM10 mass measured by the TEOM-FDMS, demonstrating their role 

as major contributors of the aerosol mass. However, a discrepancy was found between both 

instruments when PM2.5 was compared.  The PM2.5 concentrations at the site were generally 

low and often close to the DLs of the TEOM-FDMS, with around 20 % of negative values 

during all the sampling period, which justified the lack of agreement. 

 

v. Intercomparison of two MARGA units 

A comparison between two MARGA units (MU) operated in parallel was performed 

by Rumsey et al. (2014). The results are summarized in Table 2.7, where the median absolute 

relative percent difference (MARPD) is calculated taking the paired hourly air concentrations 

at the time i for each MU as shown in the next equation: 

 

   Eq. 2.3 

 

In the study a precision goal was set to be ≤ 25%. This was met for most compounds, 

with particularly good results for SO4
2- and NH4

+, except for NO3
-. The authors explained that 

the difference of sampling (which included coarse NO3
- due to the 26 µm cutoff) – attributed 

to the fans controlling the bypass flow rate through the inlets of each MU which were 

operating at different speeds – could create different particle size cutoffs.  

 

Table 2.7 Summary of the performance of the MARGA based on the comparison between 

two MARGA units performed by Rumsey et al. (2014) 

Species 
Precision 

MARPD (%) 

SO2 11.5 

SO4
2- 3.2 

NO3
- 30.8 

HNO3 22.7 

NH4
+ 5.3 

NH3 22.8 
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The results of the different comparisons with the MARGA and other instruments as 

well as between two MARGA units are enough to conclude that the MARGA is suitable for 

the measurement of inorganic gases and aerosols in ambient air. However, care must be taken 

when low concentrations of cations are expected (when the use of a pre-concentration column 

is recommended) and with the data of nitric acid. 

2.2.3 Data validation 

2.2.3.1 Preliminary validation 

The data obtained with the MARGA was validated according to the LiBr internal 

standard concentration which was injected together with the sample every single hour. The 

concentration of Li+ and Br- ought to be within 320 ± 10 and 3680 ± 100 µg L-1, respectively. 

When the concentrations of Li and Br were outside of this range, the concentrations for that 

specific chromatogram were automatically classified as invalid data. Additionally, when the 

MARGA was not working properly, the data was also marked as invalid. 

i. Manual validation 

All chromatograms were manually checked to see if any errors had been committed by 

the MARGA automatic integration software. Occasionally, when concentrations of some ions 

were close to the detection limit, the automatic software did not recognize the small peaks and 

therefore their integration was omitted, particularly for Na+, Mg2+ and Ca2+. This was 

corrected by the modification of the peak search smoothing parameter in the MargaTool v.2.1 

post-integration software (Metrohm). 

ii. Case of data inferior to the limits of detection 

The minor ions measured by the MARGA often presented values below the limit of 

detection (DL). This was particularly frequent for Cl-, C2O4
2-, K+, Mg2+ and Ca2+. These 

values below the DL were replaced by half the limit of detection ( ). There were different 

reasons for the ions under the DL: 

- The cations K+, Mg2+ and Ca2+ presented very small concentrations: for Mg2+ this was 

general over the entire year; for K+ this was less important in winter and for Ca2+ in 

summer and autumn.  

- The determination of Na+ showed an occasional problem: its peak was located really 

close in between the peaks of Li+ and NH4
+, and when concentrations of Na+ where 

close to the DL, its peak could merge with the NH4
+ peak and be easily confused. 
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However, this occurred rarely (mostly during summer) and Na+ concentrations were 

usually above the detection limit. 

- For Cl-, a negative peak at its expected position in the chromatogram was observed, 

instead of a flat line, when the concentrations were close to the detection limit or non-

existent. Therefore it was suspected that some chloride could be contained in some of 

the solutions used with the MARGA, which could originate from the used ultrapure 

water, the chemical products, and the laboratory material used for the preparation of 

every solution. Additionally, the Cl- peak was the first to appear in the anion 

chromatogram (at around 3.5 minutes when the anion column was new), and its 

retention time shifted to the left with column aging. When the anion column was aged, 

the chloride peak appeared too close to the injection peak and was easily confused, 

impeding its determination. Therefore, chloride concentrations were not determined 

for an important period of time (~2 weeks on average before a new column was 

installed every 2 months). 

- Lastly, the determination of C2O4
2- was also problematic: when the anion column was 

new, its elution time (~17 min) was outside the analysis time (15 min) and therefore 

could not be seen until the anion column was used for 2 or 3 weeks and the oxalate 

anion could elute within the analysis time. Therefore, no oxalate data was available 

during periods of around 2 or 3 weeks each time that the anion column was changed. 

 

2.2.4 Detection limit calculations 

The detection limits of every species analyzed by the MARGA have been calculated 

from the repeated analyses of an analytical blank (ultrapure water of 18 MΩ), which was 

injected into the ion chromatographs. The DL for each species was determined by multiplying 

the standard deviation of the repeated analyses by 3 (3σ). It is important to mention that the 

detection limit obtained with this methodology just concerns the analytical part and not the 

entire instrument, and hence should be handled with care when making comparisons with the 

manufacturer DL or those reported in other studies which used different methods for DL 

determination.  

A comparison between the DLs obtained in this work and those presented by the 

manufacturer of the MARGA (Metrohm-Applikon) is presented in Table 2.8. In the specific 

case of oxalate, to the best of our knowledge, it has not been reported by the manufacturer. 
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All detection limits are close to those presented by Metrohm, and well within the range of the 

DLs reported in previous publications (see Table 2.3). 

 

Table 2.8 This study and manufacturer DLs for every species analyzed by the MARGA 

(in µg m-3) 

 NO3
- NO2- SO4

2- C2O4
2- Cl- NH4

+ K+ Na+ Mg2+ Ca2+ 

This study  0.06 0.05 0.11 0.08 0.02 0.03 0.03 0.03 0.02 0.05 

Manufacturer 0.05 0.02 0.04 - 0.01 0.05 0.09 0.05 0.06 0.09 

 

2.3 Aethalometer 

The aethalometer is an instrument that measures the absorption coefficients of light-

absorbing particulate compounds at one or more wavelengths in near real time (Hansen et al., 

1984). In this work, a dual-wavelength aethalometer (Magee Scientific, Model AE-42) was 

deployed with an impactor-type sampling head with a cutoff size of 2.5 µm and at a 

volumetric flow rate Q of 5 L min-1 in order to determine the carbonaceous compounds 

absorbing in the near infrared (880 nm), corresponding to black carbon (BC), and to evaluate 

the compounds absorbing in the UV (370 nm) known as UV-absorbing carbon (UV-C, mostly 

aromatics) with a time resolution of 5 minutes. Both BC and UV-C are expressed in mass 

concentration of black carbon. The principle of the instrument is based on light attenuation 

(ATN): 

 

 Eq. 2.4 

with Io the intensity of the incoming light and I the remaining light intensity passing 

through a quartz-fiber filter tape spot (area A), onto which particles are deposited. 

 

The intensities are related by the Beer-Lambert’s law as follows: 

 

 Eq. 2.5 

where babs is the absorption coefficient (m-1) and x the total thickness of the particle-

loaded filter. The accumulation of particles during a specific time interval (Δt) modifies the 

raw attenuation coefficient (bATN): 
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 Eq. 2.6 

 

The filter-based methodology used in the aethalometer presents artifacts including 

multiple scattering by the filter fibers which increases the optical path, scattering due to 

particles already collected on the filter, and a shadowing effect due to the accumulation of 

particles (Weingartner et al., 2003). In order to account for these effects, the measurements of 

the aethalometer need to be corrected. In this work, the measurements were corrected 

following the methodology proposed by Weingartner et al. (2003), who introduced a filter 

loading correction factor (f) giving place to the following equation with ATNt expressed in %: 

 

  

  Eq. 2.7 

 

where Cref is a constant value (2.14) taking into account the scattering of the light 

beam by the filter fibers, and R(ATN) is an empirical function describing all other effects. 

The parameter f is the filter loading correction factor calculated as the slope of bATN vs ATN, 

where m (the mass concentration of particles expressed in g m-3) is constant and ω0 is the 

single scattering albedo (adimensional), which was obtained from the PHOTON/AERONET 

network (Lille site) and averaged for each season. The averages of ω0 for each season were 

0.876 ± 0.083 for summer 2015, 0.847 ± 0.075 for autumn 2015, 0.882 ± 0.088 for winter 

2015/2016, 0.923 ± 0.066 for spring 2016 and 0.949 ± 0.063 for summer 2016. The corrected 

concentrations mcorr (g m-3) were then obtained as follows: 

 

 =    Eq. 2.8 

where SGλ (m² g-1) is the spectral mass specific attenuation cross-section for a specific 

λ (nm). 

Additionally, a semi-quantitative variable “Delta-C”, which is representative of 

organic components of wood-smoke particles, was determined by the difference of light 

absorption between 370 and 880 nm, i.e. UV-C minus BC (Allen et al., 2004). Delta-C has 
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previously been found to be correlated with wood-burning markers such as levoglucosan and 

K+ and therefore might be used as a tracer of wood combustion (Wang et al., 2012). 

2.4 Partisol 2300 – filter sampling and ICP-MS analysis of trace and major elements 

 A Partisol 2300 Speciation Sampler (Rupprecht & Patashnick Co., Inc) was used in 

order to collect daily samples of heavy metals in PM2.5. This instrument consists of 12 

channels which might be used for simultaneous (several channels at the same time) or 

sequential sampling (one at a time). A ChemComb speciation cartridge (Rupprecht & 

Patashnick Co., Inc) consisting of an impactor with a cutoff size of 2.5 µm and a collection 

Teflon filter of 47 mm of diameter and 2 µm of porosity (Zefluor) was placed in each of the 

12 sampling slots. Thus, the system allowed for 12 days of unattended sequential sampling, 

with a 24-h duration for each of the filters. All 12 channels were operated at 10 L min-1, 

adding up to a total volume of 14.4 m3 after 24 hours of sampling. The loaded filters were 

collected on a weekly basis and replaced by new filters. After collection, filters were stored in 

closed plastic Petri dishes then in closed plastic bags. Every week, the same collection 

procedure was applied to one blank filter (which was put in a cartridge, stored on site during 

one week, removed from the cartridge and put in a plastic box inside a plastic bag) in order to 

account for any possible contamination in the manipulation procedure. The samples and 

blanks were stored in a fridge at 4 °C until further analysis. Additionally, the Partisol recorded 

every 30 minutes the temperature, atmospheric pressure, and sampling flows.  

The filters were analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-

MS) (Baranov and Tanner, 1999). This technique allows for a simultaneous quantification of 

a large number of elements. In this work the major elements that were analyzed included Al, 

Ca, Fe, K, Mg, and Na, and the minor elements included Ag, As, Ba, Be, Bi, Cd, Ce, Co, Cr, 

Cs, Cu, Fe, Ge, Hg, In, La, Li, Mn, Mo, Ni, Pb, Pd, Pt, Rb, Sb, Se, Sn, Sr, Th, Ti, Tl, U, V, 

and Zn. Most of these were analyzed by Dynamic Reaction Cell (ICP-MS DRC) (Tanner et 

al., 2002) and some major (27Al, 57Fe, 39K, 24Mg, 23Na, and 28Si) and minor elements (52Cr, 

45Sc, and 51V) were also analyzed by Kinetic Energy Discrimination (ICP-MS KED) (Yamada 

et al., 2015). 

Before the analysis, the filters were submitted to an acid digestion within a solution of 

2 mL of HNO3, 1 mL of H2O2 and 0.3 mL of HF by the use of a microwave oven (Milestone 

ETHOS) at 220 °C during 25 minutes. Each acid-digested sample was then adjusted to a final 

volume of 50 mL by adding ultrapure water. 
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The samples were then analyzed by ICP-MS (NeXion 300x, Perkin Elmer). Briefly, 

the prepared liquid sample was nebulized and transported under an argon flow to the argon 

plasma at ~ 6000 °C, where the elements were atomized and partly ionized. The formed ions 

in the plasma were captured in an electrostatic field and canalized to a quadrupole mass 

spectrometer. The instrument was used as a mass filter and performed a selective transmission 

of the ions according to their mass-to-charge ratio. The ions were caught and amplified by an 

electron multiplier and finally quantified. The methodology for the quality control of the 

measurements has been previously described by Mbengue et al. (2014) and Leclercq et al. 

(2017). Repeated measurement of blanks and quality control (QC) were carried out during 

each analytical run. An internal standard composed of 69Ga and 103Rh was added at a 

concentration of 1 µg L-1 to all the analyzed solutions in order to correct for the drift of the 

ICP-MS signal. In addition, samples of 1 mg of the NIST certified standards 2584 (indoor 

dust) and 1648 (urban particulate matter) were tested to validate the extraction procedure. 

The filter samples were analyzed by batches of approximately 60 filters each. For each 

of the batches the DL of each species was calculated as 3 times the standard deviation of 

repeated laboratory blank analyses. The analyses of field blanks allowed the calculation of 

field DL for each species and assessing any possible introduced contamination due to filter 

handling. The laboratory and field blank DLs for each species and batch are reported in 

Tables A1 and A2 (Annex 1) for major and trace elements, respectively. The recovery rate of 

the elements was calculated taking into account the NIST analyses, such as that if NIST 

recovery was inferior to 85%, the element concentration was divided by the recovery rate. 

2.5 BAM-1020 

The BAM-1020 (Met One Instruments) is a continuous particle monitor designed for 

long-term unattended monitoring of ambient particulate concentrations (an inlet with a cutoff 

of 2.5 µm was used in this work) based on beta ray attenuation (Jaklevic et al., 1981), offering 

an hourly time resolution. At the beginning of each sampling hour, a 14C source emits a 

constant beam of high energy electrons (i.e. beta rays) through a spot of fresh filter tape (fiber 

glass) for 8 minutes. An integrated sensitive scintillation detector detects and counts the 

electrons in order to determine a zero-reading. The instrument then advances this spot of tape 

to the sample nozzle, where a vacuum pump pulls the sampled air (at a flow rate of 16.7 L 

min-1) through the filter tape, loading it with particulate matter during 42 minutes. At the end 

of the sampling hour, the spot is disposed again between the beta source and the detector 

during 8 minutes causing a decrease in the beta ray signal, which is used to determine the PM 
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mass on the filter tape, and hence to calculate the real concentration of PM in the ambient air. 

The instrument includes temperature and RH sensors which were integrated in the 

meteorological database. The hourly detection limit of the BAM-1020 is 4.8 µg m-3. 

The BAM-1020 has obtained the United States Environmental Protection Agency 

(EPA) and European Environment Agency (EEA) certifications for continuous PM2.5 

monitoring and is therefore a common instrument in PM2.5 mass measurement. 

2.6 Gas monitors 

2.6.1 NOx 

 In this work, a NOx 2000G continuous gas analyzer (Seres Environnement) was used 

in order to determine the hourly gas concentrations of NO and NOx, from which NO2 is 

calculated by subtracting NO to NOx. Its operating principle is based on UV 

chemiluminescence following the reaction: 

 

  R. 2.4 

 

where the reaction of NO with O3 leads to the formation of excited NO2
*, which goes 

back to its stable state (NO2) by emitting a radiation (hν), the intensity of which depends on 

the NO concentration. The instrument operates two ways sequentially: one enables to measure 

NO only, the other measures the sum of NO + NO2 (NOx) by previously converting NO2 

through a molybdenum catalytic converter. The sample is alternatively derived in order to 

obtain the NO-only signal. The time resolution of the instrument is 15 minutes, with a 

detection limit of 1 ppb. In this thesis, the NOx 2000G monitor was deployed at a flow rate of 

30 L min-1. The instrument was calibrated by using a certified calibration bottle of NO and 

NOx (n° 20524 and 20926).  

HONO might be measured by the NOx 2000G in the conversion of NO into NO2. 

However, the contribution of HONO to the concentration of NO2 is generally very low and 

can be neglected. In this work, the average contribution of HONO to the NOx concentration 

was calculated to be around 4%. 

2.6.2 SO2 

A sulfur dioxide continuous analyzer AF22M (Environnement SA) was used from 

August to December 2015 for comparison purposes. Its operating principle is based on UV 

Fluorescence. Under the influence of UV radiation, SO2 molecules are temporarily excited by 
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absorbing this radiation and go back to their original state by releasing a characteristic 

fluorescence radiation. This emitted radiation is measured by a photomultiplier tube and then 

converted to SO2 concentration taking into account the temperature and pressure. The 

addition of an optical shutter and an enhanced aromatic hydrocarbon scrubber compensates 

the photomultiplier drift and guarantees the removal of any interference, respectively. 

The instrument was calibrated by using a certified calibration bottle of SO2 (n° 

77692). The time resolution of the AF22 analyzer is 15 minutes, with a detection limit of 0.4 

ppb. A sample flow rate of 0.3 L min-1 was used in this work. 

2.7 HR-ToF-AMS 

2.7.1 Description and operating principle 

 The high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) 

(Aerodyne Research), hereafter named AMS, is designed to measure in real-time the chemical 

composition and size distribution of the non-refractory PM1 (nr-PM1) (DeCarlo et al., 2006). 

Non-refractory aerosols are volatilized at temperatures lower than 600 °C: NO3
-, NH4

+, SO4
2-, 

Cl- and organic carbon (Docherty et al., 2015). Other species including elemental carbon, 

mineral dust and sea salt volatilize at higher temperatures and therefore cannot be detected. 

The AMS presents a time resolution of a few minutes and DLs in the order of ng m-3. 

 The AMS consists of four main parts (Figure 2.10): an injection system composed of 

aerodynamic lenses that concentrate the particle beam, a flight chamber that allows the 

determination of the size distribution, a vaporization and ionization system where the particles 

are volatilized and transformed into ions, and a detection system (the mass spectrometer) to 

analyze the chemical composition of particles.  

 The ambient air is sampled through a critical orifice of 100 µm and focused into a 

narrow beam through an aerodynamic lens system (where the pressure decreases down to 2 

Torr). Due to the limitations of the aerodynamic lens, only particles between ∼50 nm and ∼1 

µm enter the system. At the exit of the lens system, a supersonic expansion accelerates the 

particles into the flight chamber (at ∼10-5 Torr), where the particle size is determined by 

measuring the flight time across a fixed distance. The time zero of the particle flight is 

defined by a mechanical disc, or chopper, which rotates at ∼140 Hz and modulates the 

particle beam letting it through or blocking it, while the end of the particle flight is 

determined by the mass spectrometric detection. At the end of the flight chamber the particle 

are vaporized by impaction on a resistively heated surface (∼ 600 oC) and ionized by electron 

ionization at 70 eV.  
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In addition, the AMS presents two operation modes according to the trajectory of the 

ions: the low resolution or V-mode and the high resolution or W-mode. The V-mode is the 

standard mode in which ions follow a trajectory from the extraction into the reflectron and 

back to the multichannel plate (MCP) detector, with a path length of 1.3 m. In the W-mode 

the ions are directed from the reflectron to a hard mirror, which focuses them back a second 

time to the reflectron, before being reflected again, reaching the MCP after a path length of 

2.9 m. The mass resolving power increases as the flight path is extended. On the other hand, 

the lateral broadening of the ions increases over a longer flight path and reduces the total 

signal as a result of fewer ions impacting the detector. Therefore, the V-mode presents a 

higher sensitivity but a lower resolution, whereas the W-mode is less sensitive but has a 

higher mass resolution. The mass spectra obtained from the V-mode allow the speciation of 

the main inorganic and organic constituents (Allan et al., 2004). The higher mass resolution of 

the W-mode allows a more in-detail analysis of the mass spectra, allowing to identify the 

different fragments and to classify them into several chemical families. For a more in-depth 

description the reader is referred to DeCarlo et al. (2006).  

 

 

Figure 2.10 HR-ToF-AMS diagram (DeCarlo et al., 2006) 

 

2.7.2 Data collection 

The collection of the AMS data differs depending on the selected operation mode (V 

or W). In the W-mode, the data are only collected in the “mass spectrometry” (MS) mode, 

while in the V-mode the data are collected in the MS mode and “particle time of flight” 

(PToF) mode (only used in the V-mode due to its higher sensitivity). The difference between 

the MS and PToF modes is established by the position of the chopper. When the chopper is in 
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open position the particle beam is transmitted continuously, in closed position the particle 

beam is completely blocked, and in chopped position, the transmission of the particle beam is 

modulated. In the PToF mode, the chopped mode is used in order to measure the time of 

flight of the particles and thus their sizes. In the MS mode, the chopper alternates between the 

open and closed position every 5 seconds. When it is open, the mass spectrum of the sample 

(containing the particles and main gases of the ambient air) ranging from 3 to 440 u is 

recorded. Right after, the chopper closes in order to subtract the background signal of the 

instrument. 

In the intensive campaign carried out in Douai, the time resolution of the AMS was set 

to 5 minutes, with 3 minutes for the V-mode and 2 minutes for the W-mode, as shown in 

Figure 2.11. Therefore, with this setting, 6 low-resolution mass spectra for nr-PM1 aerosols, 6 

size distributions and 12 high-resolution mass spectra are averaged every 5 minutes. 

 

 

Figure 2.11 Data collection configuration for the campaign carried out in Douai 

 

2.7.3 Data analysis 

The data collected throughout the different modes of the AMS provide similar or 

complementary information. The treatment of low resolution data has been done through the 

IGOR-integrated module SQUIRREL (SeQUential Igor data RetRiEvaL, version 1.60E), 

while the high resolution data have been treated through another IGOR module known as 

PIKA (Peak Integration by Key Analysis, version 1.20E). 

With the analysis of the MS data obtained in the V-mode, we obtain the mass 

concentration of major species such as the speciated inorganic ions and the organic 

compounds. In order to convert the obtained ion signals of a given species s (Is, in counts per 

second or Hz) detected at specific m/z ratios into a concentration (Cs in µg m-3) the following 

formula, developed by Jimenez et al. (2003), is used: 
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 Eq. 2.9 

 

where MW is the molecular weight of the species in g mol-1, NA the Avogadro 

number, Q the sampling volumetric flow rate (in cm3 s-1), IE the ionization efficiency, and the 

1012 a factor to convert from g cm-3 to µg m-3. The IE of NO3
- (IENO3) is usually 

experimentally determined through calibrations. For other species, the relative ionization 

efficiencies (RIE) with respect to NO3
- (Eq. 2.10) are used (Canagaratna et al., 2007), 

allowing the previous equation to be written as shown in Eq. 2.11: 

 

 Eq. 2.10 

 Eq. 2.11 

 

The use of NO3
- as the reference compound is justified given that it is a common 

component of aerosols and produces most of the signal (90%) at only two m/z values: m/z 30, 

NO+; m/z 46, NO2
+; it is moreover semi-volatile and hence it is very easily volatilized by the 

AMS, and it does not leave a significant residue in the background noise of the mass 

spectrometer (Jayne et al., 2000). However, there is an added difficulty resulting from the 

process of ionization, where all the species undergo fragmentation, implying that the relative 

contribution of one species to each fragment needs to be added up in order to get the total 

concentration of the species. In order to do this, a method for the extraction of mass spectra 

was developed by Allan et al. (2004). In this method, the contribution of each species to each 

m/z value is given taking into account known isotopic ratios determined in the laboratory for 

pure species within the use of a so-called “fragmentation table”. Hence, the names of the 

different non-refractory species analyzed by the AMS (i.e. OM, SO4, NO3, NH4, Cl) 

correspond to the sum of all the m/z fragments related to one given species in the 

fragmentation table (Allan et al., 2004) and should not be confused with the names of 

inorganic ions used elsewhere in this manuscript (i.e. SO4
2-, NO3

-, NH4
+, Cl-). The fragments 

used to identify the major chemical species analyzed by the low resolution mode of the AMS 

are presented in table 2.9. This fragmentation table should be adjusted in each campaign, in 

order to take into account the exact interferences associated to major gases of the ambient air, 
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as recommended by the Field Data Analysis Guide edited by the research group of José 

Jiménez at the University of Colorado in Boulder, USA:  

http://cires1.colorado.edu/jimenez-group/wiki/index.php/Field_Data_Analysis_Guide 

 

Table 2.9 Fragments (m/z) used for the determination of major chemical species in low 

resolution mode (from Canagaratna et al., 2007) 

Group Molecule/species  Ion fragments Fragments (m/z) 

Water H2O 
 

H2O+, HO+, O+ 18, 17, 16 

Ammonium NH3 
 

NH3
+, NH2

+, NH+ 17, 16, 15 

Nitrate NO3 
 

HNO3
+, NO2

+, NO+ 63, 46, 30 

Sulfate H2SO4 
 

H2SO4
+, HSO3

+, SO3
+, 

SO2
+, SO+ 

98, 81, 80, 64, 48 

Organic 

(oxygenated) 
CnHmOy 

 

H2O
+, CO+, CO2

+, 

H3C2O+, HCO2
+, 

CnHm
+ 

18, 28, 44, 43, 45… 

Organic 

(hydrocarbon) 
CnHm 

 
CnHm

+ 27, 29, 41, 43, 55, 57, 69, 71…  

* The most abundant fragments are highlighted in bold 

  

In addition, the comparison of the AMS with other co-located instruments has shown 

that the collection efficiency (CE) of the AMS is inferior to 100%. The CE is defined as the 

ratio between the mass or the number of particles detected by the AMS and the mass or 

number of particles that enter the AMS. CE considers the effects of incomplete focusing of 

the particle beam and bouncing of some particles from the vaporizer (Drewnick et al., 2005). 

Typically, a default CE value of 0.5 is used (Middlebrook et al., 2012). However, it has been 

shown that CE is dependent on particle phase, which is influenced by the relative humidity in 

the sampling line, the acidity/neutralization of the sulfate, ammonium nitrate and organic 

content (Middlebrook et al., 2012). In this work a Nafion dryer was used in order to reduce 

the relative humidity in the sampling line. In addition, a composition-dependent CE (CDCE), 

which recalculates the concentrations of all the chemical species by taking into account the 

NO3 fraction of the aerosol, was applied to the AMS data as proposed previously by 

(Middlebrook et al. 2012). Equation 2.11 presented above is thus further modified in order to 

include CE (Alfarra et al., 2004): 

 

 Eq. 2.12 
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2.7.4 Calibrations of the AMS 

Different types of calibrations need to be performed in order to ensure the proper 

functioning of the instrument as well as to be able to convert the measured signals in aerosol 

mass concentrations. A summary of the different calibrations and their frequency performed 

during the campaign in Douai is presented in Table 2.10. 

In the m/z calibration the goal is to establish a relationship between the time of flight 

of the ions and their m/z. This calibration is based on three peaks of known m/z ratios and 

always present in the instrument (N2
+, O2

+, and W+) which comes from the ambient air and 

the tungsten filament. The identification of the position of the three peaks allows the software 

to adjust a power fit relating the time of flight and the m/z values. 

 

Table 2.10 Summary of the different calibrations and their frequency during the campaign  

in Douai 

Type of calibration Frequency 

m/z calibration Checked every day in both V and W modes 

Flow calibration At the beginning and at the end of the campaign 

Baseline and Single Ion (SI) values Checked every day 

Blank calibration 
30 min of filtered air sampled every 3 days in both 

modes 

Ionization efficiency Once every two weeks 

Particle size At the beginning and at the end of the campaign 

 

 The flow calibration is required to know the real volume of air entering the system 

and to be able to correctly calculate the concentration of particles. In order to perform this 

calibration, a flowmeter is placed in front of an HEPA filter and a critical orifice in order to 

measure the volume of air that enters the instrument. A valve connected between the 

flowmeter and the AMS allows adjusting different flows which are measured under standard 

ambient pressure and temperature conditions (typically 1 atm and 20 °C) and related to the 

pressure measured inside the aerodynamic lens. The results of the flow calibrations carried 

out in the campaign of Douai are shown in Figure 2.12. Even though the calibration at the end 

of the campaign presents less points, both calibrations deliver similar results and a correlation 

coefficient very close to 1 (0.998) is obtained.   
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Figure 2.12 Flow calibration curve for the campaign carried out in Douai 

 

 The values of the baseline and the SI need to be regularly monitored throughout the 

whole duration of the campaign. The baseline value is defined as the voltage from which all 

the signals are generated. According to this, a threshold is chosen in order to distinguish the 

signal of the ions from the background noise. If this threshold is too low, the electronic noise 

is considered as peaks of ions. On the contrary, if the threshold is too high, the intensity of the 

real peaks will be underestimated. The value of the SI is generally stable and therefore an 

average value is usually considered for the duration of a campaign.  

 The blank calibration is done by filtering ambient air during 30 minutes every three 

days. This allows checking the absence of internal contamination in the AMS. 

 Different calibrations of the ionization efficiency were performed along the field 

campaign. An aqueous solution of 0.01M NH4NO3 (Sigma Aldrich, 99.0%) in ultrapure water 

is used as an aerosol source. The NH4NO3 particles are generated by an atomizer (TSI 3076) 

and then dried by passing through a silica gel drier (TSI 3062) in order to eliminate water. A 

dilution system composed of a system of valves and a HEPA filter is used in order to vary the 

concentration of particles. An electrostatic classifier (TSI 3080) containing a radioactive 

source of Kr-85 (TSI 3077A) and a Differential Mobility Analyzer (DMA, TSI 3081) are used 

to select particles with an electrical mobility diameter of 300 nm. The radioactive source is 

creates a bipolar and stable distribution of the number of particle charges therefore 

minimizing multiply-charged particles. The particles enter simultaneously the Condensation 

Particle Counter (CPC, TSI 3788) and the AMS. The size of the particles (set by the 
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classifier) and their number concentration (measured by the CPC) allows to derive their mass 

concentration: 

 

  Eq. 2.13 

 

where [NO3]CPC is the mass concentration of particles in µg m-3, S the shape factor 

(0.8 for NH4NO3), Vpart the volume of the particle in cm-3, ρ the volumetric mass of the 

particles (1.72 g cm-3 for NH4NO3) and MWi the molar mass of the species i. 

 

The value of  can then be calculated from these calibrations by using the next 

equation: 

  Eq. 2.14 

where IEdefault is the IE default value used in the acquisition software (10-7 in V-mode 

and 5 × 10-8 in W-mode), ABacq and ABmeas are the intensities of the air beam at  m/z 28 (N2
+ 

signal) during the calibration and the sampling of ambient air, respectively, which allows to 

normalize the IE value. Several parameters might vary through the duration of a field 

campaign, such as the filament and the tuning of the voltages, altering the sensitivity of the 

instrument. This can be corrected by the use of the IE value under the assumption that the 

quantity of N2 in every sample is constant. 

The relative efficiency of other species can also be calculated, either through the 

NH4NO3 solution in the case of NH4 or through the use of ammonium sulfate and ammonium 

chloride solutions for the determination of RIESO4 and RIECl, respectively. During the 

campaign, we performed these additional calibrations using solutions of 0.01 M (NH4)2SO4 

(Sigma Aldrich, 99%) and 0.01 M NH4Cl (Sigma Aldrich, 99.5%). 

 Finally, the calibration of the particle size was done to be able to convert the velocity 

of particles of a given size, obtained by the PToF measurements, to aerodynamic diameters 

(Dva). The next equation relates the speed of the particles and their size: 

 

 Eq. 2.15 
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 where l is the length of flight (0.295 m), t the time of flight in µs, Vlens the speed of gas 

in the lens in m s-1, Dva the aerodynamic diameter of the NH4NO3 particles in nm, D* an 

empirical parameter in nm, and b an adimensional empirical parameter.  

 In the particle size calibration, particles of NH4NO3 (same solution as for the IE 

calibration) with different Dva ranging approximately from 70 to 600 nm are generated with 

the same procedure as followed in the IE calibration. In this case, the signal of NO2
+ (m/z 46) 

is followed in order to determinate the time of flight in the instrument. In Figure 2.13, the 

velocity of the NH4NO3 particles relative to their aerodynamic diameter is plotted and fitted in 

order to obtain the parameters needed in Eq. 2.15. 
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Figure 2.13 Velocity of the particle relative to the aerodynamic diameter 

 

2.8 Scanning Mobility Particle Sizer (SMPS) 

 A SMPS+C (Grimm) was set up to study the size distribution of submicron aerosols as 

well as their number concentration. It consists of a Condensation Particle Counter (CPC 

model 5.403) coupled to a Differential Mobility Analyzer (DMA “Vienna type”), also known 

as a particle classifier (Figure 2.14).  

The DMA classifies a poly-disperse aerosol into multiple mono-dispersed size-bins. 

The air sample first passes through a pre-impactor, to determine the particle cut-off diameter, 

and a radioactive charger in order to charge the particles with a defined charge distribution. 

Then the particles are separated according to their mobility in an electric field. Thereby, only 
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particles with appropriate size and charge will exit the DMA column in order to enter the CPC 

as mono-dispersed aerosol. In the Vienna-type column, particles are separated into 44 size 

bins from 11.1 to 1083.3 nm.  

In the CPC, the monodispersed particles are counted by passing through a laser beam. 

However, if the particles are smaller than the laser beam wavelength, the particle counter does 

not detect them. Therefore, the size of the particles is increased to several microns by a 

condensation process in order to become observable. In the CPC 5.403, the particles first 

enter a chamber at 35 °C saturated with butanol vapor and then travel together with the 

alcohol vapors to a condensation chamber (at 10 °C), where butanol condensates around the 

particulate matter increasing their size up to 10 µm. The number concentration in particles 

counted by the CPC goes up to 107 particles L-1, with particle concentration accuracy of 5%. 

 

 

Figure 2.14 Schematics of the DMA (left) and the CPC (right) 

  

The output of the SPMS+C is a data set of different matrices accounting for different 

parameters: 1) raw particle counts, 2) number size distribution, 3) mass distribution, 4) 

surface area distribution and 5) volume distribution, with a time resolution of 6 minutes. The 

data have been processed with IGOR Pro v.6.37 for the creation of particle number size 

distributions (PNSD) in order to identify new particle formation events (NPFs) typically 

associated to a pronounced “banana pattern” (Heintzenberg et al., 2007).  
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2.9 Calculation of uncertainties 

2.9.1 MARGA 

The analysis of aerosols and gases by the MARGA is subject to different types of 

uncertainties. These are summarized in the fishbone diagram presented in Figure 2.15, and are 

mainly associated to the loss along the sampling line, the sampling volume, the accuracy and 

precision of the IC analysis and the contamination.  

 

 

Figure 2.15 Fishbone diagram of the main sources of uncertainty in the analysis of aerosols 

and gases by the MARGA 

 

Different methodologies can be found in the literature for the calculation of 

uncertainties of IC-based analytical procedures. Among them, the methodology proposed by 

Gianini et al. (2012) has been widely used for the calculation of uncertainties of filter 

sampling and subsequent analysis by IC, by explicitly taking into account the systematic 

contamination (through the DL) and the repeatability (through the coefficient of variation, 

CV), as is shown in equation 2.16: 

 

   Eq. 2.16 

 

where DL is the detection limit of the compound j (in µg m-3), calculated as three 

times the standard deviation of the blanks; x is the concentration of the compound i at the 

time j; CVij is the coefficient of variation of the compound j (relative uncertainty), calculated 

as the standard deviation of repeated analyses divided by the average value of the repeated 
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analyses; and a is a factor that equals 0.03 (relative uncertainty) and is applied to account for 

additional sources of uncertainties. The coefficient of variation was calculated from the 

repeated analysis of the Anion (respectively Cation) Calibration Standard for MARGA 

(Sigma Aldrich) with 0.25 mg L-1 of Br-, Cl-, SO4
2-, NO3

-, and NO2
- (respectively Li+, K+, 

Mg2+, Ca2+, Na+ and NH4
+). 

In our work the methodology proposed by Gianini et al. (2012) was slightly modified 

in order to include two additional sources of relative uncertainty: the volume and the loss in 

the sampling line, resulting in equation 2.17:  

 

 

Eq.2.17 

where uvol is the uncertainty related to the variation of the volume and uloss is the 

uncertainty related to the loss along the sampling line.  

The loss in the sampling line was calculated with the Particle Loss Calculator 

extension for Igor Pro (von der Weiden et al., 2009), considering a tube length of 2.5 m, a 

tube diameter of ½ inch and a flow rate of 1 m3 h-1. It was found to be less than 5% whatever 

the particle diameter between 10 nm and 5 µm, and therefore was set to be 5%. The 

uncertainty of the sampling volume was determined to be 2% from the allowed deviation of 

the sampling flow of the MARGA (1.00 ± 0.02 m3 h-1). 

2.9.2 Filter sampling and ICP-MS analysis of trace and major elements 

The uncertainties associated to the elements analyzed by the ICP-MS instrument are 

calculated following the methodology of Alleman et al. (2010), developed in the PhD thesis 

of Lamaison (2006). The diagram of Figure 2.16 presents the main uncertainties in the 

procedure of sampling and analysis of metals in ambient air: 
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Figure 2.16 Fishbone diagram of sources of uncertainty for metals 

(adapted from Lamaison, 2006) 

 

Following the diagram, the final uncertainty has been calculated according to the next 

equation: 

 

Eq.2.18 

  

In the calculation, a total of four sources of uncertainty are taken into account:  

(1) The uncertainty related to the accuracy of the analysis has been estimated from: (a) the 

analysis of standard reference materials (SRM): NIST 1648 (urban particulate matter) which 

contains Al, As, Br, Ca, Ce, Cl, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Rb, S, Sb, Sr, Ti, V 

and Zn, and NIST 2584 (trace elements in indoor dust) which contains Al, As, Ca, Cd, Cr, Fe, 

Hg, K, La, Mg, Na, P, Pb, Ti, Zn; (b) the bias obtained from the analysis of a number of n 

replicates. 

(2) The repeatability of the analysis has been calculated through the internal standard 

analysis (69Ga and 107Rh) and analysis of QC (Quality control) SCP33MS (PlasmaCal) 

composed of 33 elements, on a number of n replicates.  

(3) The uncertainty associated to the volume of sampling has been calculated from the 

allowed drift (5%) relative to the flowrate of the PARTISOL airpump (10 L min-1). 

(4) The uncertainty related to a possible contamination has been calculated from the analysis 

of several field blanks. 
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2.10 Ratios for the analysis of the aerosol acidity and the oxidation of nitrogen and 

sulfur 

 The acidity of the aerosol has been studied in the literature through the use of the ionic 

balance (IB) and/or the neutralization ratio (NR) ratios (Bencs et al., 2008; Makkonen et al., 

2012; Squizzato et al., 2013; Twigg et al., 2015; Stieger et al., 2017). Similarly, many studies 

have also applied the nitrogen oxidation ratio (NOR) and sulfur oxidation ratio (SOR) in order 

to characterize the degree of ageing of the aerosol (e.g. Khoder, 2002; Bencs et al., 2008; 

Behera and Sharma, 2010, Shon et al., 2013; Masiol et al., 2015). 

IB is here defined as the sum of anions minus the sums of cations in molar 

concentrations according to equation 2.19: 

 

           Eq. 2.19 

 

where each species concentration is expressed in µg m-3 and the numbers refer to the 

molar mass in g mol-1. A positive IB means that there is an excess of analyzed anions 

compared to the analyzed cations, which may be related to an acidic aerosol containing a 

significant amount of H+; an IB close to zero indicates that the aerosol is neutral, whereas a 

negative IB points out a lack of analyzed anions compared to the analyzed cations. This may 

be due to a significant contribution of organic anions, such as oxalate (C2O4
2-).  

The IB is also useful to check the quality of the MARGA measurements because a too 

high value of IB may originate from an error in the IC measurements (due to an error in the 

retention time, an error in the peak integration, etc.). 

The neutralization ratio (NR) was used to assess the neutralization degree of the 

aerosol. It is calculated as follows: 

 

 Eq. 2.20 

where concentrations are given in mol m-3.  

 

 The NR is based on the assumption that most particulate nitrate and non-sea salt-

sulfate in the fine particles (PM2.5) are neutralized by particulate ammonium in the form of 

NH4NO3 and (NH4)2SO4. Therefore NR > 1 means that there is an excess of particulate 
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ammonium which may indicate the presence of other ammonium-based salts involving 

different anions (e.g. NH4Cl). NR close to 1 means that the neutralization assumption is 

confirmed. And NR < 1 means that there is a lack of ammonium; other cations might be 

involved in the neutralization of the nitrate and sulfate anions, such as protons H+ (forming 

NH4HSO4) or sodium Na+ (forming NaNO3).  

The nitrogen oxidation ratio (NOR) has been calculated in order to assess the degree 

of conversion of NO2 (reduced nitrogen +IV) to NO3
- (oxidized nitrogen +V) in the ambient 

air, as shown in Eq. 2.21: 

 

 Eq. 2.21 

where concentrations are expressed in mol m-3 

 

High NOR values usually suggest a high conversion of NO2 to particulate NO3
-. This 

may indicate either that the NOx precursors originate from distant sources and that the 

nitrogen conversion has taken place during the transport of the air mass to the measurement 

site and/or that the rate of nitrogen oxidation is high.  

 A wide range of NOR values has been reported in the literature. Low values, ranging 

from 0.01 to 0.10 have been associated to a low conversion of NO2 to particulate NO3
- (Wang 

et al., 2005; Bencs et al., 2008; Squizzato et al., 2013; Percorari et al., 2014; Masiol et al., 

2015). On the contrary, high values, ranging from 0.1 to 0.8 have also been reported and were 

associated to an intense formation of particulate NO3
- (Du et al., 2011, Khezri et al., 2013; 

Percorari et al., 2014). 

The sulfur oxidation ratio (SOR) is another frequently used ratio used to quantify the 

oxidation of SO2 (reduced sulfur +IV) to SO4
2- (oxidized sulfur +VI) in ambient air, and is 

obtained through Eq. 2.22: 

 

 Eq. 2.22 

 

where concentrations are expressed in mol m-3 and nss-SO4
2- stands for non-sea salt 

sulfate. Some studies have reported SOR values below 0.10 under the predominance of 
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primary emissions (Pierson et al., 1979; Truex et al., 1980), while values above 0.10 have 

been suggested to take place under high sulfate formation conditions. (Ohta and Okita, 1990). 

 

2.11 Source apportionment 

2.11.1 Application of PMF to hourly to daily-resolved data of inorganic 

compounds 

To apportion the dataset composed of inorganic ions, metals and black carbon 

collected with the MARGA, the PARTISOL and the Aethalometer, respectively, we used the 

stand-alone version of PMF v.5.1 developed by the United States Environmental Protection 

Agency (US EPA). The PMF model has been explained in detail in Chapter 1 of this 

manuscript. The EPA PMF software requires two input matrices: (i) the concentrations of 

each species for each sample and (ii) the uncertainties associated with each concentration. 

These input matrices were obtained following the general guidelines by Polissar et al. (1998). 

The data points below the detection limit (DL) were replaced by DL/2, and an uncertainty 

corresponding to 5/6 DL was associated to these values. In addition multiple imputation was 

used in order to estimate some missing values. This methodology gives estimations for 

missing values based on statistical relationships (such as linear correlations) between different 

chemical species and has already been used in previous studies (Mooibroek et al. 2011 and 

references therein). In this work, the uncertainties were multiplied by a factor of 4. For the 

rest of the data, the calculation of the uncertainties is addressed in section 2.9.  

An additional uncertainty can be attributed directly in the software to each species, 

depending on its signal-to-noise ratio (SNR). According to the SNR, the different chemical 

species are classified as strong (SNR > 2), weak (2 ≥ SNR ≥ 0.2) or bad variables 

(SNR < 0.2). The uncertainty of a strong variable does not change and that of a weak variable 

is multiplied by 3, while the variables classified as bad are not considered anymore. In 

addition, the total PM mass is generally defined as the “total variable” of the dataset (i.e. the 

sum of all the analyzed species), and is automatically categorized as a weak variable in order 

to decrease its influence. 

The quality and robustness of the PMF solution might be evaluated by different 

methods including the analysis of the Qtrue/Qexp ratio, the residuals, the comparison of the 

measured and modelled concentrations, the rotation of the Q function with fpeak, and the 

comparison of the results with external variables, as explained in section 1.4.2 of Chapter 1. 
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In addition, the EPA PMF software presents an additional valuable tool for this purpose 

known as the bootstrap methodology.  

The bootstrap method was developed by Efron (1979) in order to estimate the 

sampling distribution of a pre-specified random variable on the basis of the observed data. 

The general idea behind this methodology is to re-distribute the data in order to create 

replicates of the initial dataset, the variability of which will be evaluated. When applied to the 

PMF analysis, the bootstrap allows estimating the stability and the uncertainties of the 

obtained results, and also helps in the determination of the final number of factors. In this 

work, an approach combining all the precedent methodologies for the evaluation of the PMF 

solution was taken.  

The PMF analysis was applied to two databases composed of different sets of 

variables with different time resolutions, giving place to two types of PMF which will be 

considered differently from this point. 

 An hourly-resolved PMF (PMFh) composed of the data of the MARGA and the 

Aethalometer was studied in order to: (i) explore the possibilities of associating a 

MARGA and a 2-wavelength Aethalometer as a sufficient tool for source 

identification; (ii) take advantage of the high time resolution of the MARGA and 

the Aethalometer to observe the daily evolution of source contributions. 

 A daily-resolved PMF (PMFd) including the 24-h averaged data of the MARGA 

and Aethalometer and the elemental data from ICP-MS analyses was carried out in 

order to see if additional sources could be identified by the addition of 

supplementary information about trace and major elements, with the drawback of 

degrading the time resolution.  

In the application of the PMF analysis for both datasets, the following technical parameters 

were taken into account: 

- 100 simulations were run in order to ensure the quality and robustness of the final 

solution; 

- The start of each run was determined arbitrarily (random seed); 

- Different numbers of factors have been tried, ranging from 3 to 7 factors for the PMFh 

and from 3 to 12 factors for the PMFd; 

- The final solution has been validated by the application of the bootstrap method with a 

total of 100 simulations with a minimum correlation coefficient of r = 0.6.  
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2.11.2 Application of PMF to mass spectrometry data of organic compounds 

For the source apportionment of the mass spectra obtained with the AMS, the PMF 

Evaluation Tool (PET v. 2.08) integrated in IGOR Pro was used (Ulbrich et al., 2009). Both 

datasets obtained from SQUIRREL (unit mass resolution) and PIKA (high resolution) were 

tried in the source apportionment analysis. It is important to note that only the organic fraction 

of the analyzed aerosol is apportioned in this methodology, while the inorganic ions might be 

used as external variables to evaluate the validity of the obtained solution.  

The matrix X or xij is composed of the time series of the organic mass spectra, where i 

is the time and j the m/z ratios (in V-mode) or the observed fragments (in W-mode). The 

matrices G or gij and F or fij represent the time series of the concentrations (tsi) and the mass 

spectra (msi) of each factor k, respectively, and the matrix E the residues. A scheme of the 

deconvolution of the organic matrix X is shown in Figure 2.17. 

PET requires as inputs two 2-D matrices of the same exact dimensions: one corresponds 

to the concentrations of the organic m/z values or fragments for the different times, while the 

other matrix corresponds to the uncertainties of the measurements (for each m/z value or 

fragment).  

 

 

Figure 2.17 Scheme of the deconvolution of the organic matrix X into two different factors 

and a residual matrix (Zhang et al., 2011) 

 

Some important steps need to be performed before running the PMF analysis. These 

include the elimination of missing or zero values, the calculation of a signal-to-noise ratio 
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(SNR), the down-weighing or elimination of weak and bad m/z or fragments, as well as m/z or 

fragments related to the m/z 16,17,18, 28, 44 for UMR data or O, HO, H2O, CO, CO2 for HR 

data. Weak fragments (SNR < 2) are down-weighted by a factor of 2, while bad fragments 

(SNR < 0.2) are not considered. 

Similarly to what has been explained in section 2.11.1, the choice of the optimal 

number of source factors and the quality and robustness of this choice is assessed by several 

parameters. These include the variation of the Qtrue/Qexp ratio, the analysis of the residuals, the 

rotation of the Q function with fpeak, the meaningfulness of each source factor by comparing 

them with similar factors found in the literature and with specific tracers and external 

variables, as well as the analysis of the temporality of each source factor.  

2.12 Geographical determination of sources 

The possible geographical origin of the pollution sources found in Douai has been 

assessed through the application of different complementary methodologies including the 

non-parametric wind regression (NWR) for the distinction between local and regional 

sources, and the potential source contribution function (PSCF) for the identification of distant 

source areas. Both methodologies have been applied to individual particulate and gaseous 

pollutants, as well as to the source factors obtained in the final solutions of the PMF analyses. 

2.12.1 Local sources 

The non-parametric wind regression (NWR) is a hybrid source-receptor model which 

locates and quantifies sources of a pollutant based on local wind speed (u) and direction (θ) 

(Henry et al., 2009): 

 

 Eq. 2.23 

 

where E is the concentration estimate at a wind direction θ and wind speed u; Wi, Yi 

and Ci the wind direction and speed, and atmospheric concentrations, respectively, measured 

at ti; σ and h smoothing factors (which were suggested for each species by the software used); 

and K1 and K2 two kernel functions, defined as follows: 

 

 Eq. 2.24 
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 Eq. 2.25 

 

In order to apportion the weighted concentrations obtained from Eq. 2.23 to source 

areas, these results have to be weighted by the frequency of the winds. Hence, an empirical 

joint probability density of wind speed and direction is calculated using the kernel density 

estimate, as shown in Eq. 2.26:  

 

 Eq. 2.26 

 where N is the total number of points. 

 

Finally, an estimation of the fraction of the weighted pollutant concentration E 

associated with wind speed u in the closed interval U = [u1; u2] and wind direction θ in the 

interval  = [θ1; θ2] is obtained by multiplying f(θ, u) and E(C|θ, u) and integrating over the 

belonging ranges of wind speed u and direction θ as is shown in Eq. 2.27.: 

 

 Eq. 2.27 

 

where  is the average value of a specific pollutant concentration associated 

with winds from the sector defined by the intervals U and . 

NWR has already been successfully applied in a number of studies to different 

atmospheric pollutants and pollution sources (Yu et al. 2004; Pancras et al. 2011; Olson et al. 

2012; Petit et al. 2017). In this thesis NWR was calculated using the Zefir v3.31 IGOR tool 

(Petit et al., 2017).  

2.12.2 Distant sources 

2.12.2.1 Calculation of back-trajectories 

Back-trajectories were calculated with HYSPLIT 4 (HYbrid Single-Particle 

Lagrangian Integrated Trajectory) (Stein et al., 2015) for an arrival height of half the mixing 

layer, at a 3-h interval (8 trajectories per day at 0, 3, 6, 9, 12, 15, 18, 21 UTC), 72 h back in 

time. Therefore each trajectory has 72/3 = 24 endpoints. The obtained back-trajectories were 
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used for the determination of distant sources by using the PSCF method. In addition, a cluster 

study of the back-trajectories was also performed, in order to obtain further information on 

the potential geographical origins of the pollutants. Finally, individual trajectories were also 

evaluated during specific events such as high pollution episodes to better assess their nature.  

2.12.2.2 Positive Source Contribution Function (PSCF) 

Potential source contribution function (PSCF) was applied using Zefir v3.31 in order 

to determine the most probable regions of emissions for the gaseous and particulate species. 

PSCF is calculated by the following equation: 

 

 Eq. 2.28 

 

where mij is the number of endpoints belonging to trajectories which both cross the ijth 

cell (with latitude i  and longitude j) and are associated to concentrations exceeding a specific 

threshold, and nij the total number of endpoints belonging to trajectories falling into the ijth 

cell. High values of PSCF generally indicate high probabilities that the ijth cell represents a 

source location. In this study the 75th percentile of the concentrations of a species or of the 

contributions of a source factor was used as a threshold.  

The Zefir tool allows the inclusion of additional thresholds for other parameters such as 

precipitation and altitude. The precipitation threshold permits accounting for wet deposition, 

assuming that whenever precipitation has taken place (>1 mm h-1), the air parcel would be 

cleaned (i.e. PSCF=0) and that each of the preceding cells would also present a zero value. 

Similarly, the altitude threshold allows setting a limit of height for the planetary boundary 

layer, above which the air parcel is diluted in the free troposphere (PSCF = 0). In this work, 

thresholds of 1 mm h-1 for rain and 1500 m for altitude were set for all PSCF calculations. 

In addition, in order to reduce the influence of back-trajectories with low nij (passing 

only a few times through the ijth cell) a weighting function is applied. Two types of weighting 

functions can be used: discrete or sigmoidal functions. In discrete functions, the average of n 

is used, and fixed user-defined coefficients are set over user-defined ranges of n (or log(n+1)), 

as shown in equation 2.29, where the values that can be modified by the user are highlighted 

in bold:  
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 Eq. 2.29 

 

On the other hand, the sigmoidal function presents a similar shape to that of the discrete 

function, but is continuous and has less parameters to be controlled. The sigmoidal function 

used in Zefir is described in equation 2.30: 

 

 Eq. 2.30 

 

In this work, the sigmoidal function was applied in all the PSCF analyses, with a = 10, b = 0.5 

and c = 0.  

2.13 Thermodynamic partitioning analysis: ISORROPIA II 

The predicted thermodynamics of the K+-Ca2+-Mg2+-NH4
+-SO4

2--NO3
--Cl--H2O 

aerosol system have been calculated by the use of the thermodynamic equilibrium model 

ISORROPIA II (Fountoukis and Nenes, 2007). ISORROPIA II performs the calculation of the 

composition and phase state of the inorganic aerosol system in thermodynamic equilibrium 

with the gas phase precursors. ISORROPIA II can be applied in two different ways: 

- A forward or “closed system” in which the input consists of the temperature, relative 

humidity and the total (gas+aerosol) concentrations of NH3, H2SO4, Na+, Ca2+, K+, 

Mg2+, HCl, and HNO3. 

- A reverse or “open system” in which the input consists of the temperature, relative 

humidity and the aerosol phase concentrations of eq-NH3, eq-H2SO4, Na+, Ca2+, K+, 

Mg2+, eq-HCl, and eq-HNO3 (where “eq-” stands for equivalent concentrations). 

In addition, in both cases the aerosol can be either in a thermodynamically stable state, where 

salts precipitate once the aqueous phase becomes saturated, or in a metastable state, where the 

aerosol is only composed of a supersaturated aqueous phase. The mutual deliquescence 

relative humidity (MDRH) is the characteristic RH for which all salts are simultaneously 

saturated with respect to the other components (Wexler and Seinfeld, 1991). In general, when 

the RH of an aerosol mixture is below the MDRH, the particles will be solid given that the 

aerosol follows the deliquescence branch. However, when the RH of a wet aerosol mixture is 
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decreasing, the wet aerosol might not crystallize below the MDRH and instead it can remain 

solid, in a so-called metastable state.  

In this work, due to the wide range of relative humidities encountered throughout the 

campaign, the thermodynamically stable state, where both solid and liquid particles are 

allowed to exist, was chosen. In addition the forward mode was selected since the input 

provided more information to the module. Furthermore, when the reverse mode was 

attempted, the solution did not always mathematically converge.  

The output results of ISORROPIA II have been used in order to preliminarily assess 

the validity of HNO3 measurements and then to evaluate the gas-aerosol partitioning of 

NH4NO3. 
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CHAPTER 3. Characterization and variability of inorganic aerosols and 

their gaseous precursors at a suburban site in northern France over one 

year (2015-2016) (ARTICLE 1) 

  

This chapter is based on the measurements obtained with the MARGA from the long-

term measurement campaign and is presented under the form of an article which has been 

submitted to Atmospheric Environment in March 2018. This is the second revised version. 

The main characteristics and the variability of secondary inorganic aerosols and their gaseous 

precursors throughout one year will be presented. In addition, a first approach on the possible 

sources of aerosol and their geographical origins will also be given. The study is 

complemented by the analysis of the characteristics of high pollution episodes.  

The article is complemented with supplementary material which can be found in 

Annex 2 in the end of the manuscript. This includes a section on the quality assurance and 

quality control of the presented data, particularly focused on the MARGA measurements. The 

rest of the supplementary material consists of several figures and tables complementary to the 

main text. 
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Abstract. Measurements of inorganic precursor gases (NO, NO2, HONO, NH3, SO2 

and HCl) and PM2.5 inorganic water-soluble ions (NO3
-, SO4

2-, NH4
+, Cl-, Na+, Mg2+, Ca2+, 

K+) were performed at a suburban site in northern France for the first time using a MARGA 

1S with an hourly time-resolution from August 2015 to July 2016. The observations were 

compared with other independent methods: HR-ToF-AMS, BAM-1020, SO2 and NH3 gas 

monitors over shorter time periods. The dominant particulate species were NO3
-, SO4

2- and 

NH4
+, with average annual mass contributions to PM2.5 of 28.0%, 13.1% and 9.9%, 

respectively. The highest concentrations of SIA were found in spring likely due to increased 

agricultural emissions of precursor gases. A strong formation of ammonium nitrate (NH4NO3) 

over nighttime was observed for every season and attributed to the condensation of its 

gaseous precursors NH3 and HNO3. The partitioning of NH4NO3 between the gas and 

particulate phases was compared with that obtained with the thermodynamic module 

ISORROPIA II and generally found to agree well except for HNO3. The local or distant origin 

of each species was determined by means of Non parametric Wind Regression (NWR) polar 

plots and Potential Source Contribution Function (PSCF) maps. SIA main origins were 

regional with significant contributions from Belgium, The Netherlands and western Germany. 

Additionally, several high PM2.5 episodes that lasted more than 2 days were analyzed, 

showing some common features.  

Keywords: MARGA, SIA, ammonium nitrate, partitioning, ISORROPIA 
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1. Introduction 

Fine particulate matter with an aerodynamic diameter below 2.5 µm (PM2.5) has been 

shown to cause human health and environmental concerns (Kelly and Fussell, 2012). In 

Europe, its concentration in ambient air is regulated by the 2008/50/EC Directive, which sets 

an annual limit value (LV) of 25 µg m-3. This limit is above the air quality guideline value 

(GV) annual mean of 10 µg m-3 for PM2.5 recommended by the World Health Organization 

(WHO, 2006). In northwestern European countries, current PM2.5 annual mean concentrations 

are above the GV and even exceed the LV at some locations. 

A large contributor to PM2.5 in northwestern Europe is secondary inorganic aerosol (SIA), 

which includes nitrate (NO3
-), sulfate (SO4

2-) and ammonium (NH4
+). SIA might contribute to 

more than half of the PM2.5 mass, with ammonium nitrate (NH4NO3) alone as high as 30% 

(Putaud et al., 2004). NH4NO3 is formed by the neutralization of gaseous nitric acid (HNO3) 

by ammonia (NH3), as shown by reaction 1 (R1): 

     R1 

Its equilibrium between the gaseous and aerosol phases is reversible, and depends on 

the temperature, the relative humidity (RH) and the deliquescence state (Stelson and Seinfeld, 

1982; Mozurkewich, 1993). 

A good knowledge of the concentrations and temporal variability of both gaseous 

precursors and particulate ions appears essential in order to understand the processes that 

govern the ambient concentrations of PM2.5 and to help establish effective policies to reduce 

their ambient concentrations. Various instruments have been developed over the last decades 

in order to measure the chemical composition of atmospheric aerosols and their precursor 

gases. Measurements by filter packs, consisting of a front filter used to sample particles and a 

second one to collect gases, with subsequent analysis by ion chromatography (IC), have been 

extensively used in monitoring networks such as the European Monitoring and Evaluating 

Programme (EMEP) (EMEP, 2014). However, this methodology presents possible negative 

and positive artifacts (Slanina et al., 2001) and a low time-resolution which does not allow 

observing phenomena occurring rapidly in the atmosphere. Semi-continuous measurement 

techniques with higher time-resolution and less subject to artifacts have been developed, 

many of which are based on wet sampling of airborne compounds in liquid solutions and 

subsequent IC analysis. Such instruments include the Particle-Into-Liquid Sampler (PILS) 
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(Weber et al., 2001), the Ambient Ion Monitor (AIM) (Wu and Wang, 2007) and the Monitor 

for Gases and AeRosols in ambient Air (MARGA) (ten Brink et al., 2007). While the PILS is 

limited to the analysis of the particle phase, the AIM and MARGA are able to measure 

simultaneously the precursor gases of inorganic aerosols, which has proven useful for model 

evaluation (Schaap et al., 2011) and for the study of gas-aerosol partitioning of NH4NO3 (Aan 

de Brugh et al., 2012).  

In Europe, most of the research efforts on the simultaneous analysis of precursor gases 

and inorganic aerosols have been focused in rural areas, leaving a few number of studies 

conducted at urban or suburban sites. Table S1.1 in the supplementary material (SM) 

summarizes all published studies having used a MARGA from 2007 to 2017. Whereas most 

of them have been conducted at urban sites in China, only Makkonen et al. (2012) worked at 

an urban site in Europe. Improving on the knowledge of the composition and variability of 

precursor gases and inorganic particulate ions at more urban and suburban European sites 

appears therefore necessary. 

Northern France is especially concerned by high levels of PM2.5, often exceeding the 

established annual limit during several days. Main reasons accounting for this include its 

location amidst various emission source areas including an extensive road network, an 

elevated urban density, and the proximity to European capitals (London, Paris, and Brussels) 

as well as the existence of a significant influence of industry and agriculture. However, there 

is a limited number of studies describing the chemical composition of fine particles in this 

region, which were either carried over short periods of time (Crenn et al., 2017, 2018), or with 

a low time-resolution (Waked et al., 2014). These do not bring information about the temporal 

evolution of PM2.5, SIA and their precursor gases with high time-resolution during a long 

period. Therefore there is still poor knowledge in this region on the chemical processes 

governing SIA formation, their contribution to PM2.5 mass and to the pollution episodes, as 

well as on their local or distant origins.  

The present paper presents and discusses the first long-term and highly time-resolved 

dataset obtained with a MARGA in the north of France, with the aim to explain the time 

variability of SIA in PM2.5 at a typical suburban site over different time scales (monthly, daily 

and hourly), as well as to determine its main drivers.  
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2. Materials and methods 

2.1. Campaign description 

Observations of the chemical composition of atmospheric aerosols have been carried 

out from August 2015 to July 2016 in Douai, northern France (50°23’03’’N, 3°05’08’’E, and 

20 m above sea level). The city of Douai is located in a fairly flat land and is part of the 

European Metropolis of Lille, with about 1.2 million inhabitants and a population density of 

1,832  

inhab. km-2, being the second most densely populated metropolis in France, after that of Paris. 

The climate in northern France is classified as temperate oceanic, characterized by low 

seasonal thermal amplitudes, and regular precipitations along the year, with the absence of a 

dry season. The winters are mild and the summers cool.  

The sampling site is located at a suburban location outside the city center of Douai 

(Figure P1.1), and is considered to be representative of the background pollution of the 

region. 

 

Figure P1.1 Maps of France (left) and Douai (right) with the sampling site (yellow cross), the 

main roads (red lines), railroad (black line), city center (grey area), non-ferrous metal industry 

(brown area), slaughterhouse (green cross) and waste water treatment plant (WWTP, blue 

cross). 

 



155 

2.2. Instrumentation 

The commercially available MARGA 1S – ADI 2080 (Metrohm Applikon B.V) (ten 

Brink et al., 2007) has been deployed over the entire period in order to determine the chemical 

composition of 8 water-soluble inorganic ions (NO3
-, SO4

2-, NH4
+, Na+, K+, Ca2+, Mg2+, Cl-), 

1 water-soluble organic ion (oxalate) and 5 precursor gases (NH3, SO2, HONO, HNO3 and 

HCl) with an hourly time-resolution. The MARGA has already been used in a number of 

studies over Europe, Asia and North America and has been compared to other reference 

methods (e.g. denuder/filter pack , SO2 gas monitors, AMS) generally delivering satisfying 

results (Huang, 2014; Makkonen et al., 2012, 2014; Mensah et al., 2012; Rumsey et al., 

2014). Briefly, ambient air is drawn at a constant flow rate of 1 m3 h-1 through a Teflon-

coated PM2.5-inlet (Leckel) followed by a 2.5 m long polyethylene tube of 1/2” outer 

diameter. Then the air enters the Wet Rotating Denuder (WRD), where water-soluble gases 

diffuse to the absorption solution (10 ppm hydrogen peroxide in ultrapure water). 

Subsequently the aerosol particles are collected in a Steam Jet Aerosol Collector (SJAC). The 

non-soluble compounds are then separated by 0.45 µm PTFE filters. The sampled aerosol and 

gas compounds are continuously collected in 25-mL syringes and alternatively injected to the 

ion chromatograph (IC) after addition of LiBr as internal standard. The cation (respectively, 

anion) loop volume was 500 µL (resp. 250). Metrosep C4 (100 x 4.0 mm; Metrohm) and 

Metrosep A Supp-10 (75 x 4.0 mm, Metrohm). The cation eluent was composed of 3.2 mmol 

L-1 HNO3, while the anion eluent consisted of 7.0 mmol L-1 Na2CO3 and 8 mmol L-1 

NaHCO3. In addition, since the anion chromatography worked with chemical suppression, a 

regenerant solution was used for the chemical suppressor which consisted of 0.35 mol L-1 

H3PO4. A section on the quality assurance and quality control of the data is presented in the 

SM, including a comparison of the MARGA with collocated independent instruments. 

An AE42 aethalometer (Magee Scientific) has been operated at 2 wavelengths (370 

and 880 nm) along with the MARGA for the analysis of aromatic particulate carbon 

absorbing in the UV and particulate carbon absorbing in the near infrared, respectively, with a 

time-resolution of 5 minutes. Measurements were corrected using the algorithm from 

Weingartner et al. (2003). Black carbon (BC) concentrations were calculated from the 

absorption coefficient at 880 nm. Additionally, a Delta-C variable was determined by the 

difference of light absorption between 370 and 880 nm (Allen et al., 2004). Delta-C has 

previously been found to be correlated with wood-burning markers such as levoglucosan and 

K+ and therefore might be used as a tracer of wood combustion (Wang et al., 2012).  
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Nitrogen oxides have been analyzed every 15 minutes with a chemiluminescence 

analyzer NOx 2000G (Seres environment). The PM2.5 total mass has been measured by a Beta 

Attenuation Monitor BAM-1020 (Met One Instruments) every hour. Meteorological 

parameters including temperature, relative humidity (RH), pressure, wind speed and direction 

and precipitation were also monitored on site. Their temporal variability over the campaign is 

reported in Figure S1.1 and their seasonal daily profiles in Figure S1.2. 

 All presented measurements are given in Coordinated Universal Time (UTC), and 

seasons are differentiated as follows: winter (December, January, February), spring (March, 

April, May), summer (June, July, August) and autumn (September, October, November). 

   

2.3. Ratios (NR and GR) 

Based on the MARGA data, the neutralization ratio (NR) was calculated (Eq. 1), in 

order to evaluate the degree of neutralization of the SIA. In addition, the gas ratio (GR) is 

used in order to assess the limiting species between HNO3 and NH3 for the formation of 

NH4NO3 (Eq. 2).  

        Eq. 1 

     Eq. 2 

where [TNH3] = [NH3] + [NH4
+], [TS] = [SO2] + [SO4

2-] and [TNO3] = [HNO3] + 

[NO3
-], and all concentrations are expressed in µmol m-3. 

2.4. Weather and trajectory models 

2.4.1. Non-parametric wind regression 

The non-parametric wind regression (NWR) is a hybrid source-receptor model which 

locates and quantifies local sources of hourly averaged atmospheric concentrations of a 

pollutant based on wind speed (u) and direction (θ) (Henry et al., 2009): 

 

   Eq. 3 
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where E is the concentration estimate at a wind direction θ and wind speed u; Wi, Ui 

and Ci the wind direction, speed and atmospheric concentrations, respectively, measured at ti; 

σ and h the smoothing factors (which were suggested for each species by the software); and 

K1 and K2  are a Gaussian kernel function for wind direction θ and an Epanechnikov kernel 

function for wind speed u, respectively (Henry et al., 2009).  

In order to apportion the weighed concentrations obtained from Eq. 3 to source areas, 

these results have to be weighed by the frequency of the winds. Hence, an empirical joint 

probability density of wind speed and direction is calculated using the kernel density estimate, 

as shown in  

Eq. 4:  

   Eq. 4 

where N is the total number of points. 

NWR for every season and species were calculated using the Zefir v3.31 IGOR tool 

(Petit et al., 2017) and results are presented in section 3.4.1. 

2.4.2. Back-trajectory calculations 

Back-trajectories were calculated with HYSPLIT 4 (HYbrid Single-Particle 

Lagrangian Integrated Trajectory) (Stein et al., 2015) for an arrival height of half the 

planetary boundary layer (PBL) at 3-hour intervals (8 trajectories per day at 0, 3, 6, 9, 12, 15, 

18, 21 UTC), 72 hours back in time. All obtained back-trajectories were used to perform 

trajectory-based analyses. 

2.4.3. Potential source contribution function 

The Potential Source Contribution Function (PSCF) method (Hopke, 1985) was 

applied using Zefir v3.31 in order to determine the most probable regions of emissions for the 

gaseous and particulate species. PSCF is calculated through the following equation: 

      Eq. 5 

where mij is the number of times that the measured concentration exceeds a specific 

threshold (in this case the 75th percentile was used) and nij the number of times a trajectory 
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falls into the ijth cell with latitude i and longitude j. High values of PSCF indicate high 

probabilities that the ijth cell represents a source location.  

2.5. Thermodynamic module  

The thermodynamics of the K+-Ca2+-Mg2+-Na+-NH4
+-SO4

2--NO3
--Cl--H2O aerosol 

system has been evaluated with the use of the ISORROPIA II thermodynamic equilibrium 

model (Fountoukis and Nenes, 2007). ISORROPIA II performs the calculation of the 

composition and phase state of the inorganic aerosol system in thermodynamic equilibrium 

with the gas-phase precursors.  

 The results presented in this work correspond to the forward mode, where input data 

consist of the temperature, RH and the total (gas + aerosol) concentrations of NH3, H2SO4, 

Na+, Ca2+, K+, Mg2+, HCl, and HNO3. The aerosol is considered in a thermodynamically 

stable state, where salts precipitate once the aqueous phase becomes saturated.  

3. Results 

3.1. PM2.5 chemical composition and correlations between species 

A summary of the meteorological conditions for each season is presented in Table 

P1.1 and their temporal variability is plotted in Figure S1.1. Briefly, precipitations were 

abundant and constant throughout the whole year, with no clear dry or wet season. The 

autumn and winter were mild, with higher temperatures compared to previous years. In spring 

and summer the temperatures were more representative of the seasonal average values. The 

winds were rather calm and with predominant directions from the S and SW, particularly in 

winter. Monthly statistics are given in Table S1.2. 

Table P1.2 summarizes the average concentrations, together with the standard 

deviations, the percentiles 2.5, 50 and 97.5. The data coverage above the detection limit has 

been calculated for PM2.5 and every particulate and gaseous species for each season. Most 

species presented a high percentage of valid data above the DL, particularly gaseous species 

and water-soluble anions, except Cl-. On the other hand, cations such as Mg+, Ca2+ and K+ 

often presented values below the DL of the instrument, and their results should be interpreted 

with caution.  

A high percentage of PM2.5 is composed of SIA, with NO3
-, SO4

2- and NH4
+

 being the 

main inorganic ions (contributions of 28%, 13% and 10%, respectively). The sum of the other 
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minor ions as well as BC both presented an average contribution of 3%. The remaining PM2.5 

could not be determined by our measurement techniques, and most likely represented organic 

matter (OM).  

The correlations between all gaseous and particulate species for each season are given 

in Table S1.3. The strongest correlation was found between NO3
- and NH4

+, with seasonal 

Pearson coefficients (r) higher than 0.9. A lesser but still strong correlation was obtained 

between NH4
+ and SO4

2- with seasonal r values close or higher than 0.8. These significant 

correlations suggest that both ammonium nitrate and ammonium sulfate species are likely to 

be formed. These results are in line with what has been found at other sites in north-western 

Europe (Putaud et al., 2004, 2010) and in a previous study of the non-refractory PM1 in 

Douai, where NH4
+ was highly correlated with NO3

- (r² = 0.91 and 0.89 for winter and 

summer, respectively) and slightly less with SO4
2- (r² = 0.75 and 0.46) (Crenn et al., 2017). 

While the presence of (NH4)2SO4 and NH4HSO4 was also important, other sulfate compounds 

might also exist. High r values (around 0.6) were observed between C2O4
2- and SO4

2-, 

suggesting both species may partly originate from similar sources or processes. Significant 

correlations between gaseous HONO, NO and NO2, and BC were found, suggesting 

combustion sources as the main origins for all of them. These findings are consistent with the 

variability of the seasonal mean values of these species presented in Table P1.2.  

Table P1.1 Statistical summary (mean ± one standard deviation) of meteorological parameters 

for each season 

 Winter Spring Summer Autumn 
T (°C) 7.6 ± 3.8 10.8 ± 5.3 19.0 ± 4.7 12.1 ± 4.3 

RH (%) 86.0 ± 8.2 76.6 ± 15.2 77.3 ± 15.5 85.8 ± 10.3 
Patm (mbar) 1012.1 ± 12.0 1010.3 ± 8.6 1015.3 ± 6.5 1016.0 ± 8.0 
PBLmaxa (m) 861 ± 352 1284 ± 371 1243 ± 387 1003 ± 363 
Acc. rain b 

(mm) 
157 196 174 173 

WS (m s-1) 1.9 ± 1.1 1.3 ± 1.1 1.3 ± 0.9 1.5 ± 1.1 

Wind speed 
(WS) 

(m s-1) 

     
a The PBL height was obtained from meteorological data from GDAS; b Accumulated rain 
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Table P1.2 Statistical summary of all measured parameters at the site of Douai for each season: average, standard deviation (SD) and percentiles 

(Pi) are concentrations in µg m-3; nv>D: percentage of valid data, i.e. above the detection limit (DL) for each compound 

 
WINTER SPRING SUMMER AUTUMN 

 

 
AVG ± SD P2.5 P50 P97.5 nv>D AVG ± SD P2.5 P50 P97.5 nv>D AVG ± SD P2.5 P50 P97.5 nv>D AVG ± SD P2.5 P50 P97.5 nv>D DL 

NO 4.87 11.8 <DL 0.5 36.84 36 2.87 7.52 <DL 0.25 19.8 53 1.57 2.68 <DL 0.25 9.25 20 6.22 12.4 <DL 1.25 37.5 65 0.25 

NO2 9.72 7.83 <DL 8.25 27.87 59 8.71 6.74 1 7 26 97 7.93 4.15 1.25 7.71 17 34 10 6.54 0.75 9.25 24 92 0.4 

O3 * 37.6 18.1 2.4 39.4 66.2 100 50.1 23.7 4.1 51.9 100 88 46.5 21.4 12.2 44.2 99.2 66 33.1 20.4 1.2 33.5 71.2 97 1 

HONO 1.01 0.81 0.27 0.79 3.18 97 1.02 0.79 0.27 0.76 2.95 78 0.72 0.47 0.19 0.59 1.97 91 1.06 0.87 0.29 0.84 3.19 87 0.08 

SO2 0.63 0.82 0.17 0.36 2.67 97 0.98 1.99 0.2 0.58 3.68 78 1.19 2.62 0.18 0.4 8.01 91 0.87 1.42 0.16 0.37 4.74 87 0.16 

NH3 1.39 0.68 0.41 1.32 3.04 97 4.28 2.86 0.56 3.71 10.8 79 4.03 2.78 0.84 3.21 11.2 96 2.24 1.82 0.07 1.91 6.74 83 0.04 

NO3- 3.34 3.69 0.52 1.88 14.82 97 5.21 5.81 0.49 2.84 22.7 84 2.69 3.78 0.58 1.27 14.7 90 3.88 3.83 0.58 2.28 14.9 84 0.22 

SO42- 1.3 0.82 0.33 1.09 3.26 97 2.05 1.65 0.42 1.49 6.97 84 2.02 1.28 0.55 1.7 5.6 90 1.67 1.24 0.39 1.32 5.16 84 0.24 

NH4+ 1.14 1.33 <DL 0.67 5.12 94 1.95 2.24 0.11 1.03 8.48 84 1.21 1.54 0.11 0.66 6.03 94 1.01 1.17 <DL 0.59 4.36 80 0.04 

Oxal 0.13 0.09 <DL 0.12 0.34 60 0.19 0.12 <DL 0.18 0.45 58 0.19 0.15 <DL 0.16 0.53 64 0.13 0.1 <DL 0.11 0.37 49 0.08 

Cl- 0.13 0.34 <DL <DL 1.05 30 0.06 0.16 <DL <DL 0.57 19 0.03 0.07 <DL <DL 0.21 9 0.06 0.25 <DL <DL 0.52 14 0.06 

Na+ 0.13 0.16 <DL 0.07 0.55 79 0.07 0.09 <DL 0.04 0.3 47 0.06 0.07 <DL 0.03 0.25 50 0.12 0.17 <DL 0.09 0.57 63 0.03 

K+ 0.05 0.07 <DL <DL 0.22 27 0.02 0.02 <DL <DL 0.11 5 0.02 0.02 <DL <DL 0.06 4 0.03 0.04 <DL <DL 0.16 9 0.06 

Mg2+ 0.02 0.03 <DL <DL 0.09 22 0.02 0.02 <DL <DL 0.08 9 0.02 0.02 <DL <DL 0.06 12 0.02 0.03 <DL <DL 0.12 16 0.04 

Ca2+ 0.04 0.05 <DL <DL 0.18 13 0.06 0.08 <DL <DL 0.29 23 0.08 0.09 <DL <DL 0.32 37 0.08 0.15 <DL <DL 0.38 31 0.18 

BC 0.45 0.46 <DL 0.32 1.69 96 0.4 0.4 <DL 0.29 1.31 93 0.32 0.28 0.05 0.24 1 95 0.52 0.54 <DL 0.35 1.89 61 0.05 

PM2.5 12.5 7.4 4 10 32.02 93 14.9 10.7 4 11 46 97 12.9 8.1 5 10 36 89 13 7.5 4 11 31 94 4 

NR 0.6 0.3 - - - - 0.7 0.2 - - - - 0.7 0.2 - - - - 0.5 0.2 - - - -  

GR 3.0 1.7 - - - - 6.8 8.9 - - - - 6.8 5.0 - - - - 4.2 4.0 - - - -  
 * Measured at the Atmo-HdF site of Douai-Theuriet (1.5 km from the sampling site)
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The NO3
- and NH4

+ ions both show a maximum seasonal average in spring, a season 

during which nitrogen fertilizers are usually added to agricultural soils. Also C2O4
2- and SO4

2- 

along with O3 have their maximum seasonal average in summer. C2O4
2- is a final product of 

the oxidation of organic matter, SO4
2- is mainly a product of the oxidation of SO2, while O3 is 

an indicator of the oxidative capacity of the atmosphere. Therefore, all these compounds are 

typically expected in processed and possibly aged air masses where the oxidation processes 

have had enough time to occur. HONO, NO, NO2, and BC are higher during the cold seasons, 

in agreement with the higher occurrence of possible common combustion sources such as 

road traffic or residential heating. Other species also exhibit marked seasonal averages, 

including NH3, with higher averages in spring and summer, associated to the increase of 

agricultural activities and NH3 emissions from soils with temperature, and Na+ and Cl- with 

higher averages in winter, when marine storms occur more frequently. 

 
Figure P1.2 PM2.5 average monthly (a) mass concentration and (b) relative contribution for 

the major chemical species, ND: not determined, BC: Black carbon. 

 

The average monthly composition of PM2.5 and relative contribution of every 

particulate species are shown in Figure P1.2. The PM2.5 concentration varies significantly 

throughout the year, with particularly higher concentrations in October 2015 and March 2016. 

Even though the composition of PM2.5 does not differ a lot over the different months, higher 

contributions of SIA (70% on average) were observed for months with high PM2.5 

concentrations such as October and March. These higher contributions of SIA will be 

discussed further on in section 3.5. 

Moreover, the speciation of secondary inorganic salts was calculated similarly to 

Alastuey et al. (2005). The average seasonal contribution of each inorganic salt to the sum of 
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the main inorganic compounds is shown in Figure S1.3. The following assumptions were 

taken into account: 

 All Cl- is considered to be associated to Na+. 

 NH4
+ is preferentially associated with SO4

2- in order to form (NH4)2SO4. 

 The excess NH4
+ is associated to NO3

- for the formation of NH4NO3. 

 The excess SO4
2- and NO3

- are associated to the remaining Na+, and then to the rest of 

cations, Ca2+, Mg2+ and K+. 

The species that dominate the inorganic aerosol composition are NH4NO3 (35-47%) 

and (NH4)2SO4 (36-48%) (with respect to the total mass of measured ions) . The contribution 

of NH4NO3 was highest in winter and spring, when the condensation of the precursor gases is 

favored, and lowest in autumn. The lower contribution in autumn was due to a high part of the 

anions (mostly NO3
-) not being neutralized. This could be due to different impacts of marine 

air masses able to carry sea salt and microorganisms. On the other hand, the contribution of 

(NH4)2SO4 was most important in summer, which might be justified by an enhanced 

conversion of sulfate aerosol precursors due to a higher solar radiation and hence higher 

concentrations of radicals promoting their oxidation.  

The contribution of the marine salts, both fresh (NaCl) and aged (NaNO3), is low 

during the whole year (<5% each one). The lowest contributions are observed in spring and 

summer, whereas the highest are reported in autumn and winter. The enhanced presence of 

marine salts in the cold seasons might be justified by a higher frequency of air masses coming 

from the Atlantic Ocean or the North Sea, as will be discussed later (section 3.4.2).  

3.2. Seasonal daily variability of precursor gases and inorganic aerosol species 

3.2.1. Precursor gases 

The daily variability of the gases is shown by season in Figure P1.3. Both NO and 

NO2 concentrations showed daily profiles with morning and afternoon maxima during the 

rush hours and a minimum during the afternoon (Figure P1.3a-b). These daily profiles are 

typical of a suburban site under traffic influence (Kendrick et al., 2015). This is supported by 

the weekly trends (Figure S1.4) which show significantly lower contributions during the 

weekend, particularly on Sundays, when traffic is the least intense. This conclusion is also 

consistent with the French emission inventory for NOx, which attributes a large fraction to 

road transport at the national level (>50%), while other sources such as other types of 

transport, energy transformation, manufacturing industry, agriculture/forestry, and residential 
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or tertiary activities contribute similarly to the remaining NOx emissions (CITEPA, 2017). 

The highest concentrations were observed in autumn and winter, and the lowest in summer. 

Noticeably in spring and summer the NO afternoon maximum disappeared. This suggests the 

likely contribution in these cold seasons of a source of NO other than traffic, most probably 

related to residential heating. The seasonal variability for NO2 was less marked in comparison 

to that of NO. The higher concentrations observed in autumn and winter may be explained by 

lower wind speeds (the lowest average wind speed was observed in October) which could 

hinder the dispersion of gaseous and particulate pollutants, and increased emissions from 

traffic and household combustion.  

 
Figure P1.3 Average daily profiles of (a) NO, (b) NO2, (c) O3, (d) HONO, (e) NH3, (f) SO2 

for each season (winter: blue; spring: green, summer: red, autumn: brown). * O3 was obtained 

from the Atmo-HdF station in Douai Theuriet. 

 

Ozone (O3) presented higher concentrations during daytime (Figure P1.3c), peaking at 

around 15:00 coinciding with minima for NO and NO2, particularly in summer and spring. 

Lower concentrations of O3 were observed in autumn and winter, when the photochemical 

activity was the lowest and emissions of NO at their highest, the latter favoring the depletion 

of tropospheric O3.  

Nitrous acid (HONO) showed clear daily patterns for each season (Figure P1.3d), with 

a maximum peak in the morning and a smaller one at the end of the day, similar to those 

observed at other sites in Europe (Fisseha et al., 2006; Makkonen et al., 2012, 2014). Its 
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concentrations reached a daily minimum in the afternoon, between 14:00 and 18:00, mainly 

due to HONO daytime photolysis. Similar to NOx, the lowest concentrations were observed 

on Sundays. The observed concentrations were higher in autumn and spring, while the lowest 

values were observed in summer. The possible sources of HONO are numerous and still not 

well known (Gall et al., 2016). Therefore, in order to assess the possible influence of traffic as 

a source of daytime HONO, the hourly concentrations of HONO were plotted against those of 

NOx (Figure P1.4 and Table P1.3). In previous studies an average slope of 0.8 ± 0.1% was 

found inside a road traffic tunnel during daytime (6:00-14:00) by Kurtenbach et al. (2001). 

Another study reported a slope of 1.6 ± 0.1% at a highway junction during the rush hours 

(4:00- 8:00) of weekdays (Rappenglück et al 2013), which is currently recommended for 

modelling purposes (Czader et al., 2015). More recently, a ratio of 1.24 ± 0.35% was 

measured in a road tunnel (Liang et al., 2017).  

 

Figure P1.4 HONO vs. NOx concentrations for (a) all daytime-averaged points and (b) data 

averaged over rush hours (6:00-10:00 am). 

 

In this study, a moderate correlation (r² = 0.68) and a slope of 3.2 ± 0.1% ppb of 

HONO per ppb of NOx was obtained for the averaged daytime hours (n = 240), which is 

slightly higher than the values reported in the literature. But when only the morning rush 

hours were considered (n = 234) a lower slope was obtained (r² = 0.55; slope = 2.3 ± 0.1%). 

Both ratios are slightly higher than the values reported in the literature, the rush hours ratio 

being close to the value reported by Rappenglück et al. (2013) but could be explained by the 

different types of traffic, atmospheric reactivity and/or dispersion conditions at each site.  

Therefore, these values suggest that traffic is a possible source of HONO in our site, 

as has also been suggested from its characteristic daily pattern. However, other sources could 

contribute as well to the observed concentrations, including emissions from soils (Sörgel et 
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al., 2015). Recently, it has indeed been suggested that HONO might react with carbonated 

soils at night, accumulating as nitrite (NO2
-) which is displaced during the day in the presence 

of HCl and HNO3 (VandenBoer et al., 2015). Since our site is surrounded by grassland on 

carbonated subsoil, it cannot be excluded that soils contributed as an additional source of 

HONO.  

Secondary processes of HONO formation are also likely to occur, such as the 

heterogeneous formation of HONO from NO2 or the recently proposed homogeneous 

oxidation of NOx by HOx (Li et al., 2014). In fact in the late evening and the following hours 

of the night, when the photolysis of both HONO and NO2 was hindered, the average 

concentrations of NO2 decreased rather rapidly (about -0.7 ppb h-1) while those of HONO 

tended to stay stable or decreased several times slower (< -0.1 ppb h-1). According to Sörgel et 

al. (2015) this may be explained by the fact that, except for deposition or uptake by aerosol 

surfaces, no considerable gas-phase HONO sinks exist in the absence of light, contrary to 

NO2 which may be consumed by several chemical reactions. One of them is the reaction of 

NO2 with ozone to form the nighttime radical NO3 (R2). This reaction is the first step leading 

to the nocturnal formation of HNO3, a known sink for NO2. In fact NO2 and NO3 are in 

equilibrium with dinitrogen pentoxide (N2O5), whose heterogeneous hydrolysis leads to nitric 

acid or nitrate (Phillips et al., 2013) (R3).  

NO2 + O3    NO3 + O2    R2 

N2O5 + H2O(het)   2 HNO3    R3 

Both HONO and NO2 correlated better during the night (r² = 0.55) and less during the 

day (r² = 0.23), as expected due to their increased lifetimes in the absence of light. 

Interestingly the correlation was not so good between HONO and NO (Table S1.4), 

suggesting that HONO was rather behaving as a secondary species like NO2. Hence as 

observed at other urbanized sites (Finlayson-Pitts et al., 2003; Acker et al., 2004) it may be 

assumed that nocturnal HONO builds up through the heterogeneous hydrolysis of NO2 on 

humid surfaces (R4):  

2 NO2 (g) + H2O (ads)    HONO (g) + HNO3 (ads) R4 

This assumption is supported by the positive trend between the (HONO)/(NO2) ratio 

versus relative humidity (Figure S1.5), suggesting that the conversion of HONO from NO2 is 

more efficient for higher humidity levels, consistent with the role of water in reaction (R4). 
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Table P1.3 Summary of ambient HONO/NOx ratios reported in this work and other studies 

HONO/NOx  

(% ppb/ppb) 
Dates 

Data 

frequency 

Periods of 

observation 

Site 

location 
Country Reference 

2.5  0.1 
Aug. 2015 – 

Jul. 2016 
hourly 

Daytime,  

all days 

10 m from 

a 2-lane 

road 

Douai  

(France) 
This study 

1.7  0.1 
Aug. 2015 – 

July 2016 
hourly 

6:00-10:00, 

all days 

10 m from 

a 2-lane 

road 

Douai  

(France) 
This study 

1.6  0.1 
July 15 –  

Oct. 15, 2009 
10-min 

4:00-8:00, 

weekdays 

Highway 

junction 

Houston, 

TX  

(USA) 

Rappenglück 

et al. (2013) 

0.8  0.1 1997 – 1998 min 
6:00–14:00, 

all days 
tunnel 

Wuppertal  

(Germany) 

Kurtenbach et 

al. (2001) 

1.2  0.35 
11 – 21Mar. 

2015 
- All days tunnel 

Hong 

Kong 

Liang et al. 

(2017) 

 

NH3 showed very clear daily patterns for every season, with higher concentrations 

during daytime and a maximum in the morning around 10:00 in summer and spring, 11:00 in 

autumn and 12:00 in winter (Figure P1.3e). These higher daytime concentrations can be partly 

attributed to the volatilization of NH4NO3 but also to the emission of NH3 from soils with 

increased temperature (He et al., 1999). The delay in the peak time of NH3 concentrations for 

the coldest season (winter) compared to the hottest one (summer) has been observed in 

previous studies (Wang et al., 2015). It is due to the dependence of NH3 concentrations on 

temperature and to the difference in sunrise time with season (around 08:00-9:00 UTC in 

winter comparatively to around 05:00-6:00 in summer, Figure S1.2). In winter, sunrise occurs 

later which implies that temperatures also start to increase later, which favors the persistence 

of particulate ammonium nitrate over that of NH3 and HNO3 gases. This is also observed in 

the daily profiles of NO3
- and NH4

+, which show that their concentrations start to decrease 

later in the morning in winter when compared to other seasons (Figure P1.5b-c). Similarly, 

the dependence on temperature also affects the volatilization of NH3 from soils and vegetation 

(Makkonen et al., 2014), which will occur later in winter when compared to other seasons. All 

these reasons justify why NH3 concentrations peak later in winter. In France the vast majority 

of NH3 (>95%) is emitted by agricultural and forestry activities, and just a minor share results 

from road transport and manufacturing industry (CITEPA, 2017). Accordingly, higher 

concentrations of NH3 were observed in spring and summer, when the agricultural activities 

are more intense and the temperatures higher. Additional NH3 emissions might come from 

traffic due to the use of selective catalytic reduction to reduce NOx emissions in heavy duty 
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diesel vehicles (Sutton et al., 2000) issued from the last European legislation. However no 

temporal correlation was observed between the morning peak of NO, characteristic of traffic, 

and the NH3 morning peak observed several hours later. Therefore the contribution of traffic 

to NH3 concentrations may be considered as negligible for this site. 

Sulfur dioxide (SO2) showed clear daily cycles for every season (Figure P1.3f), with 

higher concentrations observed during daytime. In France, the emissions of SO2 are mainly 

attributed to energy transformation, manufacturing industry and residential or tertiary 

emissions (CITEPA, 2017). Therefore the emissions can be highly variable at a given site, 

depending on the presence of local emitters. In Douai, the highest levels were recorded in 

summer and the lowest ones in winter. This is a peculiar feature since higher concentrations 

of SO2 are usually observed in winter due to combustion emissions by domestic heating and 

power plants (Makkonen et al., 2012; Stieger et al., 2017). In addition, lower levels of OH 

radicals in winter due to reduced solar radiation lead to less oxidation of SO2 and thus its 

concentration is expected to be higher than in summer. However, this was not observed at our 

site and, surprisingly, winter presented the lowest concentrations. This could be explained by 

the presence of an industrial zinc smelter 2 km north-east of our sampling site which emits 

SO2, as will be discussed later. An exceptionally low frequency of winds from this sector in 

winter may partly explain its lower concentrations. 

3.2.2. Aerosols 

Figure P1.5 presents the daily profiles of PM2.5 and each particulate species according 

to the season. For PM2.5 (Figure P1.5a) two peaks can be observed, one in the early morning 

and another one in the late evening/night. The morning peak is most likely driven by SIA (i.e. 

NO3
-, NH4

+, and SO4
2-) and traffic-related emissions (mainly BC). The evening peak is 

probably related to ammonium nitrate, which builds up during the night as discussed below, 

and to biomass burning emissions, particularly in the cold seasons. The peaks are particularly 

clear in spring, whereas they are less evident in the other seasons.  

Nitrate (Figure P1.5b) presents clear daily patterns in every season, although less 

obvious in winter. As previously introduced, its concentrations are governed by the 

thermodynamic equilibrium between NH4NO3 and the gaseous HNO3 and NH3. Accordingly, 

the highest daily concentrations are observed in the early morning due to the nighttime 

accumulation of NH4NO3 formed from the condensation of the precursor gases favored by 

low temperatures and high RH. The decrease after the morning maximum is then explained by 
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the volatilization of the nighttime-formed NH4NO3, but can also be partly attributed to the 

increase of the PBL height due to the development of the thermal turbulence. After reaching a 

minimum in the afternoon, NO3
- starts to increase again at the end of the day. Lower NO3

- 

concentrations are expected in periods with reduced traffic and less work activity (i.e. holiday 

periods), which are the main sources of NOx emissions in urban sites. This is in agreement 

with our observations, with lowest NO3
- concentrations in summer, a season for which two 

thirds of the days corresponded to school holidays. The highest average concentrations of 

NO3
- were observed in spring. However, a higher frequency of air masses arriving from 

neighboring northeastern and central European countries associated to high mass loadings, 

was observed at our site during this season (as discussed further in section 3.4.2). 

Additionally, the heterogeneous hydrolysis of N2O5 (R3) might also play an important role in 

NO3
- production, particularly in spring, where N2O5 production rate might be increased by 

higher O3 levels. 
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Figure P1.5 Daily profiles of (a) PM2.5, (b) NO3
-, (c) NH4

+, (d) SO4
2-, (e) C2O4

2-, (f) Na+, (g) 

Cl-, (h) Mg2+, (i) Ca2+, (j) K+, and (k) BC for each season (winter: blue; spring: green, 

summer: red, autumn: brown).  

 

The daily profile of NH4
+ (Figure P1.5c) was almost identical to that of NO3

-, with 

concentrations peaking in the early morning and decreasing steadily until the afternoon, 

where they started to increase again overnight. As for NO3
-, its concentrations were also 

dominated by the gas-aerosol equilibrium of NH4NO3. Its decrease in the afternoon is not as 
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strong as that of NO3
-, which might be justified by higher concentrations of SO4

2- during 

daytime supporting the existence of ammonium sulfate salts. The highest NH4
+ concentrations 

were observed in spring and summer, in agreement with the highest concentrations of NH3 

observed in these seasons originating from agricultural activities. As with NO3
-, transported 

air masses could cause higher concentrations of NH4
+ in spring. 

SO4
2- (Figure P1.5d) only showed clear daily variations in spring and summer, with 

higher concentrations during daytime, peaking in the late morning or early afternoon. The 

formation of ammonium sulfate salts is generally a two-step process starting with the 

conversion (mostly heterogeneous) of SO2 to H2SO4, and subsequent neutralization with NH3. 

Hence, the higher daytime concentrations of sulfate could be attributed to the oxidation of its 

gaseous precursor SO2. However, no apparent relationship was observed between SO2 and 

SO4
2-. To further assess if the local conversion of SO2 into SO4

2- was significant at our site, 

the particulate sulfur fraction, defined as the ratio of particulate sulfur to total sulfur was also 

calculated, and the influence of meteorological parameters (mainly RH and T) assessed. Yet 

no significant correlation was obtained. In addition, it is interesting to note that the daily 

maximum of SO4
2- appears before that of SO2, which confirms that SO2 is not a significant 

local source of inorganic SO4
2- at our site, and that it is likely that it has a rather regional 

origin. The highest SO4
2- concentrations were observed in summer and spring, which could be 

partly attributed to a higher photochemical activity, i.e. highest concentrations of reactive 

species such as OH, HO2, RO2 and O3 (Dudkin et al., 2002) in the atmosphere, leading to a 

higher rate of conversion from SO2 to SO4
2- in aged air masses (Lee and Kang, 2001). 

Similarly to NO3
- and NH4

+, a high frequency of air masses from northeastern and central 

Europe contributed to the high observed concentrations of SO4
2- in spring. We compared 

these results with a study performed in Lens (20 km NW of Douai) in the PM10 fraction, 

which showed also a significant higher contribution of SO4
2-

 in summer (Waked et al., 2014), 

which may be related in that case either to photochemical oxidation of sulfur or to soil dust 

resuspension. 

Similarly to SO4
2-, oxalate C2O4

2- (Figure P1.5e) presented higher concentrations in 

summer and spring, and during daytime. C2O4
2- correlated slightly with SO4

2- and NH4
+, 

suggesting that these compounds could partly originate from similar processes. Oxalic acid is 

a dicarboxylic acid which is usually an end-product of photochemical oxidation for several 

hydrocarbons (Martinelango et al., 2007). Positive correlations with temperature and O3 were 

only observed in spring and summer, indicating that photochemical production could be a 



171 

predominant formation process in these seasons, and partly explaining the higher 

concentrations of C2O4
2- observed during daytime. In winter slightly positive correlations 

were observed with K+, meaning that part of wintertime C2O4
2- could originate from biomass 

combustion processes. On the other hand, small correlations with Ca2+ were observed in some 

months and could imply that soil dust would be a minor source of oxalate in certain periods. 

The concentrations found in this study (0.16 ± 0.12 µg m-3 on average) are higher than those 

measured at an urban background site in Zurich, Switzerland for the months of August and 

September of 2002 and March of 2003 (Fisseha et al., 2006) (monthly averages of 0.03-0.06 

µg m-3), but inferior to those observed at a suburban site in Florida, USA in May 2002 

(Martinelango et al., 2007) (0.29 µg m-3) and at a suburban site in Hong Kong from April 

2012 to February 2013 (0.34 ± 0.18 µg m-3). For spring and summer, the daily profiles are 

similar to those presented in the abovementioned studies, with higher concentrations in the 

afternoon and lower during the night, suggesting that photochemical production during 

daytime was also a predominant process. 

The other minor ions (Cl-, Na+, K+, Mg2+, Ca2+) presented often many data points 

below or close to the detection limits with the exception of some periods of the year. Na+ and 

Cl- showed the highest concentrations in winter (Figure P1.5f-g). This was likely attributed to 

a higher frequency of air masses enriched in sea salt from the ocean and the North Sea. In this 

season, the daily profile of Na+ and Cl- is very clear, with highest concentrations during 

daytime and a maximum observed in the afternoon, mainly attributed to strongest winds. An 

additional peak of chloride is seen in the evening, which could be related to emissions of KCl 

from biomass burning. Cl- correlated slightly with K+ in January, when the lowest 

temperatures were reached. The daily profiles of Na+ in the other seasons are not as clear, and 

might be more representative of aged marine air masses where Cl- has been depleted and 

NaNO3 has been formed. For Cl-, the concentrations in the other seasons were even lower and 

robust conclusions cannot be drawn due to the uncertainty of the data. Similarly to Na+ and 

Cl-, Mg2+ presented higher concentrations in winter and also during daytime (Figure P1.5h). 

The concentrations in the other seasons were almost all the time below the detection limit. 

Mg2+ correlated very weakly with Ca2+ suggesting that crustal dust did not contribute to its 

concentrations and that it mainly had a marine origin.  

Ca2+ (Figure P1.5i) showed similar concentrations throughout the year except in 

winter, when the lowest concentrations were observed. The daily profiles were similar in all 

seasons, with highest concentrations during daytime and a maximum in the afternoon, which 
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was mainly attributed to higher wind speed causing soil erosion and dust resuspension. The 

weekly trends for Ca2+ show significantly higher concentrations during the weekdays (Figure 

S1.4). This might be attributed to road traffic causing dust resuspension. Additionally, Ca2+ 

was positively correlated with temperature and anti-correlated with relative humidity. A 

number of studies has demonstrated the influence of higher wind speeds and temperature and 

low relative humidity on dust generation (Csavina et al. (2014) and references therein).  

K+ is considered a trace marker for biomass combustion (Urban et al., 2012), and 

therefore it is expected in cold days due to an increase in domestic wood burning. 

Accordingly, it only presented concentrations above the detection limit in winter and later 

autumn and early spring (Figure P1.5j). The daily profile for winter is very clear, with highest 

concentrations in the evening and decreasing thereafter, in accordance with domestic wood 

combustion which usually occurs after working hours in the evening. 

Finally, BC (Figure P1.5k) presented a very clear profile similar to that of NO and 

NO2, with a maximum in the morning and in the afternoon resulting from traffic emissions 

and household combustion. While in summer and spring the morning peak was more 

important than that of the afternoon, in autumn and winter the contrary was observed, 

suggesting the importance of biomass combustion in these last seasons. The afternoon peak 

was almost not seen in summer, which reflects the reduced occurrence of traffic and biomass 

combustion in this season. Overall, and similarly to NOx, the highest concentrations were 

observed in autumn and winter, highlighting an increase of traffic and biomass combustion 

during these periods.  

3.3. Study of ratios and SIA partitioning 

3.3.1. Ammonium neutralization ratio (NR) and gas ratio (GR) 

The neutralization state of the aerosol in each season was evaluated using NR, as 

defined in section 2.3. The observed NH4
+ was plotted against the predicted NH4

+, i.e. the 

required NH4
+ to fully neutralize NO3

- and SO4
2. The seasonal averages and daily profiles of 

NR are shown in Figure P1.6.  
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Figure P1.6 Neutralization ratio (NR) daily profiles for each season, with the corresponding 

seasonal averages. 

 

We observed that SIA was more acidic in autumn (average NR: 0.47 ± 0.24) in 

comparison with the rest of the year (average NR: 0.62 ± 0.25), which leads to different 

hypotheses. On the one hand, the lowest levels of NH3 and NH4
+ and highest ones of NO and 

NO2, precursors of NO3
- secondary aerosols, were observed in autumn. Therefore, it is 

possible that the low NR in autumn is a result of both a decrease of reduced nitrogen and an 

increase in nitrate- and/or sulfate-based acidic species emitted by combustion sources such as 

traffic. However, the daily profile of NR does not reveal a decrease at traffic hours, 

suggesting that traffic emissions do not have a major effect on the aerosol NR at our site. On 

the other hand, high concentrations of Na+ were observed in periods of low NR (Figure 

P1.7a), mainly in autumn as explained previously. These high Na+ concentrations probably 

originated from the Atlantic Ocean in accordance with the SW origin of predominant winds in 

autumn. However, as the ocean is a few hundred kilometers away from our site, it is likely 

that NaCl could have reacted with gaseous HNO3 during its transport to our site that crosses 

dense urban areas (e.g. Le Havre-Rouen harbour and the Paris area) to give place to 

particulate NaNO3 and gaseous HCl. (Dasgupta et al., 2007). Therefore the neutralization 

ratio is inferior to 1 because the total NO3
- molar concentration may correspond to the sum of 

NH4NO3 and NaNO3 molar concentrations. When the autumn NR is calculated taking into 

account NaCl, a higher value (0.61 ± 0.25) is obtained, in the range of the other seasonal NR 

confirming the influence of marine aerosols. Another potential effect related to marine air 

masses is a measurement artefact related to the consumption of NH4
+ and NH3 by 

microorganisms transported in marine air masses (rich in Na+) into the MARGA system. This 

negative artefact has been previously reported in other studies (Rumsey et al., 2014). The 

NWR plot of NR (Figure P1.7b) reveals that the lowest NR values are observed for high wind 

speeds from the SW sector, which are related to air masses under marine influence (Atlantic 
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Ocean). On the contrary, continental air masses from the NW are linked with more 

neutralized aerosols (NR  1). In summary, the impact of marine air on the observed low NR 

in autumn might be a combination of all the above-mentioned factors.  

Other studies attributed the apparent particle acidity mainly to the non-inclusion in the 

NR calculation of  species linked to road dust emissions (Makkonen et al., 2012; Stieger et 

al., 2017). However, this should not play a major role in the present work given their small 

concentrations. Indeed, when the aerosol NR was calculated taking into account all the water-

soluble inorganic ions analyzed by the MARGA (to see the effect of dust and other ions like 

the marine ones), slightly higher values were obtained (average NR: 0.73 ± 0.22) but a 

fraction of the aerosol phase still remained acidic. The influence of the bisulfate ion was 

assessed with the use of ISORROPIA II. The module predicted significant concentrations of 

the bisulfate ion during periods of increased acidity (i.e. autumn). However, the 

concentrations were rather low and did not totally justify the observed acidity. The causes of 

the observed acidity are not straightforward at all. While models such as ISORROPIA may 

suggest the existence of bisulfate, there are other possible explanations such as the influence 

of organic matter through organic acids or organic coatings preventing inorganic species to 

reach thermodynamic equilibrium (Silvern et al., 2017). 

 
Figure P1.7 (a) Observed vs. predicted NH4

+ colored by Na+ concentration; and (b) NWR 

annual plot for the neutralization ratio (NR). 

 

The values presented here are notably lower than those at different sites in Belgium, 

where NR ratios higher than 1 were associated with an excess of NH4
+ (Bencs et al., 2008), 

but close to those found at a rural site in Germany (Stieger et al., 2017), where fluctuations 

of the NR between 0.5 and 1 were also observed, with lower values during autumn and winter 
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which were attributed to more intense anthropogenic emissions. Other studies have also 

reported measurements of acidic aerosols, for instance in the USA (Kim et al., 2015) or in 

China (Shi et al., 2017). 

In addition GR was also calculated in order to evaluate which species between HNO3 

and NH3 limits the formation of NH4NO3 (Ansari and Pandis, 1998). The annual average of 

5.7 ± 6.6 is close to that reported previously in the city in Paris of 7.3 (Petetin et al., 2016). 

GR was greater than 1 during most of the campaign, indicating that the formation of NH4NO3 

was limited by nitric acid, as already reported in continental Europe (Pay et al., 2012). 

3.3.2. Hourly gas-aerosol partitioning of SIA 

The thermodynamics of the K+-Ca2+-Mg2+-NH4
+-SO4

2--NO3
--Cl--H2O aerosol system 

has been evaluated with the use of the thermodynamic equilibrium model ISORROPIA II. 

The results presented here are those obtained by using the forward mode and the total (sum of 

gas and aerosol) hourly concentrations of observed NH3, HCl, HNO3, H2SO4, Na+, Ca2+, K+ 

and Mg2+, as well as the temperature and RH. Additionally, the stable solution, in which salts 

precipitate once the aqueous phase becomes saturated, was chosen. Although very important 

differences were observed when the reverse (only aerosol phase as an input) mode was used, 

we did not observe remarkable differences between the stable and metastable solutions. The 

results for NH3, HNO3, NH4
+

 and NO3
- are summarized in Figure P1.8.  

For NH3 and NH4
+, the model generally predicted very well the concentrations, with r² 

values of 0.99 and 0.96, respectively, and slopes very close to 1. NO3
- was generally observed 

to be in the particulate phase, and the model showed an overall excellent agreement with the 

observations (r² = 0.97, slope: 1.03). There was however a disagreement with some of the 

NO3
- observed concentrations, which were much lower in the model predictions, suggesting it 

should be in the gas phase. The modelled HNO3 was completely different to the observed 

concentrations. This is clearly reflected in the time series of the observed and modelled HNO3 

(Figure S1.6a): the modelled HNO3 presents lower concentrations in winter and higher in 

summer when compared to the observed HNO3. This is in accordance with the dependence of 

HNO3 on the gas-aerosol equilibrium of ammonium nitrate with temperature and RH, namely 

a lower HNO3 concentration under low temperature and high humidity as in winter conditions 

(conversely a higher HNO3 concentration under high temperature and low humidity typical of 

summer conditions). The daily profile of the predicted and modelled HNO3 (Figure S1.6b) 

confirms this, with the expected afternoon maximum in agreement with a higher temperature 
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and lower relative humidity clearly seen for the modelled HNO3. The discrepancy of the 

measured HNO3 is likely due to the adsorption of this gas in the sampling line (particularly 

along the PE tubing) and to a possible high nitrate blank in the chromatographic system 

caused by the use of nitric acid as eluent for cations (Makkonen et al., 2012). In summer, the 

measured HNO3 concentration was lower than expected by the model (Figure S1.6a). This 

implies that the adsorption effect had been important, even if the temperature and relative 

humidity were rather unfavorable, because the effect of the high pressure of nitric acid 

predominated. 

 

Figure P1.8 Comparison between ISORROPIA II predicted values and MARGA 

measurements for (a) NH3, (b) HNO3, (c) NH4
+, and (d) NO3

- 

 

In winter, the apparent observed effect was a measured concentration of HNO3 higher 

than expected by the model, consistent with a negligible adsorption effect, even if the 

temperature and relative humidity were rather favorable, because the effect of a low pressure 

of nitric acid was predominant. In this case, the higher observed concentration of HNO3 

compared to the thermodynamic prediction may be linked to interference from the cation 

eluent in the nitrate and nitric acid signals (Makkonen et al., 2012), which was evaluated to be 

up to a maximum of 0.5 µg m-3 in our conditions. In addition Phillips et al. (2013) evidenced 

the existence of an interference from N2O5 to the nocturnal HNO3 causing an overestimation 
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of nitric acid. No corrections were applied to the total concentrations of these species 

however, given the magnitude of the concentrations for particulate nitrate, and the fact that 

HNO3 was anyway not measured correctly by the instrument (as explained in the 

Supplementary Material sections 1.1. and 1.2) and therefore not considered further in the 

article. 

3.4. Source identification 

3.4.1. Local sources 

The NWR approach was used over the 1-year long dataset to identify potential local 

emission sources for precursor gases and particulate species. The corresponding polar plots 

are shown in Figure P1.9 for the main precursor gases and particulate species, whereas those 

for other measured gaseous and particulate species at the seasonal scale are available in the 

SM (Figure S1.7). 

SO2 presented high concentrations in the NNW sector (Figure 1.9a) when medium wind 

speeds occurred (5 to 10 km h-1). As previously presented, a zinc smelter located 2 km NNW 

of our sampling site might contribute to these high concentrations, particularly its fluidized 

bed roasting unit where sulfur dioxide (as well as nitrogen oxides) is produced during the 

high-temperature oxidation of the sulfidic zinc ore under air conditions. This highlights the 

fact that most of the SO2 presents a local origin while the contribution from regional 

emissions is much less important.  

NH3 showed higher concentrations when winds came from the NE sector (Figure 

1.9b). For weak winds (around 5 km h-1), possible local sources of NH3 may be a 

slaughterhouse and a waste water treatment plant located NE to our sampling site in the 

nearby industrial area. For stronger winds (> 10 km h-1) from the ENE direction, there is also 

an important regional contribution which might be associated to agricultural emissions. This 

is clearly seen in the seasonal plots in Figure S1.7. 
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Figure P1.9 NWR plots for the main precursor gases and particulate ions (concentrations in 

µg m-3) over the whole field campaign. The radial and tangential axes represent the wind 

direction and speed in km h-1, respectively. 

 

There was a clear local contribution to the observed concentrations of HONO, NO and 

NO2, which showed high concentrations at low wind speeds (< 5 km h-1), likely due to vehicle 

emissions. The local contribution is particularly clear for NO, which presents highest 

concentrations in the NE quadrant, where a 2-lane roadway adjacent to our sampling site 

leads to the nearby industrial area through a narrow 1-lane tunnel, causing frequent stops and 

restarts of vehicles and transient congestions. However, for the more oxidized species HONO 

and particularly NO2, there is an important distant contribution from the ENE direction not 

seen for NO.  

NO3
-, NH4

+ and SO4
2- presented very similar NWR plots (Figure P1.9d-f), with 

highest concentrations associated with medium and high wind speeds from the NNE sector. 

This suggests that there is a significant contribution from long-range transport (LRT) in the 

form of NH4NO3 and (NH4)2SO4. The long-range contribution seems to be particularly 

important for SO4
2-. Long-range contribution of SIA has been observed in other studies in the 

regions of Paris (Petit et al., 2015) and northern France in Lens (Waked et al., 2014). In 

addition to LRT, high concentrations are also observed with low wind speeds (< 5 km h-1) in 

the NNW direction. Specifically in autumn (Figure S1.7), high concentrations were observed 

with medium wind speeds from the NNW sector, suggesting an important possible impact 
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from the industrial zinc smelter. This is consistent with the fact that this industry emits 

noticeable amounts of NOx and SO2 and that the autumn weather conditions seemed favorable 

to SIA formation. The NWR plot of SO4
2-

 shows that highest concentrations are observed for 

strong winds in the NE sector. This suggests that the local SO2 does not explain all the SO4
2- 

observed at our site, and that an important part of SO4
2- is due to other causes such as LRT.  

The NWR plot for C2O4
2- does not show a preferential region for high contributions 

and suggests this compound has rather a regional contribution, which is also in accordance 

with the wide variety of its volatile organic precursors and formation processes. However, 

slightly high concentrations observed at low wind speeds might also indicate significant 

contributions from local sources such as traffic, local biomass combustion or industrial 

activities.  

Na+, Cl- and Mg2+ present highest concentrations associated to strong SW winds, 

suggesting a pure long-range contribution related to air masses from the Atlantic Ocean rich 

in sea salt. In winter there is an enhancement of Na+ and Cl- observed with calm winds which 

is likely caused by road salting in order to prevent icing. Moreover, Na+ and Mg2+ also 

present high concentrations from the N sector (as seen in the seasonal NWR plots) suggesting 

a contribution from the North Sea. 

The highest concentrations of Ca2+
 are observed with low-to-medium wind speeds 

from the NE, which is probably related to road dust resuspension. This is particularly 

important in autumn, in accordance with the highest observed NOx emissions. In addition, 

particularly high concentrations of Ca2+ are observed in spring for high wind speeds from the 

ENE sector, suggesting an important long-range contribution of this compound, similarly to 

NO3
-, NH4

+ and SO4
2-. 

Finally, BC clearly reflects a local origin, very similar to that of NO, and likely 

associated to vehicle emissions and household combustion. The same conclusion is reached 

for K+ and Delta C, mainly associated to biomass combustion from the nearby suburban 

residential area, as highlighted by their winter plots (Figure S1.7). 

3.4.2. Distant sources 

To further analyze the contribution of distant sources, PSCF was applied to each 

particulate species which had shown, at least for one season, a regional origin (this excluded 

K+, BC and Delta-C). In this study, the threshold concentration was set at the 75th percentile. 
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In addition, all back-trajectories were weighted according to their frequency by the use of a 

sigmoidal function. The PSCF maps for the main particulate species are shown in Figure 

P1.10, where the color scale indicates the probability for a specific emission region as origin 

of the measured species. For other particulate species, PSCF graphs are available in the SM 

(Figure S1.8).  

 
Figure P1.10 PSCF analysis for the three main particulate ions. The selected threshold is set at 

the 75th percentile. All used back-trajectories were weighted using a sigmoidal function. 

 

Highest probabilities for NO3
-, NH4

+ and SO4
2- are observed when air masses arrive 

from Belgium, The Netherlands and western Germany. These neighboring regions are known 

to present rather high SIA concentrations as shown in the EMEP maps of concentrations for 

the “fine+coarse NO3
-” and “fine NH4

+” modelled for the year 2015 based on emissions from 

2014 (Figure S1.9).The PSCF map of Ca2+ presents some similar source areas, centered over 

Belgium and southern Netherlands, which correspond to the densest road network in Europe. 

Therefore this Ca2+ source might be attributed to intense traffic in this region leading to dust 

resuspension. Similar results were observed by Waked et al. (2014) at the site of Lens, located 

20 km east of Douai, for PSCF applied to PMF factors in the PM10 size fraction. Particularly 

the PSCF maps for the “nitrate-rich”, “sulfate-rich” and “dust” factors match well with our 

PSCF maps for NO3
-, SO4

2- and Ca2+, respectively. In a previous campaign carried out in 

Douai (Chakraborty et al., in prep.), similar results were also observed for the NR-PM1.  

The source area of C2O4
2- is less clear and different regions seem to contribute to high 

concentrations of this organic ion, as suggested by the NWR plot in the previous section. 

However, it is clear that most C2O4
-2 presents a continental origin, with high probabilities 

when air masses came from Belgium and eastern France.  

For Cl-, Na+ and Mg2+, as expected, higher probabilities are observed when air masses 

come from the North Sea and the English Channel. 
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3.5. Characteristics of high daily PM2.5 concentrations 

 High daily PM2.5 concentrations were further investigated to determine the factors 

driving their occurrence. Such a study becomes relevant in the application of mitigation 

policies, which are generally implemented at the local scale. In the European Union, only the 

annual average of PM2.5 is limited to 25 µg m-3, and no limitations or recommendations are 

given for daily values. Nevertheless, the WHO sets a daily guideline value of 25 µg m-3, 

which is taken here as a criterion to discern days of high daily PM2.5 concentrations from days 

of lower ones. The time series of daily averaged PM2.5 concentrations during the whole 

campaign together with the meteorological parameters is shown in Figure S1.1. Days with 

high concentrations were observed throughout the whole year, with significant episodes 

(defined as continuous periods lasting more than 48 hours) in October 2015, January-March 

2016 and end of May 2016. On an hourly basis, spring is the season with the more elevated 

number of hourly concentrations exceeding 25 µg m-3 with an hourly maximum of 72 µg m-3, 

followed by winter and autumn (Figure P1.11a). No episode was recorded in summer.  

In general, low PBL heights (333 ± 308 m) and wind speeds (0.8 ± 0.6 m s-1) were 

observed for high daily concentrations (PM2.5 ≥ 25 µg m-3) when compared to lower ones (for 

PM2.5 < 25 µg m-3
,  average PBL height and wind speed were 549 ± 432 m and 1.6 ± 1.1 m s-1

, 

respectively). Most episodes were observed during dry and anticyclonic conditions except for 

late May 2016. The average composition of PM2.5 for hourly concentrations higher than 25 µg 

m-3 was significantly different compared to the one for concentrations lower than 25 µg m-3 

(Figure P1.11b and c), with a significant higher contribution of SIA (67% instead of 49%). 

The speciation of SIA was also changed with a nitrate-to-sulfate ratio of 3.25 for exceedance 

days and 1.70 for non-exceedance days, indicating an increase of ammonium nitrate during 

the pollution episodes.  
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Figure P1.11 (a) Number of hours when hourly PM2.5 is above 25 µg m-3. (b) Average 

chemical composition for PM2.5 hourly mass concentrations above 25 µg m-3 and (c) below  

25 µg m-3
 

 

Four exceedance episodes lasting more than 48 hours which occurred during the 

months of January, February, March and May 2016 were further analyzed in detail in order to 

study and identify the formation of secondary particulate species and the potential 

contributions of primary local emissions versus LRT. The October 2015 episode was 

excluded due to the lack of half of the chemical composition data. The main characteristics 

for each episode are summarized in Table S1.4 while maps of 72-h back trajectories and time 

profiles of RH, temperature, wind direction and speed, precursor gases (NOx, HONO, NH3 

and SO2), total PM2.5 and major particulate pollutants (NO3
-, NH4

+,SO4
2-, oxalate, BC, and the 

sum of minor ions), can be found in Figure S1.10. Each exceedance episode has been 

described with detail in the supplementary material, while only the general characteristics are 

given in the next paragraph. 
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Table P1.4 Summary of PM2.5 chemical composition for each high concentration episode 

(concentrations in µg m-3) 

Dates 

(2016) 

Duration 

(h) 

Mean 

hourly 

PM2.5 

Max 

hourly  

PM2.5 

Mean 

NO3
- 

Mean 

SO4
2- 

Mean 

NH4
+ 

Mean 

BC 

Mean 

OM* 

Mean 

SIA/PM2.5 

(%) 

19-21 Jan  67 30.4 49.0 14.4 2.7 5.2 1.7 4.8 73 

16-18 Feb  66 27.0 38.0 8.7 2.0 3.0 1.1 11.5 51 

10-18 Mar  189 32.6 72.0 14.3 4.8 5.7 0.6 6.3 76 

26-29 

May  
63 32.0 57.0 12.6 4.2 5.0 0.5 9.2 68 

* Value calculated assuming OM represents the difference between PM2.5 mass with the mass 

of all other particulate species. 

Generally all pollution episodes were dominated by SIA, particularly NO3
-, which in 

some cases reached contributions of more than 50% of the total PM2.5 mass. A high 

contribution of SIA to total PM for high PM values has already been reported in the region. 

For instance Waked et al. (2014) reported a contribution to PM10 of sulfate-rich and nitrate-

rich factors of 29% and 54% for PM10 lower and higher than 42.5 µg m-3, respectively. 

Oliveira (2017) also showed an increased contribution of SIA to PM10 in several sites of 

Northern France (up to 78% depending on the site). In Paris, SIA was also found to be a 

major contributor during pollution episodes, particularly when back-trajectories originated in 

Belgium, The Netherlands and Germany (Petit et al., 2015). The difference between the total 

PM2.5 mass and the sum of all measured compounds was used as an indicator of the 

concentration of OM, which appeared quite low in every episode except in February, where 

the estimated OM was higher than 50% in the first half of the pollution episode. 

All of these four episodes have in common unfavorable dispersion conditions (low wind 

speeds) resulting in the accumulation of PM2.5 from local sources. In addition, regional 

contributions always originated from the N to E sectors pointing at the Netherlands, Belgium 

and Germany. The particulate chemical composition in all the episodes was clearly dominated 

by SIA, mainly NH4NO3. This partitioning of NH4NO3 towards the aerosol phase was favored 

by local weather conditions with relatively high RH (75.1 to 84.5%) and low temperature (-

0.4 to 6.3°C), except for the episode of late May (17.4°C). The winter episodes had rather 

significant contributions from combustion sources (residential biomass burning and road 

traffic) as indicated by the high mean concentrations of BC (Table P1.4), while the spring 
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episodes were significantly influenced by agricultural emissions as shown by the high 

concentrations of NH3 (Figure S1.10). 

4. Conclusions 

The combination of a MARGA and a 2-wavelength Aethalometer has enabled to build 

up for the first time in the north of France a one-year long database of hourly concentrations 

of precursor gases and inorganic aerosols at a suburban site, and has allowed us to explain the 

main drivers of SIA in these conditions, their time variability and their geographical origins. 

The major conclusions are summarized below: 

 The main species forming SIA in the PM2.5 observed at our site are NH4NO3 and 

(NH4)2SO4, with a predominance of ammonium nitrate during most of the year except 

in summer. 

 Long-range transport (LRT) of secondary aerosols and precursor gases from Belgium, 

The Netherlands and Germany are the main contributors to SIA in the north of France.  

 Local emissions are not as determining as LRT but might also play an important role, 

particularly during the cold months, where local traffic and biomass burning 

contribute significantly to NOx emissions and PM2.5 concentrations. 

 Several high concentration episodes have been highlighted in winter and spring, in 

which SIA have contributed to most of the PM2.5 mass. Almost all episodes have been 

linked to LRT combined with meteorological conditions unfavorable to dispersion.  

 The thermodynamic conditions have also influenced the SIA observed at our site, 

especially regarding the formation of NH4NO3. 

In view of these results, mitigation policies in the north of France should focus on 

reducing emissions of precursor gases such as SO2, NOx and NH3. A substantial reduction of 

the first two has already been achieved in the last years, but the emissions of NH3 have not 

decreased and are still the same than 30 years ago (CITEPA, 2017). However, given the 

importance of LRT contribution at our site, it is also a priority to put an emphasis on 

European policies to reduce emissions of precursor gases in north-eastern countries in the 

vicinity of the north of France. 
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5. Data availability 

Data from all instruments are available upon request to the corresponding author, E. 

Perdrix (esperanza.perdrix@imt-lille-douai.fr). 
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CHAPTER 4. Real-time assessment of wintertime organic aerosol 

characteristics and sources at a suburban site in northern France  

 

The fourth chapter is centered on the results of the intensive measurement campaign 

and focuses on the assessment of winter organic aerosol characteristics and sources in Douai 

with a high-time resolution. It is also presented as an article which has been submitted to 

Atmospheric Environment in June 2018. This is the first version. The article describes the 

main characteristics of the organic aerosol during winter and presents the results obtained 

from a typical source apportionment study applied to the organic fraction of the aerosol. In 

addition, the impact of meteorological parameters and long-range transport on NR-PM1 

characteristics is also evaluated and discussed.  

Similarly to the previous chapter, this article is complemented by supplementary 

information which can be found in Annex 3 of this manuscript.  
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Abstract. A high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) 

was deployed during wintertime (5 February to 15 March 2016) at a suburban site in Douai, 

northern France, in order to investigate the characteristics and sources of the organic matter 

(OM). The campaign average concentration of non-refractory submicron particulate matter 

(NR-PM1) was 11.1 ± 9.3 µg m-3, and composed of 38% OM, 36% NO3, 16% NH4 and 9% 

SO4. The average values for the OM:OC, O:C, H:C and N:C ratios were 1.60 ± 0.15, 

0.32 ± 0.11, 1.55 ± 0.14 and 0.04 ± 0.02, respectively, indicating a moderate level of aerosol 

oxidation. The positive matrix factorization (PMF) source apportionment method was applied 

to the high-resolution organic aerosol (OA) mass spectra, resulting in five factors: two 

primary OA factors – hydrocarbon-like (HOA) and cooking-like (COA); one factor associated 

with oxidized biomass burning (oBBOA); and two oxygenated factors (OOA) denoted as less 

oxidized (LO-OOA) and more oxidized (MO-OOA), with average contributions to OA of 

15%, 11%, 25%, 16% and 33%, respectively. The oBBOA factor was found to be mainly 

local as shown by non-parametric wind regression (NWR) analysis, and to correlate well with 

relative humidity (RH), indicating possible aqueous processing of locally emitted primary 

biomass burning emissions. During most part of the campaign, the sampling site was affected 

by different air masses. However, during the last period of the campaign (5-16 March 2016) 

the site was heavily impacted by air masses from Eastern Europe which were rich in 

secondary inorganic and organic aerosols. The H:C versus O:C (Van Krevelen, VK) diagram 

highlighted that the aerosol followed an oxidation process throughout the whole campaign, 

mailto:veronique.riffault@imt-lille-douai.fr
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with an average slope of -1.05. The impact of continental air masses towards the end of the 

campaign confined the aerosol towards a narrower space in the VK diagram, suggesting a 

homogenization of the different aerosol sources due to OA ageing during transport. 

Keywords: AMS, organic aerosols, source apportionment, aqueous processing 

1. Introduction 

Atmospheric aerosols have gained attention worldwide due to their various impacts on 

human health (Kelly and Fussell, 2012), climate, visibility and ecosystems (Hallquist et al., 

2009; IPCC, 2013; Watson, 2002). In the year 2012 only, ambient air pollution was 

responsible for 3.7 million deaths worldwide (WHO, 2014), mostly due to inhalation of fine 

particulate matter (PM2.5). In Europe, the premature mortality associated to ambient air 

pollution is also alarmingly high, with the estimations for the year 2012 ranging from 203,000 

to 280,000 for low- to middle-income and high-income countries, respectively (WHO, 2014). 

The region of northern France is also affected by high levels of PM2.5, particularly during 

winter and spring (Atmo Nord-Pas-de-Calais, 2014). These high levels are mainly attributed 

to its location amidst various emission source areas including an extensive highway network, 

a high urban density, and the proximity to several European capitals (London, Paris, and 

Brussels) as well as a significant influence of industry and agriculture. 

While the elemental and inorganic fractions of ambient aerosols are rather well 

understood, the characterization of the organic matter (OM) still remains a challenge due to 

their complex nature, associated to numerous emission sources and atmospheric 

transformations (Hallquist et al., 2009; Jimenez et al., 2009). OM can represent from 20 to 

90% of the total submicron aerosol (PM1) mass (Jimenez et al., 2009), and hence 

understanding its sources and transformation processes is essential in order to develop 

effective mitigation policies. OM, also called organic aerosol (OA), is typically divided into 

primary (POA) and secondary organic aerosols (SOA). POA are directly emitted to the 

atmosphere by a variety of sources comprising anthropogenic ones such as traffic, industrial 

activities, and residential biomass combustion; and natural ones like sea spray, volcanic 

emissions, forest fires, etc. (Hallquist et al., 2009; Mohr et al., 2009). SOA are formed in the 

atmosphere through several physicochemical processes of gas phase VOCs (volatile organic 

compounds) or POA (Kanakidou et al., 2005). 

Different techniques have been developed in the past decades to analyze the nature 

and composition of OA. Most of these techniques work in offline mode; post analysis of the 

collected samples. These techniques can provide more exhaustive information on the nature 
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and characteristics of individual organic species, but they require large amounts of samples 

which generally result in a low time resolution (of several hours). Since most of the 

atmospheric reactions occur at a timescale of few tens of minutes, these offline techniques 

often fail to elucidate the underlying atmospheric processes (Hallquist et al., 2009). On the 

contrary, online techniques provide less exhaustive information on individual chemical 

species but can characterize bulk OA with a very high time resolution (of seconds to minutes). 

Among the available online techniques, aerosol mass spectrometry (AMS) has become quite 

popular, since it allows the measurement of the chemical composition and mass loading as a 

function of the particle size in the submicron range (Canagaratna et al., 2007). 

Besides, the combination of AMS data with source apportionment techniques, mainly 

positive matrix factorization (PMF) and multi-linear engine (ME-2), has allowed for the study 

of the OA sources and characteristics (Ulbrich et al., 2009). Several AMS-PMF studies have 

shown that OA can typically be separated into secondary or oxygenated OA (OOA), and 

several primary OA types like hydrocarbon-like OA (HOA), biomass burning OA (BBOA) 

and cooking OA (COA), depending on the site location and sampling season (Bozzetti et al., 

2017; Crippa et al., 2014; Florou et al., 2017; Lanz et al., 2010; Mohr et al., 2012; Poulain et 

al., 2011; Saarikoski et al., 2012; Timonen et al., 2013).  In France, a few studies have 

focused on the OA sources and characteristics using real-time measurements  in Paris (Crippa 

et al., 2013), Marseille (Bozzetti et al., 2017), and in the north of France in Douai and 

Dunkirk which showed that winter OA was moderately oxidized and mostly composed of 

OOA, while significant contributions of BBOA, HOA and sulfur-containing OA (SCOA) 

were also found (Crenn et al., 2017, 2018; Chakraborty et al., in prep.). 

 In this context, this intensive campaign using a high-resolution time-of-flight aerosol 

mass spectrometer (HR-ToF-AMS) and carried out in winter 2016 at a suburban site in Douai 

was deployed with the aim of complementing ongoing long-term measurements with a 

Monitor for Gases and AeRosols in ambient Air (MARGA) and other collocated 

instrumentation which focused on the source apportionment of the PM2.5 inorganic aerosol 

with an hourly resolution (Roig et al., submitted; in prep.). This work focuses on the 

characterization of the chemical composition of NR-PM1 and of the sources of OA obtained 

by PMF analysis during winter in Douai. In addition, the influence of meteorological 

characteristics and long-range transport on the characteristics of NR-PM1 is also evaluated. 
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2. Materials and methods 

2.1. Measurement site 

Observations of the chemical composition of atmospheric aerosols were carried out 

from 5 February to 16 March 2016 in Douai, northern France, at a suburban location outside 

the city center (Figure S2.1) which is considered as representative of the background pollution 

of the area (50°23’03’’N, 3°05’08’’E, and 20 m above sea level). The city of Douai is located 

in a fairly flat land and is close (about 25-30 km south) of the European Metropolis of Lille 

which, with about 1.2 million inhabitants and a population density of 1,832 inhab. km-2, is the 

second most densely populated metropolis in France, after that of Paris. The climate in 

northern France is classified as temperate oceanic, characterized by low seasonal thermal 

amplitudes, and regular precipitations along the year, with no dry season. 

2.2. Instrumentation 

The high resolution-time of flight-aerosol mass spectrometer (HR-ToF-AMS) 

(Aerodyne Research, USA), hereafter named AMS, was deployed in order to measure in real-

time the chemical composition and concentrations of the non-refractory PM1 (NR-PM1) 

(DeCarlo et al., 2006). The major species composing NR-PM1 include NO3, NH4, SO4, Cl and 

organic aerosols/matter (OA). The AMS operates in two modes according to the trajectory of 

the ions: the low resolution but highly sensitive V mode and the high resolution but less 

sensitive W mode. In this study, the time resolution of the AMS was set to 5 minutes, with 3 

minutes for mode V and 2 minutes for mode W. Only the results for the V mode are shown, 

since the lower sensitivity of the W mode delivered a too low signal-to-noise ratio during 

most of the campaign. 

The mass concentration measurement accuracy of AMS depends on collection 

efficiency (CE) and ionization efficiency (IE) values. The CE considers the effects of 

incomplete focusing of the particle beam and bouncing of some particles from the vaporizer 

(Drewnick et al., 2005). Typically, a default CE value of 0.5 is used (Middlebrook et al., 

2012). However, it has been shown that the CE is dependent on particle phase, which is 

influenced by the relative humidity in the sampling line above 80%, the acidity/neutralization 

of the sulfate, ammonium nitrate, and organic content (Middlebrook et al., 2012). In this work 

a Nafion dryer was used in order to reduce the relative humidity in the sampling line. In 

addition, a composition dependent CE (CDCE), which recalculates the concentrations of all 
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the chemical species by taking into account the NO3 fraction of the aerosol, was applied to the 

AMS data as proposed previously by Middlebrook et al. (2012). 

The IE is defined as the ratio between the number of ions detected and the molecules 

of the parent species (Jimenez et al., 2003), and is species specific. Its value is determined 

through calibrations. However, since it is not practical to perform individual calibrations for 

all compounds in ambient aerosol, a reference calibration is typically performed for nitrate, 

and the relative IE (RIE) of every species is obtained relative to that of nitrate (Alfarra et al., 

2004). We carried out calibrations every two weeks in order to determine IE(NO3) and 

RIE(NH4) using aqueous solutions of 10-2 mol L-1 NH4NO3 (Sigma Aldrich, 99.0%). NH4NO3 

particles were generated by an atomizer (TSI 3076) and then dried by passing through a silica 

gel drier (TSI 3062). A dilution system composed of a set of valves and a HEPA (High 

Efficiency Particle Arrestance) filter was used in order to vary the particle concentration. In 

addition, an electrostatic classifier (TSI 3080) and a differential mobility analyzer (TSI 3081) 

allowed selecting the particles with an electrical mobility diameter of 300 nm. Finally, the 

particles entered simultaneously a condensation particle counter (TSI, 3788) and the AMS. 

Additional calibrations were carried out using aqueous solutions of 10-2 mol L-1 of (NH4)2SO4 

(Sigma Aldrich, 99.0%) and NH4Cl (Sigma Aldrich, 99.5%) in order to determine the RIE for 

SO4 and Cl, respectively. The RIE values were determined to be 4.0, 1.1 and 1.6 for NH4, SO4 

and Cl, respectively. 

The processing of the AMS unit mass resolution (UMR) and high resolution (HR) data 

has been carried out by using the modules SQUIRREL (SeQUential Igor data RetRiEvaL, 

version 1.60E) and PIKA (Peak Integration by Key Analysis, version 1.20E), respectively (D. 

Sueper, University of Colorado-Boulder, Boulder, CO, USA) for Igor Pro v. 6.37 

(Wavemetrics, Inc. Portland, OR, USA).  

Additionally, several other instruments were used as part of a longer campaign (Roig 

et al., submitted), whose data are used for comparison purposes and as external tracers to 

validate the PMF identified factors. These included a MARGA 1S (Metrohm Applikon B.V, 

Netherlands) (ten Brink et al., 2007) for the measurement of water-soluble ions (NO3
-, SO4

2-, 

NH4
+, K+) and precursor gases (HONO) with an hourly resolution, a double-wavelength 

aethalometer AE42 (Magee Scientific, USA) for black carbon (BC) and Delta-C with a 5-min 

time resolution, a chemiluminescence analyzer NOx 2000G (Seres environment, France) for 

nitrogen oxides every 15 minutes and a BAM-1020 (Met One Instruments, USA) for the 

PM2.5 total mass concentration every hour. The Delta-C variable was determined as the 
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difference of light absorption between 370 and 880 nm, and represents the enhanced optical 

absorption of some specific OA compounds (Allen et al., 2004). It has previously been found 

to correlate with wood-burning markers such as levoglucosan and K+ and therefore might be 

used as a tracer of wood combustion (Allen et al., 2004; Wang et al., 2012). Meteorological 

parameters including temperature, relative humidity (RH), and pressure were acquired from a 

BAM-1020 and a TEOM-FDMS. The wind speed and direction, and precipitation were 

monitored on site with an anemometer. The mixing layer height (MLH) was obtained from 

the GDAS meteorological data (1 degree) on the NOAA website. 

2.3. Source apportionment of OA 

The Positive Matrix Factorization (PMF) method (Paatero and Tapper, 1994) was 

applied to the V mode HR OA mass spectra (m/z = 12 to m/z = 150) in order to investigate 

the different sources of OA using the PMF Evaluation Tool (PET) v. 3.00 integrated into Igor 

Pro (Paatero and Tapper, 1994; Ulbrich et al., 2009). PMF analysis was carried out as per the 

guidelines of Paatero and Tapper (1994) and Ulbrich et al. (2009). Weak species, with a 

signal-to-noise ratio (SNR) below 2 were down-weighted by a factor of 2. In addition, the 

errors of the ions associated with the CO2
+ signal (O, HO, H2O, CO, and CO2) were also 

down-weighted by a factor of 2 in order to prevent excessive weighting of the signal at m/z 44 

(Allan et al., 2004; Ulbrich et al., 2009). No fragments (SNR < 0.2) were removed from the 

database. We examined PMF solutions between 2 and 8 factors. The selection of the most 

appropriate solution was made by taking into account several criteria such as the variation of 

the Q/Qexp ratio, the physical meaningfulness of the mass spectra representing each factor, the 

time series and daily cycles, and the relationship with external variables. 

2.4. Geographical determination of sources 

In order to get insight into the geographical origins of the sources of OA, we 

combined the data obtained by the PMF analysis with the wind speed and direction and the 

back-trajectories. The wind speed and wind direction were used by applying the non-

parametric wind regression (NWR), a hybrid source-receptor model which locates and 

quantifies local sources of hourly averaged atmospheric concentrations of a pollutant based on 

wind speed (u) and direction (θ) (Henry et al., 2009) following equation 1: 

 

    Eq. 1 
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where E is the concentration estimate at a wind direction θ and wind speed u; Wi, Ui and 

Ci the wind direction, speed and atmospheric concentrations, respectively, measured at ti; σ 

and h the smoothing factors (suggested by the software); and K1 and K2 are a Gaussian kernel 

function for wind direction θ and an Epanechnikov kernel function for wind speed u, 

respectively, used to get the smoothing (Henry et al., 2009). 

The weighed concentrations obtained from Eq. 1 are then weighted by the wind 

frequency. Hence, an empirical joint probability density of wind speed and direction is 

calculated using the kernel density estimate, as shown in equation 2:  

 

   Eq. 2 

 

where N is the total number of points. 

The Potential Source Contribution Function (PSCF) is a statistical source-receptor 

model aiming at determining the geographical origins of high concentrations of air pollutants. 

It is based on the analysis of the residence times of air masses using air mass trajectories back 

in time. The main idea is that the longer an air mass stays over a pollution source, the higher 

the pollution brought by the air mass to the receptor site. Generally, the domain covered by 

the backtrajectories is meshed according to a regular grid. The PSCF model calculates the 

probability of having a pollutant source located inside each grid cell of the domain and 

responsible for pollutant concentrations measured at the receptor site above a given threshold, 

following equation 3: 

      Eq. 3 

where mij is the number of backtrajectory endpoints passing over the ijth grid cell at 

latitude i and longitude j and associated to concentrations measured at the receptor site 

exceeding a specific threshold (in this case the 75th percentile was used); and nij the total 

number of trajectory endpoints passing over the ijth gridcell. A high value of the PSCF 

probability for the ijth grid cell indicates a high probability that this grid cell corresponds to a 

source location. The backtrajectories used for PSCF analysis were calculated with HYSPLIT 

4 (HYbrid Single-Particle Lagrangian Integrated Trajectory) for an arrival height of half of 

the planetary boundary layer, at 3-h intervals (8 trajectories per day at 0, 3, 6, 9, 12, 15, 18, 21 

UTC), and 72 hours back in time. Due to spatial resolution, PSCF was applied only to OA 

sources identified as regional by the NWR approach. 
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The calculation of both NWR and PSCF was carried out using the Zefir v3.31 IGOR tool 

(Petit et al., 2017).  

2.5. Ventilation coefficient 

Additionally, we calculated the ventilation coefficient (i.e. the product of the mixing 

layer height and the wind speed; in m2 s-1) in order to evaluate whether the atmospheric 

conditions favor dispersion or accumulation of the pollutants at the sampling location (Goyal 

and Chalapati Rao, 2007). The dispersion conditions at the site are considered as bad, 

moderate, good and excellent for ventilation coefficients between 0 and 2,000, 2,001 and 

4,000, 4,001 and 6,000 and >6,000 m² s-1 respectively, according to the criteria of Eagleman 

(1991). 

3. Results and discussion 

3.1. Overview of NR-PM1 

The time series of the meteorological parameters, concentrations of the main 

components of NR-PM1 and OA elemental ratios are shown in Figure P2.1. The weather 

conditions during the campaign were mostly humid and cold, with average values for RH and 

T of 82 ± 12% and 5.7 ± 3.3°C, respectively. Relatively low wind speeds were observed 

during the campaign, with an average of 1.6 ± 1.2 m s-1, with calm winds from north and 

northeast alternating with strong winds from the southwest. 

Moderate to high levels of NR-PM1 were observed during the measurement campaign, 

with concentrations ranging from 0.23 to 50.9 µg m-3 and a campaign average concentration 

of 11.1 ± 9.3 µg m-3. The NR-PM1 composition was dominated by OA (38.4%; 4.2 ± 3.1 µg 

m-3) and NO3 (35.9%; 4.0 ± 4.3 µg m-3) followed by NH4 (15.9%; 1.8 ± 1.8 µg m-3) and SO4 

(8.8%; 1.0 ± 0.9 µg m-3). The contribution of Cl was particularly low (1.0%, 0.23 µg m-3) 

throughout the campaign, and hence will not be further discussed. Previous studies in 

northern France carried out in winter also observed similar compositions for NR-PM1 (Crenn 

et al., 2017, 2018; Zhang et al., in prep.). In addition, the major inorganic species in NR-PM1 

measured by the AMS (NO3, NH4 and SO4) are well correlated (r > 0.95) to those measured in 

PM2.5 by a MARGA 1S (Roig et al., submitted). Some interesting changes were observed 

between the first part (5 February – 4 March 2016) and the second part (5-16 March 2016) of 

the campaign. During the second period, particularly high concentrations of NR-PM1 (up to 

50 µg m-3) were observed. This was attributed to an impact of air masses originating from 

continental Europe and rich in secondary aerosols, as will be discussed in detail in section 3.4. 
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Figure P2.1 Time series of NR-PM1, elemental ratios (OM:OC, H:C and O:C)  

and of the main meteorological parameters (T: temperature, RH: relative humidity, P: 

atmospheric pressure, WD: wind direction and WS: wind speed) 

 

The daily profiles of the average concentrations and fractional contributions for the 

main species of NR-PM1 are shown in Figure S2.2. Concentrations of NO3 and NH4 are 

higher during the nighttime, in accordance with the lower temperatures and higher RH 

favoring the partitioning of ammonium nitrate to the aerosol phase. On the other hand, the 

concentrations of sulfate do not show noticeable differences throughout the day, suggesting 

that it might be a result of transformation of regionally emitted SO2. In addition, the daytime 

production of SO4 might have been masked by the expansion of the boundary layer, and the 

nighttime lower boundary layer values might have caused higher SO4 thus the similar levels 

between daytime and nighttime. The daily cycle of OA shows two maxima, one in the early 

morning which could be linked to the vehicular emissions during the traffic rush hours, and 

one in the evening, which could be attributed to emissions from biomass burning, as will be 
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further discussed in section 3.3. The difference in composition of the NR-PM1 between 

daytime and nighttime was small, although the contribution of OA was higher through the 

night (41% compared to 35% during daytime; Figure S2.2b), which could be attributed to a 

higher contribution of OA sources such as biomass burning during the nighttime, as will be 

discussed later. 

The origin of the main components of NR-PM1 was assessed with the use of polar 

plots, shown in Figure S2.3. We observed higher concentrations of NO3 and NH4 for low and 

moderate wind speeds from the NE sector, suggesting that a combination of local and regional 

sources could have contributed to the observed concentrations. High levels of SO4 are 

observed for low and moderate wind speeds in the NE sector. However, high concentrations 

of SO4 are also observed for other directions, implying that its origin could be rather regional, 

in agreement with its daily cycle. The polar plot for OA shows highest concentrations for very 

calm winds (<1 m s-1), pointing out significant local contributions. However, high 

concentrations of OA are also observed for moderate wind speeds from the NE and SE 

sectors, suggesting that regional sources are also important.  

The acidity of the NR-PM1 aerosol was evaluated by using the neutralization ratio 

(NR) (Figure S2.4). This is defined as the ratio between the observed ammonium and that 

required for the full neutralization of nitrate and sulfate. NR was close to 1 during most of the 

campaign, implying that there was always enough NH4 to neutralize NO3 and SO4. 

3.2. OA characteristics 

Calculation of OA elemental ratios indicates that OA was moderately oxidized during 

the campaign. The average values for the OM:OC, O:C, H:C and N:C ratios were 1.60 ± 0.15, 

0.32 ± 0.11, 1.55 ± 0.14 and 0.04 ± 0.02, respectively. These values are consistent with 

previous wintertime observations at urban sites in France (Chakraborty et al., in prep.; Crenn 

et al., 2018; Crippa et al., 2013).  

The daily profiles of the elemental ratios are shown in Figure P2.2. The OM:OC and 

O:C ratios are found to be slightly higher during nighttime than daytime hours, which could 

be attributed to aqueous processing during nighttime due to very high RH levels and 

occurrence of some fog events. Higher or comparable nighttime OM:OC and O:C values have 

also been observed in previous studies (Brown et al., 2013; Florou et al., 2017; Hayes et al., 

2013). High humidity and fog events can create a suitable environment for aqueous oxidation 

leading to higher O:C ratios. Stagnant conditions during winter nights, suggested by 
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ventilation coefficient values lower than 1000 m2 s-1 (Eagleman, 1991; Figure S2.5b), may 

have also allowed more time for the processing of local air masses. For instance, aqueous 

oxidation of primary biomass burning aerosols has already been reported (Gilardoni et al., 

2016) and this will be discussed further in section 3.3. Relatively lower solar radiation (and 

thus less photochemical activity) may have led to the observed lower OA oxidation levels 

during daytime. The minima for OM:OC and O:C are found in the early morning (7-8 am 

UTC, that is to say 8-9 am local time) and afternoon (5-6 pm UTC), during the traffic rush 

hours. On the contrary, the H:C ratio presents higher values during daytime, with maximum 

values during the traffic rush hours. In the literature, H:C usually shows a sharp decrease after 

reaching its maximum in the morning (Crippa et al., 2013; Docherty et al., 2011; Florou et al., 

2017; Saarikoski et al., 2012). However, in this study H:C shows only a minor dip after its 

morning maximum, and remains steady until the afternoon traffic rush hours. This could be 

linked to the substantial contribution from some primary sources such as traffic outside rush 

hours (the road next to the sampling site is situated between an industrial zone and a 

commercial zone, implying that there is always some traffic of cars, trucks and buses) or even 

cooking with high H:C values during daytime as will be discussed in section 3.3. The N:C 

ratio showed higher values during the night and early morning, during the traffic rush hours. 

The Van Krevelen plot (H:C vs O:C) can reveal some important information on the 

aging of the atmospheric OA (Heald et al., 2010). In Figure P2.3, OA elemental ratios are 

observed to move towards the lower right (higher O:C and lower H:C) as the campaign 

proceeds. Some inferences can be drawn on OA aging based on the slope of this change of 

OA elemental ratios. In the same plot, reactions involving the addition/subtraction of several 

functional groups are illustrated with straight lines of different slope values. For instance, a 

slope of -2 is obtained when an aliphatic carbon group (‒CH2‒) is replaced by a carbonyl 

group (‒C(=O)‒), representing the loss of 2 hydrogens and the gain of 1 oxygen. The 

replacement of one hydrogen atom with an alcohol group (‒OH‒) results in a slope value of 0. 

Lastly, a slope of -1 is obtained by the simultaneous addition of the carbonyl and alcohol 

groups (Heald et al., 2010). The data plotted in Figure P2.3 presented an average slope of -

1.05, which is in the range of values reported for other field campaigns (-0.8 to -1.1) (Hayes 

et al., 2013; Heald et al., 2010; Timonen et al., 2013). It is also observed that the elemental 

ratios of OA tend to be confined within a narrow area towards the end of the campaign, when 

aged air masses were arriving from continental Europe, as will be discussed in detail in 

section 3.4. This observed tendency implies that with the atmospheric aging due to transport, 
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the chemical characteristics of bulk OA tend to be homogenized, as reported in several 

previous studies (Pan, 2015; Williams et al., 2007). 

 

Figure P2.2 Median daily profiles for OM:OC, O:C, H:C and N:C 

 

 
Figure P2.3 Van Krevelen diagram for all the data colored by time, with identified PMF 

factors (HOA: Hydrogen-like OA, COA: cooking-like OA; oBBOA: oxidized biomass 

burning OA, MO-OOA: more oxidized – oxygenated OA, LO-OOA: less oxidized – 

oxygenated OA). 

 

3.3. Source apportionment of OA 

The PMF analysis was applied to the high resolution mass spectra of OA by varying the 

number of factors from two to eight. The five factor solution was chosen based on the Q/Qexp 
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ratio, the chemical signatures of the different mass spectra, the time series and daily cycles, 

and the correlation with tracers and external variables. Reasoning behind this choice is 

presented in Table S2.1. The PMF diagnostics for the chosen solution are shown in Figure 

S2.6. The five factors were identified as hydrocarbon-like OA (HOA), cooking-like OA 

(COA), oxidized biomass burning OA (oBBOA), more oxygenated oxidized OA (MO-OOA) 

and less oxygenated oxidized OA (LO-OOA). 

The mass spectra profiles and time series for each factor are shown in Figure P2.4a and 

b, respectively. The higher contributions are observed for MO-OOA (33%) and oBBOA 

(25%), while LO-OOA (16%), HOA (15%) and COA (11%) constituted the remaining OA 

mass. The time series of each PMF factor and their correlation with tracer(s) are shown in 

Figure S2.7. In addition, in Table S2.2 the correlations between the PMF factors and the 

additionally available external variables are also presented. 

As mentioned in section 2.4, linking the wind speed and direction data to the PMF 

factors can bring about additional information on the sources of OA. Hence, in Figure P2.6 

the NWR plots for each PMF factor are shown. 

3.3.1. HOA 

The HOA mass spectrum is dominated by the CnH2n-1 and CnH2n+1 ion series (Figure 

P2.4a), which are characteristic of OA mass spectra from diesel exhaust emissions 

(Canagaratna et al., 2004). Accordingly, the HOA factor has the highest H:C ratio (2.09), and 

lowest OM:OC (1.41) and O:C (0.16) ratios among all the factors. The daily profile of HOA 

(Figure P2.5a) shows two prominent peaks in the morning and evening hours corresponding 

to higher traffic activities during the rush hours. HOA is observed to be strongly correlated 

with m/z 57 (r = 0.94; Figure S2.7a), which is typically used as an internal tracer for HOA. 

Good correlations are also observed with external traffic tracers like BC (r = 0.83) and NOx (r 

= 0.85) (Figure S2.7a and Table S2.2). The obtained HOA mass spectrum is also compared to 

reference ambient spectra (Crippa et al., 2013; Docherty et al., 2011; Mohr et al., 2012; 

Struckmeier et al., 2016) obtained from the High Resolution AMS Spectral Database 

(http://cires1.colorado.edu/jimenez-group/HRAMSsd/) and excellent correlations are obtained 

(r = 0.94-0.99) (Figure S2.8). As shown in the NWR plot for HOA in Figure P2.6a, the 

highest concentrations are observed for very low wind speeds, particularly from the NE and E 

directions, suggesting that most of the HOA was locally formed or emitted. In fact, a 2-lane 

road is located adjacent to the sampling site and likely contributed notably to the observed 

HOA. 

+ + 
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a) 

 

b) 

 

Figure P2.4 (a) Factor profiles with fragments colored by chemical families, and (b) time 

series of the concentrations and mass fractions of the PMF factors (HOA: Hydrogen-like OA, 

COA: cooking-like OA; oBBOA: oxidized biomass burning OA, MO-OOA: more oxidized – 

oxygenated OA, LO-OOA: less oxidized – oxygenated OA). 
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a)  b)  

  
Figure P2.5 Daily profiles of PMF factors by (a) concentration and (b) contribution to OA 

(HOA: Hydrogen-like OA, COA: cooking-like OA; oBBOA: oxidized biomass burning OA, 

MO-OOA: more oxidized – oxygenated OA, LO-OOA: less oxidized – oxygenated OA). 

 

3.3.2. COA 

The mass spectrum of COA is similar to that of HOA (Figure P2.4a), but differs in that 

it contains more highly oxygenated fragments at the same nominal masses (Crippa et al., 

2013; Mohr et al., 2012), particularly in m/z 43 (C2H3O
+) and 55 (C3H3O

+) than HOA, in 

agreement with the higher degree of oxygenation of fatty acids that compose COA (Mohr et 

al., 2009). The daily profile of COA (Figure P2.5a) also resembles that of HOA, with maxima 

in the morning and the night, the latter appearing after that of HOA, in accordance with the 

dinner time. However, the characteristic lunch peak of COA was not observed. The absence 

of high COA during lunchtime could be attributed to a dilution effect of the mixing layer, 

which showed maximum values between 12 pm and 3 pm UTC (Figure S2.5a) and the 

absence of nearby local sources. The COA factor was nonetheless well correlated with its 

main tracer, m/z 55 (r = 0.86) (Figure S2.7b). Good correlations were also obtained when 

COA was compared to BC (r = 0.70) and NOx (r = 0.68) (Table S2.2). Additionally, the COA 

mass spectrum was compared to reference spectra of previous studies (Crippa et al., 2013; 

Mohr et al., 2012; Struckmeier et al., 2016) and good correlations were obtained (r = 0.94-

0.95) (Figure S2.9). The NWR plot for COA (Figure P2.6b) also shows highest 

concentrations for low wind speeds from all directions, implying that COA was mostly 

emitted locally. 
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a) HOA b) COA 

  
c) oBBOA d) MO-OOA 

  
e) LO-OOA  

 

 

Figure P2.6 NWR plots for AMS PMF factors, colored by mass concentration (radius: wind 

speed in km h-1). HOA: Hydrogen-like OA, COA: cooking-like OA; oBBOA: oxidized 

biomass burning OA, MO-OOA: more oxidized – oxygenated OA, LO-OOA: less oxidized – 

oxygenated OA. 
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3.3.3. oBBOA 

An oxidized BBOA factor was also retrieved by the PMF analysis. This factor is 

characterized by the presence of characteristic fragments of biomass burning at m/z 60 and 

73, associated to C2H4O2
+ and C3H5O2

+, respectively (Figure P2.4a; Alfarra et al., 2007). 

Accordingly, oBBOA is well correlated with its main tracer m/z 60 (r = 0.90; Figure S2.7c). 

In addition, good correlations are observed between oBBOA and Delta-C (r = 0.72; Figure 

S2.7c and Table S2.2) and water-soluble K+ from MARGA measurements (r = 0.60) (Table 

S2.2). As explained in section 2.2, Delta-C can be used as a tracer of wood combustion. 

oBBOA has a high degree of oxidation (OM:OC = 2.02 and O:C = 0.65), with notable peaks 

in its mass spectrum at m/z 28 (CO+), 29 (CHO+) and 44 (CO2
+). The observation of a unique 

oxidized BBOA factor in OA PMF analysis is not common. Instead, most studies typically 

report a primary BBOA factor or two separate primary and oxidized BBOA factors. However, 

a recent study conducted in Houston, USA (Wallace et al., 2018), also reported the presence 

of a single oxidized BBOA factor (OM:OC and O:C of 2.03 and 0.65, respectively). 

One previous field study has provided evidence of aqueous processing of primary 

BBOA (Gilardoni et al., 2016), mainly through its correlation with RH. RH values during the 

present measurement campaign were particularly high, with an average of 82 ± 12%, which 

could promote aqueous processing of the OA. Indeed, when the correlation between the PMF 

factors and the RH (by bins) is evaluated, the concentration (and relative contribution) of 

oBBOA increases from 0.7 µg m-3 (13% of OA) for RH < 60% to 2.24 µg m-3 (28%) for RH 

> 95%. This positive trend is observed between oBBOA and RH, while it is not observed for 

the other PMF factors. This, together with the NWR graph for oBBOA (Figure P2.6c) where 

higher concentrations are associated with low wind speeds, suggests that aqueous processing 

possibly led to the rapid oxidation of locally emitted biomass burning emissions forming 

oBBOA.  

The aqSOA (aqueous SOA) factor reported by Gilardoni et al. (2016), which was 

attributed to aqueous processing of primary BBOA, presented a similar oxidation degree to 

that of our oBBOA as shown by its O:C ratio (0.57). Elevated values for O:C ratios were also 

observed for laboratory-generated SOA from the photo-oxidation of organic precursors in the 

aqueous phase (Lee et al., 2011, 2012). Similarly to the oBBOA factor, the mass spectrum of 

the aqSOA factor presented characteristic signals at m/z 29 (CHO+), m/z 44 (CO2
+), but also 

in m/z 43 (C2H3O
+). As in this work, the moderate peak observed at m/z 60 (C2H4O2

+) is 



212 

justified by the occurrence of degradation and oxidation reactions during atmospheric 

processing of fresh biomass-burning emissions.  

The daily profile of oBBOA (Figure P2.5) shows an increase of the concentration in 

the late afternoon and a maximum before midnight, after which the concentrations show a 

sharp decrease. This profile is in agreement with the time of biomass burning activities (in the 

evening), then lower MLH and higher RH values during the night, promoting the aqueous 

processing of fresh BBOA emissions. 

 

a)  b)  

  
Figure P2.7 Averaged mass concentrations and relative contributions of PMF factors as a 

function of RH bins (the width of the bins, represented by the horizontal bars, was chosen to 

increase the representativeness of each interval, with n ≥ 40). HOA: Hydrogen-like OA, 

COA: cooking-like OA; oBBOA: oxidized biomass burning OA, MO-OOA: more oxidized – 

oxygenated OA, LO-OOA: less oxidized – oxygenated OA. 

  

3.3.4. LO-OOA and MO-OOA 

Two OOA factors were obtained and denoted as LO-OOA and MO-OOA (Figure 

P2.4a). Even though their mass spectra are similar (r = 0.82), they are being considered as two 

separate factors since their degree of oxidation and time series are different (r = 0.64; Figure 

P2.4b). The mass spectra of both factors are characterized by major peaks at m/z 28 and 44, 

attributed to CO+ and CO2
+, respectively. However, the MO-OOA also includes a peak at m/z 

29 associated to CHO+, whereas the LO-OOA does not and instead presents small 

contributions from alkyl fragments at m/z 29 and 64, attributed to C2H5
+ and C5H4

+, 

respectively. Therefore, the MO-OOA factor presents higher OM:OC and O:C ratios (2.52 

and 1.03, respectively) in comparison to the LO-OOA factor (1.93 and 0.57). However, both 
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factors have very similar H:C values (around 1.4) suggesting there was no evolution of the 

LO-OOA towards the MO-OOA, but rather that each OOA factor has a different origin and/or 

has been processed over a different timescale. While both factors showed a high correlation 

with NO3
- (r = 0.88 and 0.89 for MO-OOA and LO-OOA, respectively), the LO-OOA factor 

correlated better with SO4
2- (r = 0.85) than MO-OOA (r = 0.62). This suggests that the LO-

OOA could have a more regional origin. 

The time series of the MO-OOA factor shows similar concentrations throughout the 

whole campaign (Figure P2.4b). However, the LO-OOA factor presented low concentrations 

during most of the time except in the last period, where its contribution showed a remarkable 

increase (Figure P2.4b) due to the impact of air masses from continental Europe, as will be 

further discussed in section 3.4. The daily profiles of both factors showed a similar cycle, with 

smaller concentrations in the daytime (Figure P2.5a). For MO-OOA, the concentrations are 

observed to be steady during the night and early morning, but showed a decrease until the 

evening, and then started to increase again. For LO-OOA, the observed daily profile showed a 

similar but less pronounced trend. Concentrations of oxygenated factors are expected to be 

usually observed in the daytime, particularly in the afternoon, due to higher solar radiation 

which promotes photochemistry leading to the formation of secondary organic aerosols. 

However, in this study, the concentrations of OOA factors have decreased over the day 

(Figure P2.5a). This could be attributed to the strong dilution effect of the mixing layer, the 

values of which are higher in the afternoon (Figure S2.5a). Besides, although their 

concentrations are going down, their contributions to total OA are increasing (Figure P2.5b) 

indicating that OOA is produced but somewhat masked by the enhanced ML heights.  

The NWR plots for the MO-OOA and LO-OOA factors show higher concentrations 

for moderate wind speeds from the NE sector (Figure P2.6d-e). In addition high 

concentrations of the MO-OOA factor are also observed for low and moderate wind speeds 

from the SE sector (Figure P2.6d). This suggests that the origin of both factors is rather 

regional, particularly for the LO-OOA factor. The PSCF plots show that higher probabilities 

are observed for air masses from Belgium and Germany (Figure S2.10). 

 

3.4. Impact of meteorological parameters and long range transport on NR-PM1 

characteristics 

The entire campaign was further divided into two different periods based on mass 

loadings and meteorological conditions to gain further insights about the impact of 
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meteorology and long range transport on aerosol characteristics. Period I (5 February to 4 

March 2016) was characterized by moderate NR-PM1 (average of 8.8 ± 7.3 µg m-3), ranging 

from 0.4 to 31.5 µg m-3. On the other hand, period II (5 to 16 March 2016) showed high 

concentrations of NR-PM1 (average of 17.2 ± 10.9 µg m-3) with values up to 50 µg m-3. The 

average temperatures and RH values were similar between both periods. However, period II 

was associated with anticyclonic conditions, with atmospheric pressure values higher than 

1020 hPa, no precipitation (4 mm in comparison to 73 mm for period I) and calm winds from 

the N and NE. In addition, during period II significantly lower values were observed for the 

mixing layer height during the nighttime (Figure S2.5a), which could favor the accumulation 

of pollutants. The ventilation coefficient (Figure S2.5b) also shows a similar trend, with lower 

nighttime values in period II (< 500 m2 s-1) which indicate adverse conditions for the 

dispersion of pollutants (Eagleman, 1991). The backtrajectory density maps for each period 

(Figure S2.11) show that during period I higher probabilities of occurrence are observed for 

air masses from the north of France, suggesting that there is a higher influence from local 

areas. On the contrary, in period II high probabilities are observed for Belgium, Germany and 

Western Poland. Overall, this combination of factors contributed to the long-range transport 

of NR-PM1 and its accumulation over the region of northern France. 

The composition of the NR-PM1 was also significantly different between both periods 

(Figure P2.8). In period I, the NR-PM1 was dominated by OA, with an average of 43%, while 

the inorganic ions constituted the rest of the mass, with 33% NO3, 15% NH4, 8% SO4 and 1% 

Cl. In period II the OA contribution decreased to 32%, and the percentage of the inorganic 

ions increases notably, particularly of NO3 to 39%, but also of NH4 (18%) and SO4 (10%). 

This suggests that during period I, local sources contributed more significantly to OA, while 

during period II the long-range transported air masses led to an increase of the levels of the 

inorganic aerosols. 

While the total OA mass in period II was not significantly higher in comparison to 

period I (as opposed to the inorganic part of the aerosol), we observed significant differences 

in its composition (Figure P28). On the one hand, period I the OA was dominated by local 

sources (59%) with average contributions of 30% for oBBOA, 17% for HOA and 12% for 

COA.  Among the rather regional OA factors, MO-OOA clearly dominates (33%) over LO-

OOA (8%) (Figure P2.8). This confirms that period I was mainly influenced by local sources.  
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a) Period I (Feb. 5 – Mar. 4, 2016) 

Average conc. 8.8 ± 7.3 µg m-3 

b) Period II (Mar. 5 – 16, 2016) 

Average conc. 17.2 ± 10.9 µg m-3 

  

Figure P2.8 Average chemical composition of NR-PM1 for (a) period I and (b) period II. The 

OA fraction (highlighted in light green) is subdivided into its PMF factors. 

 

In addition, a nocturnal new particle formation (NPF) event was distinguished in 

period I from 15 to 16 February 2016, which has already been described in a previous article 

(Roig et al., submitted) and here is briefly presented in relation with the composition of the 

OA. A NPF event corresponds to the formation of nanometer-sized particles in the nucleation 

mode, mainly through gas-to-particle conversion. In Figure S2.12, the time series of the 

particle number size distribution (PNSD) and the geometric mean diameter of PM1 obtained 

with a scanning mobility particle sizer (SMPS) is shown together with the time series of the 

PMF factors. The event took place under anticyclonic conditions, with clear sky, calm winds, 

low temperatures and high RH values. Additionally, the ambient concentrations of PM2.5 in 

the previous hours of the NPF event were particularly low due to the occurrence of 

precipitation and marine air masses with little anthropogenic influence impacting the site 

(Roig et al., submitted). The NPF started at 6 pm and finished at 4 am (local time), with an 

average growth rate of 5.1 nm h-1 reaching a geometric mean diameter of 70 nm. At the same 

time, the concentrations of OA increased simultaneously up to 14 µg m-3, with oBBOA 

clearly dominating with a contribution higher than 50% during most of the event. The 

concentrations of soluble K+ measured with a MARGA also showed the same increasing trend 

(Roig et al., submitted). This suggests that fast processing of organic matter from biomass 

burning emissions was strongly involved in this NPF event. 
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On the other hand, in period II the total contribution from local OA decreased 

significantly to 35%, with average contributions of 16% for oBBOA, 11% for HOA and 8 % 

for COA. The lower contribution of oBBOA during period II (i.e. under the influence of 

transported air masses from continental Europe) proves that primary biomass burning 

emissions are locally processed. The contribution of the regional factors increased up to 65% 

during period II. However, though the contribution of the MO-OOA factor is similar to that of 

period I (34%), the contribution of LO-OOA sharply increased to 31%. Therefore, it seems 

that the increase in LO-OOA in period II could be attributed to the impact of aged air masses 

transported from continental Europe. 

Despite a significantly different composition of OA between both periods, the 

elemental ratios were rather similar. This could be attributed to a compensation of these ratios 

between the different OA factors (i.e. lower oBBOA and higher LO-OOA during period II).  

4. Conclusions 

In this study, the characteristics and sources of submicron OA were investigated 

during an intensive winter (5 February to 16 March 2016) in northern France. Moderate 

concentrations of NR-PM1 (11.1 ± 9.3 µg m-3) were observed, generally dominated by 

inorganic ions (62%). Nitrate was the dominant inorganic ion (35.9%), followed by NH4 

(15.9%) and SO4 (8.8%). In addition, the NR (neutralization ratio) of the aerosol was close to 

1 during most of the campaign, implying that there was always enough NH4 to neutralize NO3 

and SO4. 

OA was found to be moderately oxidized (O/C = 0.32) and evolving along a slope of -

1 in the Van Krevelen plot (H:C vs O:C) indicating that the simultaneous addition of carbonyl 

and alcohol groups could be predominant in the oxidation of OA. Application of the PMF 

analysis to the OA mass spectra revealed the presence of several types of OA at the sampling 

location. Identified OA were denoted as hydrocarbon-like (HOA), cooking-like (COA), 

oxidized biomass burning (oBBOA), and two oxygenated factors classified into less oxidized 

(LO-OOA) and more oxidized (MO-OOA). The concentrations of the oBBOA factor were 

positively correlated with relative humidity, suggesting aqueous processing of primary 

biomass burning emissions took place. This was supported by high values of OM:OC and 

O:C during nighttime and by the NWR analysis which showed higher oBBOA concentrations 

for calm winds indicating local origins. On average, OA was dominated by MO-OOA (33%) 

and oBBOA (25%). In addition, oBBOA was shown to be involved in a nighttime NPF event 
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during period I suggesting a fast processing of organic species under high humidity 

conditions. However, during the last part of the campaign (5 to 16 March 2016) the 

contribution of the LO-OOA factor increased up to 31%. During the first period of the 

campaign (5 February to 4 March 2016) the origin of the air masses alternated from oceanic 

and continental, which led to low to moderate concentrations of NR-PM1. However, during 

the second period of the campaign (5 to 16 March 2016) the sampling site was heavily 

impacted by air masses from Eastern Europe rich in aged aerosols, evidenced by the high 

contributions from secondary inorganic and organic aerosols. In combination with an 

anticyclonic situation and low ventilation coefficient values, this favored the presence of high 

NR-PM1 concentrations in the north of France. Lastly, the OA confined into a narrower space 

in the VK diagram during the last period of the campaign, suggesting a homogenization of the 

different aerosol sources due to ageing of OA during transportation. 

These results indicate that during winter, aqueous processing of primary biomass 

burning emissions in North-Western Europe could be more important than what was 

previously thought. In addition, air masses arriving from Eastern Europe have a considerable 

impact in the region of northern France, with higher concentrations of secondary inorganic 

and organic aerosols. Hence, the improvement of the mitigation policies in neighboring 

countries of France, mainly Belgium, Germany and Poland, should exert a significant impact 

on the air quality. 
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CHAPTER 5. Effect of high temporal resolution and database composition 

on source apportionment of PM2.5 using positive matrix factorization 

 

The fifth chapter presents a thorough source apportionment study of PM2.5 based on 

the hourly database of MARGA and 2-λ aethalometer measurements (PMFh). Since this 

approach is not very common, a comparison with other source apportionment approaches is 

performed with two more typical datasets (different input variables and/or temporal 

resolutions). The first one consists of a daily database where the hourly MARGA and 

aethalometer measurements have been averaged to daily values and major and trace elements 

have been included in order to take advantage of their tracing capabilities and eventually 

determine additional sources (PMFd). The second one is based on the organic mass spectra 

presented in the previous chapter (PMForg). This chapter is also presented as a research article 

named which is currently under preparation and needs to be sent to some co-authors. 

Supplementary information to this article is also available in Annex 4 of this 

manuscript. This includes complementary figures and tables, as well as a section concerning 

the calculation of the uncertainties and another on the comparison between PMFh and PMFd 

with the same input variables. 
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Abstract. The increasing availability of online measurements for the chemical 

speciation of aerosols enables performing source apportionment studies with high temporal 

resolution, typically of an hour or less. However online instruments cannot generally analyze 

as many chemical tracers as offline methodologies manage to do. One question may arise is 

the extent to which the coupling of a higher measurements frequency with lower chemical 

information impacts source apportionment. In the present work, two source apportionment 

studies of fine particulate matter (PM2.5) at a suburban site in northern France, a region 

frequently impacted by particulate pollution episodes, were performed and compared using 

positive matrix factorization (PMF). The PMF analysis was applied to differently time-

resolved datasets of PM2.5 species concentrations: (i) an hourly dataset with 9 chemical 

variables consisting of water-soluble ions (WSI) (NO3
-, SO4

2-, NH4
+, Na+, K+, Mg2+, C2O4

2-) 

in the aerosol phase obtained with a MARGA system and two types of particulate absorbing 

carbon (BC and Delta-C) acquired with a double-wavelength aethalometer, leading to an 

hourly-based PMF (PMFh); (ii) a daily-resolved dataset with 29 chemical variables composed 

of the daily averages of all the variables used in the PMFh and of several major (Ca, Fe, K) 

and trace elements (As, Ba, Bi, Cd, Ce, Co, Cr, Cu, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sr, Zn) 

obtained through 24-h filter sampling and subsequent ICP-MS analysis, giving a daily-based 

PMF (PMFd). Additionally, PMF was applied to 5-min resolved data of PM1 organic mass 

spectra (PMForg) collected during wintertime with a HR-ToF-AMS, and hourly averages were 

compared to the PMFh for common sources. Besides, the geographical origins of the source 

factors was investigated using non-parametric wind regression (NWR) and positive source 

contribution function (PSCF) applied to the obtained contributions of the source factors 

coupled with local wind characteristics and air mass back-trajectories, respectively, in order to 

distinguish between local and regional sources. Five common source factors were found both 

mailto:esperanza.perdrix@imt-lille-douai.fr
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in the PMFh and PMFd, identified as: sulfate-rich, nitrate-rich, marine, road traffic and 

biomass combustion. The hourly resolution of the database allowed observing aerosol 

formation processes such as the night-time increase of the nitrate-rich factor as well as the 

daily variability of certain sources including road traffic and biomass combustion. In addition, 

the higher number of data points resulting from hourly measurements also led to more robust 

and precise results for the determination of the geographical origin of sources by means of 

NWR and PSCF. However, some differences in the contributions to PM2.5 of the common 

source factors were found between both approaches, which were attributed to the loss of 

variability due to averaging of the hourly data and to the splitting into more source factors in 

the PMFd. In fact, the addition of the major and trace elements in PMFd allowed the 

deconvolution of three extra source factors: metal industry background (MIB), local industry 

and dust, which constitute 10% of the PM2.5 fraction on average. The NWR and PSCF 

analyses determined the regional origin of the sulfate-rich, nitrate-rich and marine aerosol, 

while the remaining source factors were found to have a rather local origin. This work shows 

that in the north of France the continuous hourly measurement of a few selected variables, 

namely ionic species and different types of absorbing carbon, is sufficient to perform a 

consistent source apportionment, although the knowledge of the major and trace elements 

temporal variability is essential to highlight some industrial sources. 

 

Keywords: MARGA, aethalometer, ICP-MS, PMF 

 

1. Introduction 

In order to apply effective pollution reduction strategies, it is required to have a good 

knowledge on the sources at both the regional and local levels. One efficient approach for 

their identification is the use of statistical receptor models. These models can be employed 

even when there is little or no knowledge about the sources. Based on a mass balance with 

mass conservation, they apportion different chemical species to a given number of sources in 

what is commonly known as source apportionment (SA). Positive matrix factorization (PMF) 

is one of the most used receptor-based techniques, which determines, from a set of 

observations of different chemical species, the possible sources and their contributions by 

applying physical constraints (Paatero and Tapper, 1994; Viana et al., 2008). PMF has been 

widely applied to particulate matter (PM) such as PM2.5, i.e. fine particles with an 

aerodynamic diameter inferior to 2.5 µm (Amato et al., 2009; Bressi et al., 2014; Crilley et al., 
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2017; Ledoux et al., 2017; Masiol et al., 2017; Mooibroek et al., 2011; Yli-Tuomi et al., 

2015), which is an important contributor to air pollution in Europe (EEA, 2015). Exposure to 

PM2.5 has been associated with severe health effects and life expectancy reduction in the long 

term (Kim et al., 2015). In France alone, a comprehensive study reported an annual average of 

48,000 premature deaths related to PM2.5 exposure (Santé publique France, 2016). In order to 

reduce the exposure to ambient PM2.5 in Europe, the 2008/50/EC Directive establishes an 

annual limit value of 25 µg m-3. More strictly, a recommended value of 10 µg m-3 is set by the 

World Health Organization (WHO).  

To the best of our knowledge, only two long-term studies focusing on the SA of daily 

PM2.5 species in North-Western Europe with a minimum duration of one year have been 

published in recent years. In France, a study was carried out at an urban background site in 

Paris in 2009-2010 (Bressi et al., 2014). In the Netherlands, a PMF analysis was performed on 

pooled data from 5 different sites of various typologies in 2007-2008 (Mooibroek et al., 

2011). In both studies, factors of secondary aerosol sources including “nitrate-rich” and 

“sulfate-rich” secondary aerosols were clearly dominating, with average annual contributions 

of 51% in Paris and 69% in the Netherlands, and in both cases were attributed to mid- to long-

range transport from continental Europe. 

In addition, most of the SA studies have been applied to daily-resolved data obtained 

by offline filter sampling. This kind of datasets does not provide information regarding the 

(trans)formation processes of aerosols or the change of pollution sources at a high time 

resolution, and are rather a reflection of a long-term equilibrium state. This hinders the 

understanding of source patterns, which may be critical in the implementation of mitigation 

policies (Peng et al., 2016). To overcome this limitation, near real-time measurements have 

been used to determine the composition and sources of aerosols with a high-time resolution 

(~1 hour or less). Nevertheless, most of these studies either used aerosol mass spectrometers 

(in PM1) and just focused on the apportionment of the organic fraction of the aerosol (Crippa 

et al., 2014; Fröhlich et al., 2015; Lanz et al., 2010), or were limited to the PM 

characterization but did not further identify the possible sources and their variability 

(Makkonen et al., 2012, 2014; Stieger et al., 2017; Twigg et al., 2015).  

This study aims at finding out the advantages and limitations of carrying out a SA 

study of PM2.5 using near real-time information with a limited number of chemical species, 

instead of using daily-averaged data with a more detailed chemical speciation. For this 

purpose, sources of PM2.5 were investigated by carrying out two SA studies using PMF based 

on a 1-year long database from a suburban site of northern France. The geographical origins 
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of the source factors were determined using Non-Parametric Wind Regression (NWR) and 

Potential Source Contribution Function (PSCF). The influence of the temporal resolution of 

the data and the extent of the database on the PMF results was assessed by comparing 

different approaches. A first approach is based on hourly-resolved data (PMFh) of water 

soluble ions (WSI), black carbon (BC), Delta-C and PM2.5. This type of database is often 

obtained with online instruments but in the case of the MARGA, it consists of a limited 

number of variables and has been rarely tested in order to provide information on sources 

(Fan et al., 2014; Gao et al., 2016; Peng et al., 2016). The other approach (PMFd) uses all of 

the above variables averaged on a daily basis and adds supplementary daily variables, namely 

major and trace elements obtained from filter sampling and subsequent ICP-MS analysis. 

PMFd is directed at the detection of additional source factors which could not be deconvolved 

without considering the major and trace elements, in order to evaluate the possible error on 

sources associated with the hourly approach. Additionally, the PMF results (PMForg) obtained 

only over the wintertime period with a third dataset acquired with a high resolution-time of 

flight-aerosol mass spectrometer (HR-ToF-AMS; time resolution of 5 minutes) and whose 

details can be found elsewhere (Roig et al., in prep.), were used as a consistency check for 

common sources. The comparison between these approaches and the advantages and 

limitations of using each one are assessed. 

2. Materials and methods 

2.1. Site description  

Hourly and daily observations were carried out for 1 year from August 2015 to July 

2016 in Douai, northern France (50°23’03’’N, 3°05’08’’E, and 20 m above sea level). Douai 

is situated in a flat region and is about 25-30 km to the European Metropolis of Lille, which is 

the second most densely populated metropolis of France with about 1.2 million inhabitants 

and a population of 1,832 inhab. km-2. The climate of the region is characterized by low 

seasonal thermal amplitudes and regular precipitations throughout the year, with no dry 

season. The sampling site was located outside the city center and is considered to be 

representative of the background pollution of the region. 

The area of northern France is affected by high ambient concentrations of PM2.5 which 

often exceed the recommended and limit values during several day long pollution events. For 

the year 2016, 15 of those were recorded by the local air quality monitoring network totaling 

34 days (Atmo Hauts-de-France, 2017). As the north of France has a rather flat topography 

and because it is under the predominant influence of marine winds from the Atlantic Ocean 
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and the North Sea, it may be considered that the relief situation generally favors the 

dispersion of pollutants. Therefore, these repeated particulate pollution episodes are rather 

attributed partly to the high population density and intense industrial and agricultural activity 

in the region, but also to the proximity of major industrialized, agricultural and/or highly 

populated areas including the Benelux and the Ruhr regions in the east, Paris in the south, and 

London in the north.  

2.2. Instrumentation 

The commercially available MARGA 1S (Metrohm Applikon B.V, Netherlands) (ten 

Brink et al., 2007) was used for the hourly determination of 8 water-soluble inorganic ions 

(WSII) (NO3
-, SO4

2-, NH4
+, Na+, Cl-, K+, Mg2+, Ca2+), 1 organic water-soluble ion (C2O4

2-) in 

PM2.5 and 5 gaseous precursors (HCl, HONO, HNO3, SO2, NH3). Briefly, ambient air was 

drawn at 1 m3 h-1 through a Teflon-coated PM2.5-inlet (Leckel) followed by a 2-m long 

polyethylene tube of 1/2” in diameter. The air then entered the Wet Rotating Denuder (WRD), 

where water-soluble gases diffused to an absorption solution (made of 10 ppm hydrogen 

peroxide in ultrapure water). Aerosol particles were collected downstream in a Steam Jet 

Aerosol Collector (SJAC) where the water-soluble fraction of the aerosol was solubilized 

while the non-soluble compounds were retained by a 0.45 µm porosity PFTE filter. The 

water-soluble gas phase sampled from the WRD and the aerosol phase from the SJAC were 

collected in separate 25 mL syringes and successively analyzed in an ion chromatography 

system with both cation and anion columns. More details on the QA/QC of the measurements 

can be found in a previous paper from our group (Roig et al., submitted). 

An aethalometer AE42 (Magee Scientific, USA) was operated at 2 wavelengths (370 

and 880 nm) for the analysis of carbonaceous compounds absorbing in the UV (among which 

aromatic compounds) and near infrared (mostly black carbon), respectively, with a time 

resolution of 5 minutes. Black carbon (BC) concentrations were calculated from the 

absorption coefficient at 880 nm, and corrected for artifacts (Weingartner et al., 2003). In 

addition, another variable called Delta-C was determined by the difference of light absorption 

between 370 nm and 880 nm (Delta-C = BC370nm- BC880nm) (Allen et al., 2004). Delta-C has 

previously been found to correlate with wood-burning markers such as levoglucosan and K+ 

and might therefore be used as a proxy of wood combustion (Wang et al., 2012). 

The PM2.5 total mass was measured by a Beta Attenuation Monitor (BAM-1020;Met 

One Instruments, USA) every hour. Metals (Al, Ca, Fe, K, Mg, Na, As, Ba, Bi, Cd, Ce, Co, 

Cr, Cu, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Ti, Zn, V) were sampled on Teflon filters on a 
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daily basis using a PARTISOL 2300 air sampler with PM2.5 cartridges, then analyzed by acid 

microwave digestion by inductively coupled plasma and mas-spectrometry (ICP-MS) 

(Alleman et al., 2010; Mbengue et al., 2014). In addition, nitrogen oxides were analyzed 

every 15 minutes with a chemiluminescence analyzer (NOx 2000G: Seres environment, 

France). Meteorological parameters such as temperature, relative humidity, pressure, wind 

speed and direction, and precipitation were also monitored on site and a summary is presented 

in Table S3.1 in the supplementary material (SM). 

In addition, a high resolution-time of flight-aerosol mass spectrometer (HR-ToF-

AMS; Aerodyne Research Inc., USA), hereafter named AMS, was deployed in an intensive 

campaign from 5 February to 16 March 2016 in order to obtain information about the 

chemical composition and concentrations of the non-refractory PM1, which includes NO3, 

NH4, SO4, Cl and organic aerosols/matter (OA). Further details on the instrument principle 

and operation during this campaign can be found elsewhere (DeCarlo et al., 2006; Roig et al., 

in prep.). 

All the presented measurements are given in Coordinated Universal Time (UTC) 

unless otherwise stated, and seasons are differentiated as follows: winter (December, January, 

February), spring (March, April, May), summer (June, July, August) and autumn (September, 

October, November).  

2.3. Source apportionment 

The Positive Matrix Factorization (PMF) multivariate source-receptor statistical 

analysis model has been applied in this study. PMF is based on factor analysis of the data and 

on the principle of mass conservation (Paatero and Tapper, 1994). When applied to a dataset 

of concentrations, the model apportions the input variables to a user-chosen number of factors 

depending on their temporal covariability. A regression between each of the factors and the 

measured concentrations allows to estimate the contributions from each source/factor. This is 

achieved by solving the mass balance equation (Eq.1): 

 

     Eq. 1 

 

 where xij expresses the concentration of a chemical species j at time i; p is the number 

of considered factors; gik the contribution of the factor or source k at time i; fkj the fraction of 

the species j in the chemical profile of the factor or source k; and eij the fraction of the 

concentration of species j at time i not explained by the model (residual concentration, i.e. the 
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difference between the measured and modelled values of the concentration of every species at 

each time). To find the solution, a given number of factors (p) has to be assumed, then the 

model minimizes the objective function Q (Eq.2), in which n is the number of observations, m 

the number of species, and σij is the uncertainty associated with the concentration of the jth 

species at time i: 

 

    Eq. 2  

 A stand-alone version of PMF developed by the United States Environmental 

Protection Agency (US EPA PMF 5.0) was used in this work. In order to perform the PMF 

analysis, two input matrices were prepared following the general guidelines of Polissar et al. 

(1998): one with the concentrations of each species for each sample and another of the exact 

same size with the uncertainties associated to each measurement. The data points below the 

detection limit (DL) were replaced by DL/2, with an associated uncertainty of 5/6 DL. In 

addition multiple imputation was used in order to estimate some missing values. This 

methodology gives estimations based on statistical relationships between different chemical 

species and has already been used in previous studies (Mooibroek et al., 2011). The 

corresponding uncertainties were multiplied by a factor of 4. The detailed calculation of the 

uncertainties is presented in section 3 of the supplementary material. 

 The PMF analysis was applied to both datasets (PMFh and PMFd) using the following 

parameters: (i) 100 simulations were run in order to ensure the quality and robustness of the 

final solution with an arbitrary start for each run (random seed); (ii) different numbers of 

factors were tried, ranging from 2 to 7 factors for PMFh and from 3 to 12 factors for PMFd; 

(iii) the final solution was validated by the application of the bootstrap method with a total of 

100 simulations and a minimum correlation coefficient (r = 0.6). The quality and robustness 

of the PMF solution was also assessed by the analysis of the Qtrue/Qexp ratio, the residuals, the 

comparison of the measured and modelled concentrations and the comparison of the results 

with external variables according to the recommendations of the European Joint Research 

Center guides (Belis et al., 2014; Comero et al., 2009). 

It should be noted that a second type of PMFd where the exact same variables as in 

PMFh were used, was also run in order to evaluate the influence of time resolution alone in 

the output of the PMF. This comparison is described in more detail in section 3.3 and section 

4 of the supplementary material.  
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In addition, PMFh results have been compared to those of the PMForg applied to the 

organic mass spectra obtained by AMS measurements. Five factors were deconvolved from 

that source apportionment study, including cooking-like organic aerosol (COA), hydrocarbon-

like OA (HOA), biomass burning-like OA (BBOA), more and less oxidized oxygenated OA 

(MO-OOA and LO-OOA). For more details of the PMForg, the reader is referred to another 

article (Roig et al., in prep.). 

2.4. Geographical determination of sources 

2.4.1. Non-parametric wind regression (NWR) 

The non-parametric wind regression (NWR) is a hybrid source-receptor model which 

provides smoothed pollution roses, useful to distinguish between local and regional sources of 

hourly averaged atmospheric concentrations of a pollutant based on wind speed (u) and 

direction (θ) (Henry et al., 2009): 

 

    Eq.3 

where E is the concentration estimate at a wind direction θ and wind speed u; Wi, Ui 

and Ci the wind direction, speed and atmospheric concentrations, respectively, measured at ti; 

σ and h the smoothing factors (which were suggested for each species by the software); and 

K1 and K2 are a Gaussian kernel function for wind direction θ and an Epanechnikov kernel 

function for wind speed u, respectively, used to smooth the data (Henry et al., 2009). These 

results are then weighted by the frequency of the winds to apportion the weighted 

concentrations obtained from Eq.3 to source areas. Hence, an empirical joint probability 

density of wind speed and direction is calculated using the kernel density estimate: 

 

   Eq.4 

 where N is the total number of points. NWR plots for every PMF factor were 

calculated using the Zefir v3.31 IGOR tool (Petit et al., 2017). 

 

2.4.2. Potential source contribution function (PSCF) 

PSCF is a statistical source-receptor model aiming at determining the geographical 

origins of high concentrations of air pollutants. It is based on the analysis of the residence 
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times of air masses using air mass trajectories back in time. The main idea is that the longer 

an air mass stays over a pollution source, the higher the pollution brought by the air mass to 

the receptor site. Generally, the domain covered by the back-trajectories is meshed according 

to a regular grid. The PSCF model calculates the probability of having a pollutant source 

located in a grid cell of the domain and responsible for pollutant concentrations measured at 

the receptor site above a given threshold, following the equation: 

 

       Eq.5 

where mij is the number of endpoints of backtrajectories passing over the ijth gridcell at 

latitude i and longitude j and associated to concentrations measured at the receptor site 

exceeding a specific threshold (in this case the 75th percentile was used); and nij the total 

number of endpoints of trajectories passing over the ijth gridcell. A high value of the PSCF 

probability for the ijth gridcell indicates a high probability that the ijth gridcell corresponds to a 

source location.  

The backtrajectories used for PSCF analysis were calculated with HYSPLIT 4 

(HYbrid Single-Particle Lagrangian Integrated Trajectory) (Stein et al., 2015) for an arrival 

height of half the planetary boundary layer, at a 3-hour interval (8 trajectories per day at 0, 3, 

6, 9, 12, 15, 18, 21 UTC), 72 hours back in time. PSCF was applied using the Zefir v3.31 tool 

for Igor Pro v. 6.37 software (Wavemetrics Inc.), which allows the inclusion of additional 

constraints for parameters such as precipitation and altitude. The precipitation threshold 

allows to account for wet deposition, meaning that whenever precipitation has taken place, the 

air parcel would be cleaned (i.e. PSCF probability = 0) and that each of the preceding cells 

would also present a zero value. This zero probability is assigned to the preceding endpoints 

because the information on possible pollution sources is lost when wet deposition occurs. 

Similarly, the altitude threshold allows to ignore backtrajectory endpoints with an altitude 

above the planetary boundary layer height (PSCF probability = 0). If a height above the set 

threshold is found, the air parcel is also cleaned as well as all the preceding cells because the 

air parcel is considered “diluted” in the free troposphere. In this work, thresholds of 1 

mm/hour for the rain and 1500 m for the altitude were set for all PSCF calculations. 

In order to reduce the influence of backtrajectories with low nij (passing only a few 

times over the ijth grid cell) a weighting function is applied, giving more weight to those with 

more backtrajectory endpoints and thus being statistically more significant. The sigmoidal 

function used in Zefir is described in Equation 6: 
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     Eq.6 

 

The fixed coefficients a, b and c are chosen by the user and were kept by default at 10, 0.5 and 

0, respectively, in this study. 

3. Results and discussion 

3.1. Dataset presentation 

The chemical species used in each of the PMF analyses have been categorized 

according to their signal-to-noise ratio (S/N). The variables with S/N higher than 1.6 were 

categorized as strong, those with S/N lower than 1.6 but above 0.2 as weak and their 

uncertainty was multiplied by 3, other species with S/N lower than 0.2 (i.e. Ca2+) were 

removed from the analysis. The major components of the aerosol (i.e. NO3
-, SO4

2-, NH4
+, BC) 

presented high S/N and were marked as strong. On the other hand, the majority of the minor 

ions and trace elements were marked as weak. It is worth noting the case of Mg2+ and K+, 

which presented very low S/N due to their high number of points below the DL during some 

periods of the year. However, they were included in the analysis since they are valuable 

tracers of the sea spray and biomass combustion emissions, respectively. In addition, for the 

specific case of Delta-C, with S/N of 0.9 due to a lack of points above the DL in the warm 

months, it was classified as a strong variable due to its relevance in tracing the biomass 

combustion source. Finally, the PM2.5 mass was categorized as the total variable with an 

uncertainty multiplied by 3. 

Other variables were not included in the PMF analysis due to various reasons. This 

was the case of Cl-, which was not correctly measured by the MARGA when the anion 

chromatographic column was aging, and Ca2+, which was excluded as well since too many 

data points were below the DL. Some elements from the ICP-MS analysis (mainly Al, Sn and 

Ti) were not well modelled (r² < 0.1) by PMF and hence were also dismissed to help 

improving the solution.  

The main statistics for the variables used in the PMFh and PMFd are given in Table 

P3.1. For more information about the composition of the aerosol, the reader is referred to a 

previous article from Roig et al. (submitted). 
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3.2. Hourly PMF results 

The number of factors was varied between 2 and 7 factors and the solution with 5 

factors was chosen as the most appropriate, yielding a Qtrue/Qexp ratio of 2.0, a robust 

bootstrap (Table S3.2 in the supplementary material), and meaningful chemical profiles. The 

source factors are shown in Figure P3.1, together with their time series and the main tracer for 

each factor. The modelled and measured PM2.5 agreed satisfactorily (r² = 0.83) with 83% of 

the variability of PM2.5 well represented by the model (Figure S3.1), which gives confidence 

in the solution. In addition, the seasonal contributions of each factor are shown in Figure P3.2, 

the comparison between the contributions during daytime and nighttime in Figure P3.3. and 

their daily profiles for the whole year and every season in Figure P3.4. In decreasing order of 

total PM2.5 mass contribution, the obtained factors are sulfate-rich (41%), nitrate-rich (26%), 

road traffic (17%), marine (11%) and biomass combustion (5%) aerosols.  

The first source factor consists of high shares of SO4
2-

 (76%), C2O4
2- (69%) and NH4

+ 

(32%), and lower shares of BC (8%), Mg2+ (17%) and K+ (22%) (Figure P3.1a, left). The 

molar ratio of NH4
+ over SO4

2- is equal to 1.6, which is close to the value of 2 for ammonium 

sulfate, suggesting its presence in this factor along with some NH4HSO4. The high 

contribution of this factor to the PM2.5 mass is not explained by the contribution of secondary 

sulfate alone, which totals only 1.6 out of 4.9 µg m-3. Thus about two thirds of the mass 

concentration due to this source factor (corresponding to ~25% of the PM2.5 mass) is brought 

by other constituents than ammonium sulfate salts, probably by a significant (but not 

measured) contribution of organic matter (OM) which is supported by the highest share of 

oxalate. As expected, a higher contribution of this source factor is observed in the warmer 

months (August 2015; end of May, June and July 2016), mainly due to the higher solar 

radiation which can promote the photochemical activity in the atmosphere leading to (i) a 

higher oxidation of sulfate precursors and (ii) a higher oxidation of organic compounds 

(promoting the formation of oxalate) (Figure P3.1a, right). March 2016 also experienced 

elevated concentrations due to the occurrence of exceedance episodes favored by aged air 

mass transport from continental Europe (Roig et al., submitted). 
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Table P3.1 Main statistics for the input data as used in PMFh (7862 points) and PMFd (298 

points) (concentrations are in µg m-3 except for elements analyzed by ICP-MS (from Ca to 

Zn) which are in ng m-3). 

 Variable S/N Category Min 25th Median 75th Max DL 

PMFh 

PM2.5 5.0 Weak (T) 0.50 8.0 11.0 16.0 72.0 0.5 

NO3
- 7.2 Strong 0.03 1.01 1.93 4.51 38.8 0.06 

SO4
2- 5.5 Strong 0.06 0.89 1.43 2.19 12.6 0.11 

NH4
+ 5.6 Strong 0.02 0.32 0.75 1.63 13.0 0.03 

C2O4
2- 0.8 Weak 0.04 0.09 0.15 0.22 1.10 0.08 

Na+ 1.6 Strong 0.02 0.02 0.05 0.11 0.87 0.03 

Mg2+ 0.3 Weak 0.01 0.01 0.01 0.01 0.23 0.02 

K+ 0.3 Weak 0.02 0.02 0.02 0.02 0.45 0.03 

BC 3.5 Strong 0.03 0.16 0.31 0.57 3.45 0.05 

Delta-C 0.9 Strong 0.00 0.00 0.00 0.02 0.80 0.01 

 Variable S/N Category Min 25th Median 75th Max DL 

PMFd 

PM2.5 5.0 Weak (T) 2.5 8.4 11.0 16.2 46.4 0.5 

NO3
- 7.3 Strong 0.34 1.25 2.37 4.57 20.9 0.06 

SO4
2- 5.6 Strong 0.31 0.98 1.46 2.14 6.09 0.11 

NH4
+ 5.8 Strong 0.04 0.37 0.81 1.71 8.12 0.03 

C2O4
2- 0.8 Weak 0.04 0.10 0.15 0.21 0.64 0.08 

Na+ 1.8 Strong 0.02 0.03 0.07 0.13 0.89 0.03 

Mg2+ 0.2 Weak 0.01 0.01 0.01 0.02 0.13 0.02 

K+ 0.3 Weak 0.02 0.02 0.02 0.03 0.37 0.03 

BC 3.5 Strong 0.05 0.22 0.36 0.60 2.15 0.05 

Delta-C 0.9 Strong 0.00 0.00 0.01 0.03 0.25 0.01 

Ca 1.7 Strong 15.4 31.5 59.1 119 738 30.8 

Fe 1.6 Strong 10.2 24.4 55.4 123 854 20.5 

K 1.7 Strong 10.1 27.6 52.1 105 463 20.3 

As 0.9 Weak 0.05 0.12 0.31 0.69 4.73 0.10 

Ba 1.4 Weak 0.16 0.43 1.17 2.37 12.4 0.31 

Bi 1.0 Weak 0.01 0.01 0.03 0.08 0.59 0.01 

Cd 1.4 Weak 0.01 0.02 0.08 0.18 1.21 0.01 

Ce 1.2 Weak 0.02 0.03 0.07 0.15 1.89 0.03 

Co 1.4 Weak 0.01 0.02 0.03 0.08 0.43 0.01 

Cr 1.0 Weak 0.25 0.56 1.26 3.00 18.9 0.50 

Cu 1.3 Weak 0.51 1.15 2.49 5.46 25.9 1.00 

Mn 1.8 Strong 0.25 0.82 1.96 4.11 32.1 0.50 

Mo 1.2 Weak 0.05 0.15 0.29 0.66 5.13 0.10 

Ni 1.6 Strong 0.08 0.22 0.55 1.35 11.8 0.16 

Pb 1.5 Weak 0.25 0.92 2.43 5.62 33.1 0.50 

Rb 2.1 Strong 0.02 0.06 0.12 0.25 1.89 0.03 

Sb 1.3 Weak 0.10 0.25 0.54 1.10 8.38 0.20 

Se 1.3 Weak 0.10 0.31 0.70 1.61 8.24 0.21 

Sr 1.2 Weak 0.05 0.16 0.31 0.60 3.10 0.11 

Zn 1.0 Weak 1.51 5.05 13.1 29.9 252 3.0 
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c) Road traffic  
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e) Biomass combustion  
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Figure P3.1 (Left) PMFh factor profiles with concentrations (shaded grey bars) in µg m-3 and 

contributions (red dots) in % for every species; (Right) Time series of PMFh factors together 

with the main tracer of each source. 
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Annual 

(12.1 ± 8.7 µg m-3) 
Summer 

(11.3 ± 7.9 µg m-3) 
Autumn 

(12.1 ± 8.1 µg m-3) 

 
 

 

  

Winter 

(10.9 ± 7.1 µg m-3) 
Spring 

(14.3 ± 11.2 µg m-3) 

  

Figure P3.2 (Left) annual and (right) seasonal average contributions (in %) of PMFh source 

factors to PM2.5 (modeled concentrations) 

 

The average contributions of the source factors by season show how the sulfate-rich 

factor accounts for 54% of the PM2.5 mass in summer, whereas in autumn it is reduced to 35% 

(Figure P3.2). The contribution during daytime (45%) is also significantly higher than during 

nighttime (37%) (Figure P3.3) as is also observed in the daily profiles, where the 

concentrations start to increase in the early morning and decrease in the evening, particularly 

in summer (Figure P3.4). This confirms the importance of the photochemical activity for the 

origin of this source factor.  

These observations are also consistent with the results of a previous short campaign 

carried out in July 2011 in Douai, which showed a contribution of OM to PM2.5 of the same 

order of magnitude (~17%) (Crenn et al., 2017). Finally, the sulfate-rich factor was compared 

over the corresponding period to the PMForg source factors obtained by the SA study of the 

organic mass spectra from AMS measurements, as has been mentioned previously. The 

comparison of the time series between both approaches is presented in Figure S2.2. A good 

correlation (r = 0.80; Figure S2.2a) was obtained between the sulfate-rich and LO-OOA, 

which was previously shown to be predominantly a regional factor (Roig et al., in prep.). In 

order to evaluate preliminarily the influence of local emissions in the formation of ammonium 

sulfate, the daily profile of the sulfate-rich factor was plotted together with that of SO2, which 



243 

according to a previous work is mainly locally emitted in Douai (Roig et al., submitted) 

(Figure P3.5a). The daily maximum of SO2 appears after that of the sulfate-rich factor, which 

suggests that the observed sulfate is rather produced during long-range transport, as will be 

confirmed in section 3.4 about the geographical determination of sources. 

The second “nitrate-rich” factor, characterized by high shares of NO3
- (80%) and NH4

+ 

(68%), and a minor share of SO4
2-

 (9%) (Figure P3.1b, left) is the second largest contributing 

factor to PM2.5 (27%). The molar ratio between NH4
+ and NO3

- is 0.97, which is almost equal 

to the value of 1 of ammonium nitrate, and strongly suggests its predominant presence in this 

factor. A seasonal variation is also expected in this factor due to (i) the dependence of 

ammonium nitrate on the temperature and relative humidity and (ii) the higher emissions of 

ammonium nitrate precursors (i.e. nitrogen oxides and ammonia) in some periods of the year. 

The dependence of ammonium nitrate on meteorological parameters will favor its formation 

in colder months, when the temperatures are lower and RH higher. On the other hand, the 

emissions of nitrogen oxides will be particularly important in months when road traffic is 

enhanced (mainly during autumn and spring) whereas ammonia emissions will be higher 

when agricultural activities are more important (spring and summer). The time series of this 

factor shows that higher concentrations of this factor are particularly observed in spring 

(Figure P3.1b, right) and therefore the seasonal contribution of this factor is significantly 

higher in this season (34%) (Figure P3.2). The contributions in the other seasons are similar 

(20-24%). Contrary to the previous factor, a slightly higher contribution is observed during 

nighttime (28%) in comparison to daytime (25%) (Figure P3.3). This is better observed in the 

daily profiles, where the concentration of nitrate-rich starts to increase in the late afternoon, 

and to build up during the night until a maximum is reached in the early morning (Figure 

P3.4b). After that the concentrations decrease and reach a minimum in the middle of the 

afternoon, probably due to the increase of temperature and decrease of RH favoring the 

partitioning of ammonium nitrate towards its gaseous precursors (Figure P3.5b). This is 

particularly well observed in spring and summer, where the concentration in the early 

morning doubles and triples, respectively, the minimum observed in the afternoon. In 

addition, the factor correlated very well with NO3
- and NH4

+ (r of 0.99 and 0.97, respectively) 

and well with PM2.5 (r = 0.86) and SO4
2- (r = 0.68) (Table S3.6). Similarly, very good 

correlations were obtained between the nitrate-rich factor and the MO-OOA (r = 0.87) and 

LO-OOA (r = 0.90) factors from PMForg (Figure S3.2b). 
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Daytime 

(12.4 ± 8.9 µg m-3) 
       z 

Nighttime 
(11.8 ± 8.6 µg m-3) 

 

 

 

 
 

Figure P3.3 Daytime and nighttime averaged contributions (in %) of PMFh source factors to 

PM2.5 (modeled concentrations) 

 

The third factor is road traffic, which is identified by a high share of BC (88%), 

moderate shares of NO3
- (16%), C2O4

2- (17%) and K+ (29%), and a contribution to total PM2.5 

mass of 17% (Figure P3.1c, left). A marked seasonal variation is observed for this factor 

profile, with particularly higher contributions during autumn (25%), probably attributed to the 

increased traffic emissions (Figure P3.2). Accordingly, the concentrations of NO and NO2 

were highest in this season, with seasonal averages of 6.2 ± 12.4 and 10.0 ± 6.5 µg m-3, 

respectively. The time series shows a particularly high contribution of this factor in the month 

of October 2015 (Figure P3.1c, right). This might be attributed to the exceptionally low wind 

speeds observed during this month (average wind speed of 0.95 ± 0.59 m s-1) in comparison to 

the annual average (1.48 ± 1.08 m s-1), which could prevent atmospheric dispersion and favor 

the accumulation of local pollutants.  

Even though there is not a significant difference in the contribution of road traffic to 

PM2.5 between daytime and nighttime (Figure P3.3), a clear trend is observed in the daily 

profiles, where the factor is found to peak in the morning and late afternoon, when traffic 

activity is usually the most intense (Figure P3.4c). The morning peak is generally more 

important than that of the afternoon, although in winter the contrary is observed. This might 

be attributed to the increased emission of BC by household combustion of solid and liquid 

fuels. The daily profile of this factor was plotted together with that of the precursor gases NO, 

NO2 and HONO (Figure P3.5c), and the morning and afternoon peaks of the factor were 

found to match those of NOx, whereas those of HONO were found a few hours later. A strong 

weekly trend is also observed for this factor, with higher concentrations during weekdays and 

lower in the weekend (particularly on Sundays), as expected (Figure S3.3). This factor was 

well correlated with BC (r = 0.91) and slightly less with gases emitted by combustion 

processes such as HONO, NO and NO2 (r = 0.54, 0.54 and 0.63, respectively). In addition, the 
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anti-correlation of the factor with the wind speed (r = -0.41) gives evidence of the local nature 

of this source. When the road traffic factor was compared to the analogous HOA factor from 

the PMForg analysis, a good correlation was obtained (r = 0.81; Figure S3.2c). 
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Figure P3.4 Daily variations of PMFh factor concentrations (in µg m-3) for every season and 

for the whole year. 

 

The fourth factor is the marine aerosol factor, which presents a very high share of Na+ 

(94%) and Mg2+ (70%), and small shares of SO4
2- (10%), NO3

- (3%), C2O4
2- (12%) and K+ 

(17%) (Figure P3.1d, left). This factor contributes to 11% of the PM2.5 mass. The observed 

Mg2+/Na+ ratio of 0.12 is very close to that of the standard composition of sea water of 0.11 

(Tang et al., 1997). The small amounts of SO4
2- and NO3

- might be related to the processing 

of sea salt during its transport to the inner land, giving place to partly aged marine aerosol, 

such as sodium nitrate salts. Higher contributions of this factor are observed in autumn and 

winter with 13 and 15%, respectively (Figure P3.2), which is explained by a higher frequency 

of air masses originating from the North Sea and the Atlantic Ocean and higher wind speeds, 

particularly from November 2015 to February 2016 (Table S3.1). There is no significant 

difference daily variation for this factor (Figure P3.3) with only slightly higher concentrations 

observed during the day, particularly in winter, again due to higher daytime wind speeds 

promoting the long-range transport of sea spray (Figure P3.4d). The marine factor was well 
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correlated with Na+ and Mg2+ (r of 0.96 and 0.63, respectively), and less with Cl- (r = 0.40), 

which was not always correctly measured as previously mentioned, and part of Cl- could also 

have been depleted over time by photochemical reactions. 

The last source factor is attributed to biomass combustion, which is represented by a 

high share of Delta-C (95%), and a minor share of K+ (25%) and BC (5%) (Figure P3.1e, 

left). Delta-C has been identified in the literature as a biomass burning marker (Wang et al., 

2011) and has been used in different source apportionment studies (Wang et al., 2012a, 

2012b). This factor is the least important contributor to the PM2.5 mass, with an average of 

only 5%. As expected, it presents a strong seasonal variation, with the highest concentrations 

observed in the cold winter months due to the increased combustion of wood. On average, its 

contribution is more important in winter (7%) as opposed to summer (1%) (Figure P3.2). The 

nighttime contribution of the biomass combustion factor is clearly more important than in 

daytime (8% and 2%, respectively), which is expected as residential biomass combustion 

mainly takes place in the evening (Figure P3.3) and besides, the boundary layer height 

decreases at night. This is clearly seen in the winter daily profile, for which the concentration 

increases from the early afternoon until a maximum is reached before midnight, and decreases 

thereafter (Figure P3.4e). A similar but much less marked pattern is observed in spring and 

autumn, whereas no variation is observed in summer. This factor was totally correlated with 

Delta-C (r = 0.99) and slightly less with K+ (r = 0.45). In addition, it showed an anti-

correlation with temperature (r = -0.42) (Figure S3.5), which is consistent with its higher 

concentrations observed for low temperatures. A good correlation was furthermore obtained 

between the biomass combustion factor and the BBOA factor from the PMForg analysis (r = 

0.77). 
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Figure P3.5 Daily variations of (a) sulfate-rich, (b) nitrate-rich and (c) road traffic 

concentrations (in µg m-3) together with the main trace gases for each source 
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3.3. Daily PMF results 

The comparison between the PMFh and PMFd using the same input variables (section 

4 in the SM) showed that the same factors were obtained. However, differences in 

contributions to PM2.5 were observed, particularly for the nitrate-rich and biomass combustion 

factors (4% lower and 6% higher in the PMFd, respectively). These were mainly attributed to 

the loss of information caused by the averaging of the data, which  could have be responsible 

of the partial merging of both factors due to their close occurrence in time within a daily 

cycle. 

When the PMF was applied to the extended daily database, a range of 3 to 12 factors 

was investigated. A solution with 8 factors was determined to be the best, giving a Qtrue/Qexp 

ratio of 1.9, a robust bootstrap (Table S3.3) and meaningful source factors. The chemical 

profiles and time series of the source factors are shown in decreasing order of contribution to 

PM2.5 in Figure P3.6 and Figure P3.7, respectively. The annual and seasonal contributions are 

shown in Figure P3.8. From higher to lower contributions to the PM2.5 mass the obtained 

source factors are sulfate-rich (35%), nitrate-rich (31%), biomass combustion (12%), marine 

(8%), road traffic (6%), a metal industry background (MIB, 6%), dust (3%) and a local metal 

processing industry (local industry, 1%). 

In comparison to PMFh, adding the elements analyzed by ICP-MS in the database, as 

well as downgrading the hourly time resolution to a daily one, has allowed the determination 

of three additional factors (MIB, dust and local industry), which all together account for 

approximately 10% of the PM2.5 mass on average. However, they can reach daily 

contributions up to 38% of the PM2.5 mass, particularly on days with low wind speeds, and 

therefore should not be neglected. 

Regarding the 5 common factors between PMFd and PMFh (i.e. sulfate-rich, nitrate-

rich, road traffic, marine and biomass combustion), their contributions are ranked in the same 

order of importance. However, as will be discussed below, significant differences in the 

composition of each factor are observed, which might partly explain the different 

contributions to PM2.5 observed in comparison with the PMFh. Averaging the hourly data into 

daily values causes the loss of some information, thus resulting in the merging of different 

processes or sources which were better differentiated with a finer temporal resolution. The 

comparison between both types of daily- and hourly-resolved PMF using the same variables 

presented in the supplementary material addresses this issue in more detail. Furthermore, 

deconvolving three new factors might also cause some variables to partly split (for instance, 
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15% of the SO4
2- variable is observed in the new MIB factor). Altogether, it might partly 

explain why the contributions of the sulfate-rich, road traffic and marine factors are lower and 
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Figure P3.6 PMFd source profiles with the concentrations (shaded grey bars) in µg m-3  

and contributions (red dots) in % for every species. MIB: Metal Industry Background. 
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Figure P3.7 Time series of PMFd factors together with the main tracer for each source 

(concentrations in µg m-3). MIB: Metal Industry Background. 
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those of the nitrate-rich and biomass combustion higher, in comparison to the same factors 

obtained with PMFh. A summary of the concentrations and contributions of each variable to 

the common source factors is presented in P3.9 and in Tables S3.4 and S3.5. 

The sulfate-rich factor is characterized by a high share of SO4
2-

 (52%) and C2O4
2- 

(63%) and moderate shares of BC (27%), NH4
+ (18%), K+ (19%) and Mg2+ (11%) (Figure 

P3.6a). Some trace elements are found in small percentages, notably Ca (10%), Co (10%), Cr 

(7%), Ni (9%), Sb (8%), Se (18%), Sr (11%) and Zn (8%). The enhanced presence of BC and 

metals together with the lower contributions of SO4
2- and NH4

+ in comparison to the 

equivalent factor obtained in PMFh could imply that sulfate is mixed with other sources such 

as road traffic or other combustion sources. In addition, a lower contribution to PM2.5 is found 

(35% instead of 41%). The seasonal contribution of this factor is similar to that observed in 

the PMFh, with the highest value in summer (57%). The factor also correlates less well with 

its main tracers SO4
2- and C2O4

2- (r of 0.66 and 0.65, respectively), suggesting a more mixed 

character in comparison to that of PMFh. In addition, a slightly positive correlation (r = 0.43) 

is observed with temperature, confirming an enhanced contribution of this factor in the 

warmer months as has been previously discussed.  

The second source factor, identified as nitrate-rich, contains high shares of NO3
- 

(68%) and NH4
+ (68%), and moderate contributions of SO4

2-
 (28%) and C2O4

2- (12%) (Figure 

P3.6b). Small contributions of some trace elements are also observed, including As (15%), Bi 

(17%), Mo (12%) and Se (14%). Although this source factor mainly represents ammonium 

nitrate, an important presence of ammonium sulfate (in comparison to its equivalent in PMFh) 

is also observed here. In addition, the small share of C2O4
2- in this factor might suggest that 

some OM is present. The presence of OM in a nitrate-rich factor has been reported elsewhere 

(Bressi et al., 2014; Mooibroek et al., 2011; Waked et al., 2014) and is consistent with the 

semi-volatile nature of part of the organic aerosol. The good correlation obtained between the 

PMFh nitrate-rich factor and OOA factors from PMForg presented in the previous section 

supports this assumption. Hence, similarly to the previous factor, the nitrate-rich factor 

presents a less “pure” nature than its equivalent in PMFh, as confirmed by a higher correlation 

with SO4
2- (r = 0.82). This might also explain why this factor presents a slightly higher 

contribution to PM2.5 (30%) than the same factor in PMFh (26%).  

The third factor obtained with PMFd is the biomass combustion, which presents high 

shares of Delta-C (91%) and K+ (45%), and small shares of NO3
- (14%), NH4

+ (6%) and BC 

(22%) (Figure P3.6c). The higher contribution to PM2.5 (12%) in comparison to PMFh (5%) is 

significant and partly attributed to the larger contributions of NO3
-, NH4

+ and BC. A much 
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higher contribution is particularly observed in winter (26% of the PM2.5 mass). As previously 

mentioned (and also observed when using the exact same set of input variables, see section 4 

in SM), the averaging of hourly variables might cause the mixture of different factors which 

could justify the observed increase. This partly explains why some ammonium nitrate and BC 

are found in this factor when they may be actually associated to other processes. In addition, 

the absence of OC might bias the results, as previously mentioned, and makes it difficult to 

determine the real contribution of the biomass combustion factor. The factor is highly 

correlated with Delta-C (r = 0.97) and K+ (r= 0.70), and anti-correlated with temperature (r = -

0.65). In addition, significant correlations are observed with gases from combustion processes 

such as NO, NO2 and HONO (r of 0.49, 0.51 and 0.59, respectively), which might be justified 

by the presence of BC in the factor.  
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Figure P3.8 Annual (left) and seasonal (right) average contributions (in %) of PMFd source 

factors to PM2.5 (modeled concentrations). MIB: Metal Industry Background. 

 

 



252 

The fourth factor is the marine aerosol, which is rich in Na+ (85%) and Mg2+ (67%), 

and presents small shares of other variables, including NO3
- (4%), SO4

2- (4%), C2O4
2- (4%) 

and Sr (17%) (Figure P3.6d). The observed Mg2+/Na+ ratio of 0.14 is slightly higher than that 

of PMFh (0.12) but still similar to that of the standard composition of sea water of 0.11 (Tang 

et al., 1997). Unlike the other factors, the composition of the marine aerosol factor is very 

similar to that observed with PMFh, even though its contribution to PM2.5 is slightly lower 

(8% instead of 11%). Good correlations between this factor and sea salt components such as 

Na+ and Mg2+ are obtained (r of 0.97 and 0.78, respectively). A slightly positive correlation 

with wind speed (r = 0.54) also indicates the long-distance nature of this source.  

The last common factor is road traffic, which presents a much smaller contribution 

(6%) when compared to PMFh (17%). The composition of this factor is also different from 

that of PMFh, with lower BC (51% instead of 88%), and low shares of NO3
- (13%) and other 

minor ions. Many metals are added in this factor, notably Fe (34%), As (34%), Ba (49%), Bi 

(44%), Ce (31%), Cu (55%), Mn (66%), Mo (49%), Sb (39%), Se (38%) and Zn (34%) 

(Figure P3.6e). Ba, Cu, Fe and Zn have been reported as indicators of vehicular brake 

abrasion (Johansson et al., 2009). The presence of Zn might be attributed to the mechanical 

abrasion of tires (Amato et al., 2011). In addition, Mo is known to be used as an additive in 

lubricants and hence to be emitted by the combustion of fossil fuels (Salminen et al., 2005). 

The Cu/Sb ratio obtained from the traffic profile is 7.1, similar to the one reported in a SA 

study of PM10 carried out in Lens, northern France (Waked et al., 2014) of 8.1, and within the 

range of 5.35 ± 2.9 found in a road-tunnel study of heavy metal emissions from traffic 

(Sternbeck et al., 2002). The road traffic factor is less well correlated to BC when compared 

to PMFh (r = 0.64). Similarly, slightly weaker correlations are observed with NO, NO2 and 

HONO issued from combustion processes (r of 0.46, 0.43 and 0.44, respectively). However, 

high correlation coefficients are obtained for trace elements, particularly for Fe, Ba, Bi, Co, 

Cu, Mo, Sb and Se (r > 0.6; Table S3.7). 

The sixth factor includes small fractions of SO4
2- (15%), C2O4

2- (12%), NH4
+ (7%) and 

K+ (19%), and important percentages of several trace elements including Fe (36%), K (65%), 

As (38%), Ba (38%), Cd (69%), Ce (49%), Co (34%), Cu (34%), Pb (63%), Rb (69%), Sb 

(45%), and Zn (50%) (Figure P3.6f). The source has been called “metal industry background” 

(MIB) as it includes many metals emitted by the metal-producing and processing industry as 

well as other activities carried out in the north of France (see section on the geographical 

determination of sources). It contributes to 6% of the PM2.5 mass on average, showing a 

remarkable increase in autumn where it reaches 11%. The Pb/Cd ratio has been previously 
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used to differentiate between different sources of heavy metals (Dulac et al., 1987). Small 

Pb/Cd values between 5 and 15 were attributed to aerosols issuing from the nonferrous 

metallurgy (i.e. source of Cd), whereas really high values of around 2,300 were linked to the 

combustion of leaded gasoline (i.e. Pb source) which has been banned since 2000 in the 

European Union. The mean ratio for the anthropogenic European emissions has been reported 

to be 46 (Dulac et al., 1987). The Pb/Cd value obtained in our study is 36.7, which is between 

the ratio for nonferrous metallurgy and the mean ratio for the anthropogenic European 

emissions. The MIB source is well correlated with most of the metals within the factor: r > 

0.6 for Fe, K, Ba, Cd, Ce, Co, Cu, Pb, Rb and Sb (Table S3.7). The high shares of Cd-Pb-Zn 

suggest a possible contribution to the MIB factor of a zinc smelter located 2 km N-NW of our 

sampling site. 

The seventh factor includes a high percentage of Ca (75%), and minor shares of other 

trace elements including Fe (22%), K (15%), Bi (13%), Ce (11%) and Sr (29%) (Figure 

P3.6g) and has been identified as dust. The contribution of this factor is small (3%), which is 

expected since these elements are mainly found in the coarse fraction of the aerosol (Thorpe 

et al., 2007). The contribution is higher in autumn (4%) as opposed to the other seasons (2% 

in each one). The factor correlates well with Ca (r =0.99), Fe (r = 0.70), Ba (r = 0.61) and Sr 

(r = 0.67). 

The last factor is characterized by high fractions of Co (34%), Cr (73%) and Ni (85%) 

and has been attributed to a “local industry” (Figure P3.6h). As will be discussed in the 

section on the geographical determination of sources, several local industries working on the 

surface treatment of metals and the processing of metals (metal sharpening) might emit 

significant amounts of Co, Cr and Ni. However, the contribution of this factor to PM2.5 is very 

small (<1%) given the negligible contribution of other species to this source. The seasonal 

variation is also very small, and only slightly higher concentrations are observed in autumn. 
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Figure P3.9 Comparison of the species concentrations (shaded bars, in µg m-3) and 

contributions (filled circles, in %) for the common factors between PMFd (in blue) and PMFh 

(in red) approaches (only common species are shown). 

 

3.4. Geographical determination of source factors 

The geographical origins of the source factors identified by the PMF analysis were 

investigated by means of NWR polar plots and PSCF maps. The results are given in Figure 

P3.10 and Figure P3.11, respectively. It should be noted that the NWR plots report 

concentrations in µg m-3, whereas PSCF maps refer to probabilities. For the five common 

factors, both the NWR polar plots and PSCF maps are shown for the results obtained with 

PMFh, since they present more data points (close to 8,000 compared to 300) and are therefore 

more robust; for the three distinct source factors, the results are shown for PMFd. 
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Figure P3.10 Annual NWR plots of PMFh and PMFd factor concentrations (in µg m-3) per 

wind direction. The radial axis represents the wind speed in km h-1
.  

* The graph for the biomass combustion factor is shown for winter only. 
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Figure P3.11 Annual PSCF probability maps for PMFh factors identified as regional. The 

selected threshold is set at the 75th percentile. All used backtrajectories were weighted using a 

sigmoidal function. 

 

For the sulfate-rich factor, high concentrations are observed in the NE direction, 

particularly for strong winds (up to 15 km h-1). This suggests that a significant part of this 

source factor is attributed to long-range transport (LRT). This is confirmed by the PSCF map, 

which shows high probabilities for air masses coming from the NE, where Belgium, The 

Netherlands and Luxemburg, also known as the Benelux region, are located. It has been 

previously reported that these regions are one of the main SO2 emitters in Europe, which is 

the main precursor of secondary sulfate (Pay et al., 2012) (see Figure S3.6 for the SOx 

emission map). 

The NWR plot for the nitrate-rich factor is similar to that of the sulfate-rich factor, 

with high concentrations in the NE sector. However, higher concentrations are observed for 

lower wind speeds (5-10 km h-1). This might be attributed to particularly intense emissions of 

NOx by road traffic in the A-21 highway, passing by N-NE of Douai, which could enhance 

the local formation of NO3
- in that sector. In addition, a small hotspot is observed for very 

calm winds (< 5 m s-1), which adds up to the hypothesis that a significant part of ammonium 

nitrate might be produced locally. However, LRT might also contribute significantly to the 

observed concentrations of this factor, as is reflected in the PSCF analysis, which shows a 

similar distribution to that of the sulfate-rich factor but with even higher probabilities. Slightly 

higher probabilities are also observed for western Germany. These results agree with the 

Benelux region and western Germany being important emitters of NOx and NH3 (Fig S6), the 

main precursors of ammonium nitrate. The road traffic factor presents a clear local origin as 
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shown by the NWR plot. Concentrations are higher in the NE sector, which might be due to 

the presence of the highway A21.  

As expected, the marine aerosol factor presents very high concentrations at very high 

wind speeds, mainly from the SW-W sector, implying the contribution of LRT to this factor. 

The PSCF map supports this, with distinctly higher probabilities in the coastal area of 

northern France, the North Sea, the English Channel, and the Atlantic Ocean.  

The NWR plot for the biomass combustion factor is shown for winter since the other 

seasons are partly or not representative of the factor. From the NWR plot, it appears to have 

mainly a local origin, with the highest concentrations observed at very calm winds (<5 m s-1), 

which is likely associated to the biomass combustion from the nearby suburban residential 

area.   

The MIB factor presents particularly higher concentrations at moderate wind speeds 

(< 10 km h-1) in the N to NE sectors. Important concentrations are also observed in the SE for 

low-to-moderate wind speeds, while a small hotspot is also seen with calm winds at the NW. 

This suggests that this factor could be explained by a mixture of rather local but also slightly 

regional emissions. In fact our study site is surrounded by a zinc smelter at the N-NW, an 

industrial area at the NE with several metal-processing activities such as metal machining and 

surface treatment and another area at the SE with several mechanical industry activities, as 

shown in the Supplementary Material (Figure S3.7). All these activities could contribute 

notably to the observed concentrations of metals. Other important sources of metals are also 

present at greater distances. For instance, around 40 km to the north, a Pb-battery 

manufacturer and a waste incinerator are located in the surroundings of Lille, while 

approximately 30 km to the east direction a metal refinery is located in the city of 

Valenciennes (Figure S3.8). Hence, the MIB factor could be explained by this combination of 

local and semi-regional factors.   

The NWR plot for the dust factor shows high concentrations for low (< 5 km h-1) to 

moderate (between 5 to 10 km h-1) wind speeds in the NE direction. This suggests that, 

similarly to the MIB factor, a mix of local and slightly regional sources contribute to the 

observed concentrations of dust. Possible local sources of dust include the community 

gardens at approximately 500 m NE from our sampling site. In addition, a brick manufacturer 

located 10 km NE of Douai could also be a significant dust emitter. Further away, possible 

sources of dust include the big cement plants located next to the Belgian city of Tournai, 30 

km NE of Douai (Figure S3.8). Hence, the combination of these sources could partly explain 

the high concentrations of dust observed in the NE sector.  
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The last factor, local industry, presents high concentrations for low wind speeds at the 

NE sector, where the industrial area is located. However, it is also found at low and moderate 

wind speeds at the other directions. In Douai several industries, including hot surface 

treatment of metals, are present at different directions (Figure S3.7). These could be the major 

contributors to the observed concentrations of this factor.  

3.5. Comparison with other SA studies 

The source factors obtained with the PMFd analysis have been compared to those of 

other PM2.5 source apportionment studies of daily data conducted in North-Western Europe 

with a minimum duration of 1 year. This includes the studies of Bressi et al. (2014) in Paris 

and Mooibroek et al. (2011) in 5 cities in the Netherlands, presented in the introduction. In 

addition, a SA study of PM10 conducted in Lens is also taken into account for certain factors 

due to the geographical proximity (20 km) despite of the different size fraction (Waked et al., 

2014).  It needs to be borne in mind that both studies used organic carbon (OC) in the source 

apportionment exercise in order to account for the organic aerosol (OA), whereas in this study 

only oxalate is used as tracer of OA. Therefore, this might lead to discrepancies in the 

composition of the factors as well as on their contribution to PM2.5, as will be discussed 

below. The comparison between the relative contributions of this work and those of other 

PM2.5 source apportionment studies of North-Western Europe are presented in Figure P3.12 

and Table S3.8.  

The sulfate-rich factor (denominated as secondary sulfate or ammonium sulfate factor 

in other studies) has been reported in the aforementioned SA studies as a dominant source 

together with that of secondary nitrate. The contribution found in this study (35%) is higher 

but of the same order of magnitude than that found in the other PM2.5 SA studies, that is to say 

27% in the study of Bressi et al. (2014) and 20 to 30% in that of Mooibroek et al. (2011). This 

higher contribution might be partly justified by a higher weight of the organic part of the 

aerosol in the present work (as reported in Table S3.3, around 70% of the mass of the sulfate-

rich factor is not attributed to any of the input variables and could be partly due to organic 

matter). When the absolute concentrations are compared to the one of this study (4.6 µg m-3), 

closer values are found (4.0 for Bressi et al. (2014) and 4.6 for Mooibroek et al. (2011)). 

However, it needs to be borne in mind that absolute concentrations are dependent on many 

factors which make the comparison less reliable. Regarding its geographical origin, 

Mooibroek et al. (2011), Bressi et al. (2014) and Waked et al. (2014) also associated this 

factor to long-range transport.  
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The nitrate-rich factor (named secondary nitrate or ammonium nitrate factor in the 

other studies) is also a very important factor in the other PM2.5 SA studies, particularly at the 

different sites of the Netherlands where its contributions range from 41 to 48% (Mooibroek et 

al., 2011). This agrees with the fact that The Netherlands is one of the hotspot regions for 

nitrate and ammonia emissions (Figure S3.6). Bressi et al. (2014) report a smaller contribution 

of 24% which is more in accordance with the observed contribution of 31% in this work. 

Bressi et al. (2014) and Waked et al. (2014) also characterized this factor as rather regional.  

The contribution of road traffic presents a much more pronounced variation among the 

different sites, consistent with its rather local origin. The value observed in this work (6%) is 

closer to that of the rural sites (5-7%) or urban site (9%) in the Netherlands, but much inferior 

to the curbside site in Rotterdam (21%) or the regional background site in Paris (14%). This is 

consistent since even though the sampling site in Douai is located next to a road, this is not 

very congested, and the nearest large road (highway A21) is located 1.5 km north of the site, 

and might therefore not exert a very important influence. Bressi et al. (2014) and Mooibroek 

et al. (2011) also classified this factor as predominantly local. 

 

 

Figure P3.12 Comparison of the relative contributions of sources to PM2.5 (in %) between 

various western European sites where the site typology and average PM mass concentration 

(in µg m-3) are indicated below each bar. 
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The marine factor contribution (8%) is similar to that found in the other studies (8% in 

Paris and 5-9% in the Netherlands). These low contributions are logical since most of the sea 

salt mass is located in the coarse mode, as is reflected in the study of Waked et al. (2014) 

which showed an annual contribution of 27% to PM10 for the sum of aged and fresh marine 

aerosols. A regional origin was also found by all of the compared SA studies (Mooibroek et 

al., 2011; Bressi et al., 2014; Waked et al., 2014). 

The biomass combustion factor has only been reported in the study of Paris, where a 

very close contribution (12%) was found. This value is similar to other PM10 SA studies, such 

as the one carried out in Lens (Waked et al., 2014), where 13% was found, and in Belgium 

(Maenhaut et al., 2016), where a contribution ranging from 7 to 11% was obtained. These last 

comparisons are feasible since most of the biomass combustion emissions are found in the 

fine fraction of the aerosol (Karanasiou et al., 2009). Surprisingly, no biomass combustion 

factor was retrieved from the SA study of Mooibroek et al. (2011), which could have been 

partly attributed to the lack of specific tracers such as soluble K+ or Delta-C.  

The dust factor of this work, with a contribution of 3%, is in line with the 

contributions of the crustal factor reported by Mooibroek et al. (2011), ranging from 2% to 

4%. Other studies did not separate road traffic and dust and present a combined source profile 

(Bressi et al., 2014). 

The contribution of the remaining factors (MIB and local industry) is reported as a 

sum (7%) in order to be comparable with the other studies who just report one factor related 

to industrial emissions. Bressi et al. (2014) found a very low contribution of 1%, and 

attributed the factor to a large-scale pollution. On the other hand, Mooibroek et al. (2011) 

found higher contributions ranging from 9 to 13% for a factor named industrial (metal) 

activities/incineration, and attributed it to a rather regional origin, since only 2 of the sites 

presented industrial areas nearby and all of them showed similar contributions. 

4. Conclusions 

In this work, PMF was applied to two databases of different composition and time-

resolution leading to significantly different chemical profiles and contributions. The 

combination of the MARGA and a 2-wavelength aethalometer at a suburban receptor site 

mostly under the influence of SIA led to a large dataset (nearly 8,000 data points) consisting 

of a few variables that was satisfyingly used to identify the main aerosol sources and 

determine their geographical origins with robustness. A total of five sources were determined 
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for the hourly-resolved data set (PMFh), including sulfate-rich, nitrate-rich, road traffic, 

marine aerosol and biomass combustion, with contributions of 41, 27, 17, 11 and 5%, 

respectively. The high time resolution has allowed the observation of processes such as the 

nighttime formation of ammonium nitrate, as well as the variability of anthropogenic-driven 

sources such as road traffic and biomass combustion. In addition, the analysis of precursor 

gases by the MARGA has proven valuable for the validation of certain source factors. Finally, 

a comparison with hourly-averaged PMF factors obtained from a 5-min resolved dataset of 

PM1 organic mass spectra (PMForg) collected during wintertime with a HR-ToF-AMS showed 

good correlations with common factors and supports the PMFh results. Even though the use of 

the MARGA for SA has proven valuable, improvements on the detection limit of some minor 

ions such as K+, Ca2+ and Mg2+ would dramatically increase the number of points above the 

DL and hence the validity and robustness of the results. Besides, the addition of Ca2+ in the 

analysis could eventually lead to extracting a dust source in the PMFh. This could be easily 

performed by the addition of a pre-concentration column for the cations, as previously 

suggested by other authors (Makkonen, 2014; Makkonen et al., 2012). 

The application of PMF to the daily-resolved database (PMFd) with the added major 

and trace elements obtained by ICP-MS analysis allowed the deconvolution of eight source 

factors, of which five were common with the results of the PMFh, namely sulfate-rich 

(contribution of 35%), nitrate-rich (30%), biomass combustion (12%), marine aerosol (8%), 

road traffic (6%), whereas three additional factors were anthropogenic and named as MIB 

(metal industry background, 6%), dust (3%) and local industry (1%). Differences in 

contributions between the two PMF analyses were mainly attributed to the loss of information 

due to the averaging of variables and to their splitting into different factors. These differences 

were greater for anthropogenic sources, particularly road traffic and biomass combustion. The 

combination of the MARGA and aethalometer with online techniques for the detection of 

metals such as X-ray fluorescence (XRF) is highly desirable as it would allow for the 

detection of additional anthropogenic sources at a higher time resolution, as has already been 

performed in China (Peng et al., 2016). Another option could be the combination of multiple 

datasets with different time resolution, as already applied successfully in other studies 

including Kuo et al. (2014) and Liao et al. (2017), who combined volatile organic compounds 

and PM2.5 filter-based data.  

The analysis of the geographical origin of source factors by means of NWR and PSCF 

led to the determination of the rather regional character for the sulfate-rich, nitrate-rich and 

marine aerosol, a mixed local/regional source origins for the MIB and dust factors, and a 
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rather local origin for road-traffic, biomass combustion, and local industry. Given the 

important contribution of the secondary sulfate-rich and nitrate-rich factors (close to 70% as 

determined in this study) which have a rather regional origin, including hotspots over the 

Benelux region and western Germany, it is critical to address the reduction of precursor gases 

emissions (particularly NOx and NH3) in these areas at the European level in order to 

eventually decrease the concentrations of fine particulate matter in the north of France and 

surrounding countries. 
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CONCLUSIONS AND PERSPECTIVES 

This work has focused on the characterization, origin and variability of secondary 

inorganic aerosols (SIA) and their gaseous precursors over one year and on an hourly basis 

for the first time in France. The campaign site was implemented in a middle-size city (Douai) 

in northern France, a region of northwestern Europe where SIA were expected to be large 

contributors to PM, with particularly high contributions during pollution episodes. The 

combination of (i) several high time resolution instruments for monitoring both the inorganic 

gas and particulate phases during a long term field campaign (from August 2015 to July 

2016), as well as (ii) daily filter sampling for heavy metals and trace elements, and (iii) the 

addition of an intensive field campaign specifically aiming at assessing the influence of 

organics and possible particle formation events during wintertime pollution episodes, allowed 

for the constitution of a unique and comprehensive database. 

On the methodological level, the main instrument used in this study (MARGA) has 

proven to be able to monitor correctly in near real-time and over a long period most of the 

water-soluble inorganic ions and one organic species (oxalate), as well as most of their 

gaseous precursors. The comparison between these observations and other independent 

methods has shown a good measurement performance for the major ions (NO3
-, SO4

2- and 

NH4
+) and precursor gases (SO2, NH3). However, several issues could be highlighted: 

(i) the concentrations of minor ions including K+, Mg2+ and Ca2+ were below the 

detection limit during most of the campaign, which hindered the study of their variability and 

use as tracers in PMF analysis; 

(ii) the measurement of chloride was also difficult as the anion chromatography 

column aged, since its peak was merged with that of the injection. In addition, when the ions 

were very close to the detection limit, the software did not automatically integrate them. 

Although this could be corrected with the MargaTool software provided by Metrohm, this 

correction was not at all straightforward since the software allowed little freedom to the user 

and rendered the process very time consuming; 

(iii) the measurement of HNO3 could not be performed correctly by the instrument, 

which was attributed to its sticky nature causing the adsorption of the gas along the sampling 

line as has already been reported in previous studies using the same instrument (Makkonen et 

al., 2012, 2014; Stieger et al., 2017); 
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(iv) another more episodic problem was the microbiological contamination of the 

MARGA which led to the malfunctioning of the system and demanded a thorough manual 

cleaning, very time-consuming in some cases.  

All these issues indicate that there is room for technical improvements, some of which 

will be specified in the perspectives given in this chapter. It is also recommended that the 

MARGA is used together with other instrumentation, and to perform additional comparisons 

for problematic species such as minor ions and HNO3.  

On the other hand, the use of ISORROPIA II has proved useful for the study of 

particle-gas partitioning of the main inorganic aerosol compounds, which has rarely been 

done over such a long duration, and allowed for the re-calculation of HNO3 at the hourly time 

scale. However, it would be interesting to compare these modelled concentrations to other 

measurements such as those performed by an online HNO3 analyzer. It also needs to be borne 

in mind that the ISORROPIA module is based on rather simple assumptions, which are useful 

in order to improve the calculation speed in chemistry-transport models, but cannot 

completely reflect the complex reality. 

The scientific results of this work have been divided in three parts from which major 

conclusions are summarized below. 

In the first part, the characterization and variability of SIA and their precursor gases 

were presented. In line with other measurements in North-Western Europe, the main 

components of SIA (i.e. NO3
-, SO4

2- and NH4
+) were shown to contribute largely to PM2.5 

with annual mean mass contributions of 28.0%, 13.1% and 9.9%, respectively. The highest 

concentrations of SIA were observed in spring, most likely due to the increased emissions of 

ammonia, a precursor gas from agricultural activities and one of the main drivers of SIA, 

combined with temperatures low enough to convert it to the particulate phase in the presence 

of SO2 or NOx. We have indeed shown the importance of ammonium nitrate (NH4NO3) and 

ammonium sulfate ((NH4)2SO4) as main SIA species, with a predominance of ammonium 

nitrate during most of the year except in summer due to higher temperature favoring the 

presence of the gas phase precursors of NH4NO3 and higher photochemical activity promoting 

the oxidation of (NH4)2SO4 precursors. The high time resolution of the MARGA has allowed 

to observe a particularly strong formation of NH4NO3 during nighttime in every season, 

attributed to the partitioning to the aerosol phase of its gaseous precursors NH3 and HNO3, 

and to the occurrence of nocturnal formation of HNO3 and HONO via the heterogeneous 
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oxidation of NO2 by the nitrate radical. Other sources have also been evidenced, including 

road traffic and biomass combustion, especially during the cold season. Through the 

modelling of gas and particle partitioning with ISORROPIA II, we have also observed that 

the thermodynamic conditions have influenced the SIA observed at our site, especially 

regarding the formation of NH4NO3. A first approach for the study of the origin of SIA and 

their precursor gases by means of non-parametric wind regression (NWR) and positive source 

contribution function (PSCF) have confirmed that long-range transport (LRT) from Belgium, 

The Netherlands and Germany is a major contributor for the observed concentrations of SIA, 

in accordance with European emission inventories of SO2, NH3 and NOx (EMEP, 2016). This 

has been particularly observed in spring with the occurrence of exceedance episodes in which 

SIA have contributed to most of the PM2.5 mass. Besides LRT, local emissions have been 

shown to play an important role particularly during the cold months, with traffic and biomass 

combustion contributing significantly to the NOx emissions and observed PM2.5. 

The second part of this work focused on the composition of OA and its main sources 

during wintertime. We have shown that the non-refractory submicron particulate matter (NR-

PM1) was again dominated by inorganic aerosols, with contributions of 36% NO3, 16% NH4 

and 9% SO4, with organic matter (OM) making up for the remaining 38%. The elemental 

ratios of OA were evaluated and pointed to a moderate level of aerosol oxidation (OM/OC = 

1.60 ± 0.15). The positive matrix factorization (PMF) source-receptor modelling was applied 

to the high-resolution OA mass spectra and allowed the identification of five factors: two 

primary (local) OA factors – hydrocarbon-like (HOA) and cooking-like OA (COA); one 

factor associated with oxidized biomass burning (oBBOA); and two oxygenated factors 

(OOA) denoted as less oxidized (LO-OOA) and more oxidized (MO-OOA), with average 

contributions to OA of 15%, 11%, 25%, 16% and 33%, respectively. We observed that the 

oBBOA factor, which has rarely been observed in other studies, had mainly a local origin and 

correlated well with relative humidity, indicating possible aqueous processing of locally 

emitted primary biomass burning emissions. In addition, oBBOA was shown to be involved 

in one nighttime NPF event suggesting a fast processing of organic species under high 

humidity conditions. This confirms the relevance of tackling biomass combustion emissions 

in northern France and also suggests that during winter, aqueous processing of primary 

biomass burning emissions in North-Western Europe could be more important than what was 

previously thought. In addition, we demonstrated that the impact of air masses from Eastern 
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Europe enhances OA concentrations and the contribution of secondary OA factors, which 

increased from 41% to 65% in the last part of the intensive campaign. 

The last section dealt with the application of PMF modelling to yearly datasets from 

this work: a first hourly dataset taking advantage of the maximum temporal resolution (hourly 

basis) consisting of the water-soluble inorganic ions and two types of light-absorbing carbon 

(PMFh), and a second one including more tracers (several trace and major elements) but 

averaged on a daily basis (PMFd). Five common sources were obtained with both approaches, 

identified as sulfate-rich, nitrate-rich, marine, road traffic and biomass combustion. These 

sources explained most of the PM2.5 mass in both approaches, suggesting that the combination 

of the MARGA and a 2-wavelength aethalometer with an hourly temporal resolution (during 

a 1-year long period) should be enough to estimate the main aerosol sources at a site mostly 

influenced by SIA. Secondary factors (sulfate-rich and nitrate-rich) have been clearly 

predominant in Douai throughout the year, adding up to more than 60% of the PM2.5 mass in 

both approaches. However, high contributions of anthropogenic factors, particularly biomass 

combustion and road traffic, have also been observed in the cold months. The hourly 

resolution of the PMFh allowed the observation of processes such as the nighttime increase of 

the nitrate-rich factor as well as the daily trends of certain sources including road traffic and 

biomass combustion. However, the addition of several trace and major elements in the PMFd 

brought more information on three additional anthropogenic source factors: metal industry 

background (MIB), local industry and dust. Even though these sources have been shown to 

present low contributions in Douai, they should not be neglected since they can contribute up 

to more than 30% of PM2.5 on specific days. In addition, slightly different contributions to 

PM2.5 were observed between both approaches, which were mainly attributed to the loss of 

information due to averaging the hourly variables, the asynchronous behavior of some 

primary and secondary sources which could be separated in PMFh but were mixed in PMFd 

(e.g. separation of primary biomass combustion emissions and evidence of secondary 

processing in the PMFh,) and the splitting into more source factors in the PMFd. With the 

application of NWR and PSCF, we determined the regional origin of sulfate-rich, nitrate-rich 

and marine aerosol, while a rather local origin was associated to the other source factors. In 

comparison to a typical SA study performed with filters, where typically a few hundreds of 

data points are usually available over the same period, the high number of data points of the 

PMFh (nearly 8,000) has given great robustness to the geographical determination of the 

sources. Lastly, the analysis of gases by the MARGA has proven valuable for the validation 
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of certain source factors, including NH3 for the nitrate-rich factor, SO2 for sulfate-rich factor 

and HONO for the road traffic factor. 

The results of this work should prove useful to policymakers to devise effective 

mitigation strategies in order to improve air quality in northern France. In view of the 

important contribution of secondary factors including sulfate-rich and nitrate-rich (close to 

70% as determined in this thesis) which have a rather regional origin, with hotspots over the 

Benelux region and western Germany, it is important to put emphasis on European policies in 

order to diminish emissions of precursor gases such as SO2, NOx and NH3. While a 

considerable reduction of the first two has already been achieved in the last years, the 

emissions of NH3 have kept the same levels during the last three decades (EEA, 2016; 

CITEPA, 2017). The reduction of emissions of precursor gases in these areas would 

eventually lead to a decrease in the concentrations of fine particulate matter in the north of 

France and surrounding countries. However, local mitigation policies should not be neglected, 

particularly during the cold months, where road traffic and biomass combustion have been 

shown to be important contributors to fine particles. 

Regarding the perspectives of this work, some ideas in order to improve and continue 

the research carried out in this thesis are presented below.  

Concerning the analyses performed with the MARGA itself, it would be interesting to 

add a pre-concentration column in order to improve the detection limits of minor cations, 

especially Ca2+ as mentioned before (Makkonen et al., 2012, 2014), to reduce the length of the 

sampling line in order to minimize the absorption phenomenon of acidic gases (Rumsey et al., 

2014), and to use a different anion eluent (Makkonen et al., 2014) in order to improve the 

analysis of nitric acid (although this species concentration can be recalculated using 

modelling). A collocated analysis with a HNO3 online analyzer should also be implemented in 

order to check the efficiency of these improvements  

In addition, it would also be interesting to implement more online instrumentation for: 

(i) The continuous analysis of organic carbon, which would allow for chemical mass 

closure when performing a source-receptor analysis and to study its possible combined effect 

with SIA, especially in case of high pollution events.  

(ii) Trace and major elements which would allow studying the variability of crustal 

and anthropogenic sources with a high time resolution (Peng et al., 2016).  
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(iii) Particle size distribution and number over a longer period, to capture other types 

of new particle formation events such as secondary organic aerosol formation in summertime.  

(iv) Nitrate radical to better understand whether nighttime nitrate formation results 

from thermodynamic condensation or from oxidation reactions.  

Additionally investigating the isotopic composition of nitrogen depending on its 

origin, for both gas and aerosol phases, would help to better distinguish between the local 

formation and long-range transport of nitrogen-containing secondary aerosols. This approach 

could also be performed through the use of chemistry-transport models. In relation to the 

PMF analysis, the combination of the multiple datasets with different time resolution is 

another interesting possibility (Kuo et al., 2014; Liao et al., 2017). Finally, since this work has 

been carried out at a suburban location, which is necessarily more affected by anthropogenic 

sources such as road traffic, biomass combustion and industrial activities, a similar study at a 

rural site with a similar methodology would enable to evaluate the influence of these and 

other sources which play a less important role in urban locations. This is currently under 

progress through the PhD thesis of Pablo Espina-Martin in our group. Chemical processes 

occurring under significantly different chemical regimes (different NOx/NH3 ratios, more 

ozone than in urban locations) will therefore be studied as well and compared to the highly 

time-resolved observations performed in this thesis. Finally, it is necessary to improve our 

knowledge on the influence of fog events and relevant meteorological parameters on biomass 

combustion emissions, SIA and OA chemistry, and to investigate the mechanism and kinetics 

of the aqueous oxidation of BBOA to o-BBOA.  
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ANNEX 1: Detection limits for major and trace elements 

 
Table A1 Detection limits for major elements for each batch  

determined by laboratory and field blank analyses 

M
et

h
o

d
 

E
le

m
en

t Laboratory blank DLs (ppb) Field blank DLs (µg m-3) 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 1 
Set 

2 

Set 

3 

Set 

4 

Set 

5 

Set 

6 

DRC 

Al 27 0.16 1.01 0.45 0.42 0.22 0.31 0.01 0.05 0.03 0.02 0.11 0.03 

Ca 42 8.26 61.76 26.44 21.35 17.07 27.11 0.12 0.56 0.24 0.19 0.00 0.25 

Ca 44 1.84 17.96 7.66 6.68 3.67 1.70 0.03 0.04 0.08 0.04 0.78 0.02 

Fe 56 0.08 0.74 0.34 0.19 0.19 0.15 0.00 0.04 0.02 0.01 0.06 0.01 

K 39 0.22 1.10 0.14 0.56 0.56 0.91 0.01 0.02 0.00 0.01 0.00 0.01 

Mg 24 0.20 1.34 0.58 0.54 0.26 0.36 0.02 0.10 0.03 0.02 0.17 0.03 

Mg 26 1.10 7.77 3.35 3.84 1.70 2.74 0.00 0.10 0.10 0.08 0.80 0.05 

Na 23 0.19 1.13 0.53 0.35 0.33 0.31 0.01 0.02 0.01 0.00 0.24 0.01 

Si 28 64.70 177.31 24.14 5.22 6.23 11.54 2.62 6.33 1.15 0.10 2.86 0.14 

KED 

Al-1 27 24.19 13.74 12.57 14.72 6.08 9.16 0.27 0.12 0.23 0.13 0.08 0.08 

Fe-1 57 112.22 59.20 64.40 0.92 0.78 0.82 1.27 0.22 0.99 0.02 0.02 0.01 

K-1 39 16.23 16.93 9.85 10.88 5.44 5.17 0.18 0.06 0.15 0.14 0.09 0.05 

Mg-1 24 10.44 8.12 7.20 7.64 3.29 5.34 0.05 0.05 0.13 0.07 0.05 0.10 

Na-1 23 4.17 3.87 3.60 3.57 1.60 2.61 0.05 0.02 0.07 0.03 0.03 0.02 

Si-1 28 99.78 26.44 37.75 46.64 30.47 20.04 44.82 1.97 1.20 0.71 0.35 0.38 
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Table A2 Detection limits for trace elements for each batch  

determined by laboratory and field blank analyses 

  Laboratory blank DLs (ppt) Field blank DLs (ng m-3) 

Method Element Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 

DRC 

Ag 107 2.11 0.33 0.32 0.89 0.47 0.64 0.03 0.01 0.01 0.01 0.01 0.01 

As 75 2.78 4.58 4.24 3.35 2.46 2.55 0.04 0.12 0.11 0.06 0.15 0.09 

Ba 137 2.61 1.87 3.14 3.75 7.75 4.43 0.16 0.42 0.12 0.03 0.10 0.10 

Be 9 0.51 0.80 0.95 1.49 1.62 0.77 0.01 0.01 0.00 0.01 0.01 0.01 

Bi 209 0.38 1.06 0.64 0.63 1.25 0.85 0.00 0.01 0.01 0.01 0.01 0.01 

Cd 111 0.70 0.59 0.58 1.34 0.71 1.18 0.01 0.03 0.02 0.01 0.01 0.01 

Ce 140 0.07 0.17 0.09 0.27 0.28 0.18 0.01 0.02 0.01 0.01 0.02 0.00 

Co 59 0.22 0.46 0.84 1.24 0.79 1.03 0.03 0.07 0.03 0.01 0.02 0.02 

Cr 52 5.65 3.41 2.71 2.73 1.49 2.54 1.90 3.33 1.16 0.59 0.76 0.40 

Cs 133 0.04 0.07 0.15 0.47 0.41 3.75 0.00 0.00 0.00 0.00 0.00 0.04 

Cu 63 2.66 1.79 2.62 4.74 8.06 7.85 0.70 1.16 0.50 0.37 0.43 0.08 

Fe 56 184.21 45.94 51.35 21.34 25.15 35.96 158.79 45.38 41.23 7.83 7.09 7.55 

Ge 74 0.72 1.07 0.96 2.06 0.60 1.07 0.01 0.01 0.01 0.02 0.00 0.01 

Hg 202 34.06 9.08 8.71 12.05 16.00 19.43 0.44 0.08 0.08 0.10 0.13 0.19 

In 115 0.65 0.56 0.48 0.63 0.65 0.53 0.01 0.01 0.00 0.01 0.01 0.01 

La 139 0.09 0.14 0.07 0.33 0.16 0.17 0.00 0.01 0.01 0.00 0.00 0.00 

Li 7 0.34 0.59 0.88 1.41 1.06 1.34 0.03 0.03 0.01 0.01 0.01 0.01 

Mn 55 1.41 1.33 1.54 1.54 1.05 1.08 3.25 2.38 2.61 0.57 0.58 0.30 

Mo 98 1.90 1.71 1.30 2.52 1.40 2.31 0.49 0.17 0.23 0.17 0.22 0.09 

Ni 60 53.10 2.76 1.91 2.07 2.83 2.12 0.69 1.04 0.86 0.44 0.25 0.25 

Pb 208 3.29 1.59 1.33 3.70 1.04 2.53 0.27 0.40 0.17 0.08 0.05 0.15 

Pd 105 1.05 0.48 0.82 1.78 14.44 3.26 0.02 0.01 0.01 0.02 0.12 0.03 

Pd 106 0.21 1.07 0.39 1.74 13.35 1.42 0.07 0.01 0.01 0.01 0.11 0.01 

Pd 108 0.27 0.71 0.48 1.34 12.47 1.74 0.03 0.01 0.01 0.01 0.10 0.02 

Pt 196 0.65 0.44 0.72 0.68 1.19 1.54 0.01 0.01 0.01 0.01 0.01 0.01 

Pt 195 0.48 0.83 1.18 0.97 0.50 1.16 0.01 0.01 0.01 0.01 0.00 0.01 

Pt 194 1.05 0.71 0.53 1.11 0.47 0.85 0.01 0.01 0.01 0.01 0.01 0.01 

Rb 87 1.36 0.92 1.07 2.09 1.12 1.00 0.03 0.05 0.01 0.02 0.01 0.02 

Rb 85 1.04 0.84 0.72 1.46 0.87 1.14 0.04 0.05 0.02 0.01 0.02 0.02 

Sb 121 20.90 0.99 0.72 1.11 1.99 1.11 0.27 0.07 0.09 0.01 0.08 0.03 

Se 78 11.94 9.43 12.53 13.97 8.26 14.73 0.25 0.13 0.11 0.12 0.14 0.14 

Sn 120 23.29 371.99 255.37 3.72 3.12 1.22 32.24 21.42 21.52 3.21 20.02 12.22 

Sr 88 1.80 0.75 4.34 1.50 1.51 1.01 0.07 0.24 0.25 0.02 0.04 0.09 

Th 232 0.26 3.04 1.75 50.98 8.86 1.19 0.00 0.03 0.02 0.44 0.10 0.01 

Ti 47 57.30 41.61 28.54 19.46 65.61 57.19 27.95 9.54 10.30 3.88 4.76 3.04 

Tl 205 0.31 0.55 0.19 0.92 0.82 0.84 0.00 0.01 0.00 0.01 0.01 0.01 

U 238 0.06 0.25 0.00 0.25 0.30 0.19 0.01 0.00 0.00 0.00 0.00 0.00 

V 51 0.87 1.09 0.65 4.83 1.83 2.84 0.23 0.06 0.10 0.04 0.02 0.07 

Zn 64 186.58 195.69 20.47 47.21 86.05 51.39 5.29 18.99 4.13 2.69 2.89 0.58 

Zn 66 194.44 199.20 23.77 41.57 91.57 56.32 4.45 19.23 4.18 2.63 2.92 0.64 

KED 

Cr-1 52 11.89 10.88 5.92 22.62 7.24 13.85 3.43 9.42 4.40 0.56 5.32 0.43 

Fe-1 57 269.78 174.16 183.88 168.38 148.42 251.01 13.30 79.02 35.07 6.57 7.34 10.33 

Sc-1 45 1.53 5.82 3.66 18.52 8.71 6.19 0.05 0.00 0.03 0.17 0.26 0.06 

V-1 51 0.76 0.77 1.72 1.51 1.58 1.54 0.14 0.18 0.11 0.08 0.05 0.01 
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1. Quality Assurance/ Quality Control (QA/QC) 

 

1.1.  MARGA limits of detection, uncertainties and data validation 

The detection limits (DLs) of the species analyzed by the MARGA were calculated 

based on repeated analyses (n=10) of an analytical blank (ultrapure (UP) water, 18 MΩ), 

which was manually injected into the ion chromatograph. The DL for every species was 

determined by multiplying the standard deviation of the repeated analyses by 3 (3σ) and are 

shown in Table P1.2. They were in the same range as the DLs found in previous studies 

(Makkonen et al., 2012; Rumsey et al., 2014; Twigg et al., 2015). However it should be borne 

in mind that this methodology (UP water manual injection) just concerned the analytical part 

of the MARGA and not the entire instrument. The blank analyses performed by manually 

injecting UP water into the ion chromatograph of the MARGA, showed low values and were 

therefore not subtracted from our measurements. Even the blank values for nitric acid were 

satisfactory (0.1 µg m-3) with this method, although the actual blank (resulting from the whole 

system not only from the chromatograph) was possibly in the range of nitric acid gas 

concentrations, as discussed in section 3.3.3, and could therefore partly explain the erroneous 

measurements for HNO3. 

Regarding the uncertainty calculations, the equation below, derived from Gianini et al. 

(2012), was slightly modified to include two additional sources of relative uncertainty: the 

volume and the loss in the sampling line. 

 

The uncertainty uij refers to the uncertainty of species j in sample i, linked to the 

concentration xij of species j in sample i. The DLj is the detection limit of the compound j (in 

µg m-3) and is calculated as previously explained. The CVj is the coefficient of variation of 

the compound j (relative uncertainty), and has been calculated as the standard deviation of 

repeated analyses (n=10) of certified multi-ion standards divided by the average value 

obtained in the analyses. More specifically, we used the Anion (respectively Cation) 

Calibration Standard for MARGA (Sigma Aldrich) with 0.25 mg L-1 of Br-, Cl-, SO4
2-, NO3

-, 

and NO2
- (respectively Li+, K+, Mg2+, Ca2+, Na+ and NH4

+). The relative uncertainty due to 



286 

losses in the sampling line (u,rloss) was calculated with the Particle Loss Calculator extension 

for Igor Pro (von der Weiden et al., 2009)**, considering a tube length of 2.5 m, a tube 

diameter of ½ inch and a flow rate of 1 m3 h-1. It was found to be less than 5% whatever the 

particle diameter between 10 nm and 5 µm, and therefore was set to be 5%. The sampling 

head was regularly cleaned (once every two weeks), the PE inlet tubing remained the same 

throughout the whole campaign. The relative uncertainty of the sampling volume (ur,vol) was 

determined to be 2% from the allowed deviation of the sampling flow of the MARGA 

(1.00 ± 0.02 m3 h-1). In addition, a is a factor that equals 0.03 (relative uncertainty) which 

accounts for additional sources of uncertainties.”  

The data obtained with the MARGA were validated according to a LiBr internal 

standard which was injected together with the sample every single hour. When the 

concentrations were outside of the normal range, that is to say 320 ± 10 μg L-1 for Li+ and 

3680 ± 100 μg L-1 for Br-, the measurements were considered as invalid. In addition, an 

integrated error code also invalidated any value obtained when the instrument did not work 

properly. Every single chromatogram (n = 15460 in total) was manually checked for any error 

of automatic peak integration by the MARGA software. For instance, when concentrations of 

some ions were close to the detection limit (DL), the software often did not take them into 

account, particularly for Na+, Mg2+
 and Ca2+. This was corrected by the modification of the 

peak search smoothing parameter in the MargaTool v.2.1 reprocessing software (Metrohm).  

Minor ions, especially Cl-, K+, Mg2+
 and Ca2+, often presented values below the DL for 

various reasons. First, K+, Mg2+
 and Ca2+ frequently presented low concentrations at our site. 

For Mg2+
 this was observed over the whole year. For K+

 concentrations below the DL were 

less frequent in winter and for Ca2+
 in summer and autumn. Second, the determination of Na+

 

was hindered by the location of its peak close to those of Li+
 and NH4

+. This sometimes 

caused very small peaks of Na+ to merge with those of NH4
+ and to easily be confused by the 

software, mostly during summer. Finally, Cl- was the first to elute in the anion chromatogram 

(at around 3.5 minutes when the anion chromatographic column was new), and its retention 

time constantly shifted to shorter retention times with column aging. Thus when the anion 

column was getting old, chloride eluted too close to the injection peak and was easily 

confused, often impeding its determination. 
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1.2.  Nitric acid measurement artefact 

 The measurement of HNO3 could not be performed correctly by the instrument as 

already reported in other studies using a MARGA (Makkonen et al., 2012, 2014; Stieger et 

al., 2017). This has been attributed to several artefacts of measurement caused by: (i) the 

sticky nature of this gas, which gets easily adsorbed in the inlet sampling head and/or along 

the sampling line before the analysis; (ii) the interference from the cation eluent (made of 

aqueous nitric acid) which increases the nitric acid blanks in the chromatographic analysis; 

(iii) the overestimation of nocturnal HNO3 due to the interference with N2O5 which has been 

estimated on average to be 17% by Phillips et al. (2013). Hence the HNO3 measurements 

have not been included in the article (except in Figure 8 where the disagreement with 

modeled concentrations is reported) and are not discussed further.  

1.3.  Comparison with collocated instruments 

The quality of the MARGA data was assessed by comparing it to other collocated 

instruments for shorter periods of time: a UV fluorescence SO2 monitor AF22MF (15-min 

time resolution) (Environnement SA), one PICARRO G2103 NH3 monitor (Picarro) based on 

cavity ring down spectroscopy (15-min time resolution), and a High Resolution Time-of-

Flight Aerosol Mass Spectrometer (HR-ToF-AMS) (5-min time resolution) for the non-

refractory submicron particulate species NO3
-, NH4

+, SO4
2-, and Cl-. In particular, chloride 

cannot be directly compared to the MARGA Cl- which also includes refractory chloride 

coming from sea salt influence. All measurements were averaged to 1-hour values in order to 

be compared with the hourly data of the MARGA, except for the PM2.5 concentrations which 

were averaged over 2 hours. 

The sum of water-soluble ions (WSI) measured by the MARGA was compared against 

the total PM2.5 mass measured by the BAM-1020 (Figure Q1a) for the whole database 

(August 2015 to July 2016) and a good correlation was obtained (r² = 0.84). The correlation 

coefficient means that 84% of the variability of the hourly mass concentration of PM2.5 is 

statistically linked to the variability of the measured WSI. The slope and intercept (1.12 and 

5.41 µg m-3, respectively) indicate that most of the PM2.5 consisted primarily of WSI, as has 

also been observed at other sites over northwestern Europe (Putaud et al., 2010). When the 

comparison was performed using 24-h averages, the correlation improved notably (r² = 0.90), 

although the slope and intercept values (1.13 and 5.24) were similar. The improvement of the 
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correlation might be explained by the reduction of the uncertainty of hourly data and of the 

influence of outliers. 

A comparison between one PICARRO NH3 monitor and the MARGA NH3 was 

performed from 7 to 19 August 2015 (Figure Q1b). The results were satisfactory with r2 

=0.88, although the MARGA concentrations were slightly below (slope = 1.11). An 

underestimation of NH3 by the MARGA has been reported elsewhere (Rumsey et al., 2014) 

and was attributed to the sticky nature of NH3, which can adsorb onto active sites of the inlet 

and sampling line. 

The MARGA SO2 measurements were compared to those of a SO2 AF22MF monitor 

from August to December 2015 (Figure Q1c). The correlation was good (r² = 0.79), although 

the concentrations of the gas monitor were significantly higher than those of the MARGA. A 

previous study compared the MARGA SO2 with a TEI43 SO2 gas monitor and obtained a 

better correlation (r² = 0.89) and a lower slope indicating the concentrations between both 

instruments were much more similar (Makkonen et al., 2012). Therefore, it is possible that the 

AF22MF monitor overestimated the concentrations of SO2.  
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Figure Q1 MARGA comparison with other instrumentation: (a) BAM-1020; (b) PICARRO 

NH3  and SO2 AF22MF  

Additionally, a HR-ToF-AMS (DeCarlo et al., 2006) was deployed during one month 

and a half from February to March 2016. Due to the limitations of its inlet system, the cut-off 

size of the AMS was 1 µm, and lower values were expected when compared to the MARGA 

(cutoff of 2.5 µm). Relative ionization efficiency (RIE) values were determined to be 4 and 

1.1 for NH4
+ and SO4

2-, respectively, using NH4NO3 and (NH4)2SO4 aqueous solutions at 10-2 

mol L-1. In addition, all the concentrations of the AMS were corrected by using the algorithm 

proposed by (Middlebrook et al., 2012) which recalculates the concentrations by taking into 

account the NO3
- fraction of the aerosol. More details can be found in (Crenn et al., 2017). 

The hourly-averaged AMS measurements were compared to those of the MARGA (Figure Q2 
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Q2) and very good correlations were found, with r2 values of 0.96, 0.94 and 0.92 for NO3
-, 

NH4
+ and SO4

2-, respectively. The concentrations of the AMS were lower than those of the 

MARGA, as shown by the slopes (values of 0.68, 0.72 and 0.53 for NO3
-, NH4

+ and SO4
2-, 

respectively). The agreement was better for lower concentrations but increased during the 

peaks at the end of the field campaign, as can be seen on the time series. When the last period 

of the campaign (10-16 March) was excluded, the slopes values were 0.79, 0.86 and 0.74 for 

NO3
-, NH4

+ and SO4
2-, respectively. The difference was higher for sulfate, which could be 

attributed to its RIE or to a higher fraction of sulfate in the 1-2.5 µm size fraction. The 

comparison with chloride (not shown here) delivered a very weak correlation as expected, 

because of the different types of chloride measured by each instrument (the MARGA 

measuring water-soluble chloride whereas the AMS measures non-refractory chloride). 
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Figure Q2 Correlations and time series of AMS (PM1) and MARGA (PM2.5) measurements. 

The RIE values used for NH4
+ and SO4

2- were 4 and 1.1, respectively. The AMS 

concentrations were corrected for the CE using the algorithm of (Middlebrook et al., 2012)  
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2. Exceedance episodes 

In the main text of this article, the general characteristics and similarities of the 

observed exceedance episodes have been given. In this section of the supplementary material 

we describe each episode with a greater level of detail. At the end of section 3 of this SM, 

Figure S10 presents the maps of 72-h back trajectories and time profiles of RH, temperature, 

wind direction and speed, precursor gases (NOx, HONO, NH3 and SO2), total PM2.5 and major 

particulate pollutants (NO3
-, NH4

+,SO4
2-, oxalate, BC, and the sum of minor ions). 

The first episode (19-21 January 2016) was characterized by freezing temperatures 

(average of -0.4 ± 3.0°C) and relatively high RH (average of 83.4 ± 8.3%) but no 

precipitations. Winds were slow and from E in the first half of the episode and faster from 

SSE in the second half, while back-trajectories mainly originated from SE, experiencing a 

clock-wise recirculation over the north of France (anticyclonic conditions centered over the 

British Isles and the north of France). In the first part of the episode there was a high 

contribution of Na+ and Cl-, related to the recirculation of the back-trajectories over the North 

Sea and the English Channel. In addition, high concentrations of K+ were observed during the 

whole episode (mean of 0.31 ± 0.16 µg m-3), which, together with high concentrations of BC 

and weak winds, suggest a significant local contribution of combustion sources, probably 

biomass burning. Much higher concentrations of Cl- than Na+ also suggest that part of Cl- 

could originate from biomass combustion. In the second half of the episode, lower 

concentrations of K+, BC and HONO and stronger winds suggest a rather regional 

contribution. 

The second exceedance episode (16-18 February 2016) resembles the first one, 

presenting low temperatures (1.4 ± 2.8°C) and high RH (84.5 ± 11.4%) with no precipitations. 

In the first day and a half of the episode, calm winds from E were dominating. The back 

trajectories presented a very clear origin from NE. The concentrations of NOx¸ HONO and 

BC were really high during this first period but the concentrations of K+ stayed rather low 

(0.05 ± 0.07 µg m-3), suggesting a strong contribution from local emissions, presumably road 

transport. The unaccounted PM2.5 mass was particularly high, suggesting that OM could have 

contributed notably. During the second day and a half, strong SW winds predominated, 

whereas back-trajectories originated mainly from the NE and showed some recirculation over 

central France. Lower concentrations of NOx, HONO and BC and a higher ratio of SIA to 

PM2.5 suggest an important regional contribution over that period. 
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The third episode (10-18 March 2016) showed a greater daily variation in RH 

(75.1 ± 14.5%) and temperature (6.3 ± 3.7°C). Calm NW winds alternated with stronger NE 

winds, while back-trajectories originated in the E and clearly passed over Belgium and 

Germany. High concentrations of NOx were observed, with NO2 predominating over NO, 

attributed to aged air masses carrying regional combustion emissions. Very high 

concentrations of NH3, particularly during the second half of the episode, suggest that the 

contribution from regional agricultural activities (soil amendment) was also very important. A 

really high contribution of SIA to PM2.5 mass was observed, with a predominance of 

ammonium nitrate, suggesting that the contribution of OM was almost insignificant. Similar 

observations were made in a previous high PM2.5 episode in March 2015, during which four 

Aerosol Chemical Speciation Monitors (ACSM) spread over France recorded the same 

inorganic aerosol chemistry for non-refractory (nr)-PM1 in all places, highlighting the role of 

LRT in this episode (Petit et al., 2017b). Hence, this exceedance episode has most likely been 

caused by regional transport of SIA linked to agricultural fertilization from Belgium, 

Germany and potentially Central and Eastern Europe. According to the space-based 

observations of the NH3 total column (Fortems‐Cheiney et al., 2016) these areas can produce 

high emissions of ammonia during springtime, which may induce an increase by about 30% 

in the concentrations of PM2.5 over Central Europe and in turn impact the north of France 

through transboundary advection of pollutants.  

Finally, the fourth episode (26-29 May 2016) presented higher temperatures 

(17.4 ± 4.4°C) and similar RH (78.9 ± 15.5%). Calm winds fluctuated from NW to NE, 

although NW winds predominated, whereas back-trajectories were short and originated in 

Belgium and The Netherlands. The concentrations of NOx were moderately high and 

decreased in the second half of the episode since it was a weekend. High concentrations of 

NH3 suggest a strong contribution from agricultural activities as for the third episode. The 

very high SIA-to-PM2.5 ratio with a predominance of ammonium nitrate also points to a low 

contribution of OM. Similarly to the previous episode, regional transport of SIA seems to be 

the main responsible. 
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3. Supplementary figures 
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Figure S1.1 Time series of PM2.5 and the main meteorological parameters with exceedance 

episodes highlighted in orange 
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Figure S1.2 Seasonal daily profiles of (a) temperature (T), (b) relative humidity (RH), (c) 

Planetary Boundary Layer (PBL) height, (d) atmospheric pressure (P) and (e) wind speed 

(WS).  

* PBL values were obtained from meteorological data from the GDAS (1 deg) archive of the NOAA website. 
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Figure S1.3 Average inorganic speciation for each season (calculated in µg m-3). “Extra 

anions” and “Extra cations” refer to the molar percentages of respectively anions and cations 

that remain non associated to any of the considered salts. 
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Figure S1.4 Weekly trends for selected gaseous and particulate pollutants. Data bins 

correspond to the mean (red circle), median (horizontal line), 25th and 75th percentiles (lower 

and upper box), and 5th and 95th percentiles (lower and upper whiskers). 
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Figure S1.5 (a) Dependence of the HONO/NO2 ratio on RH colored by half-day time step 

(daytime: red, nighttime: blue) and (b) seasonal daily profiles of the HONO/NO2 ratio 
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Figure S1.6 (a) Time series and (b) daily profiles of modelled and observed HNO3 
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Figure S1.7 Seasonal NWR plots for each gaseous precursor, particulate species and Delta-C 

(the color sacles refer to concentrations in µg m-3) 
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Figure S1.8 PSCF annual maps for selected particulate ions. The selected probability 

threshold is set at the 75th percentile. All used back-trajectories were weighted using a 

sigmoidal function.  
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Figure S1.9 Modelled air concentrations for (from top to bottom) fine+coarse total NO3, fine 

total NH4, and SO4
2- for the year 2015 with emissions of 2014 for the EU-27 (EMEP) 
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Figure S1.10 (left) 72-hour backtrajectories related to (right, from top to bottom) meteorological parameters (RH, temperature; wind direction 

colored by wind speed in m s-1), precursor gases, PM2.5 chemical composition (where “M. ions” is the sum of all the minor ions), and total PM2.5 

for each pollution episode. 
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4. Supplementary tables 

Table S1.1 List of studies which have utilized the MARGA from 2007 to 2017 

Reference Location 
Site 

typology 
Size fraction Period 

EUROPE 

ten Brink et al. (2007) Cabauw, NL Rural 
MARGA-Sizer  

(1, 0.56, 0.32 and 0.18 µm) 
Jun.-Aug. ’02 

Schaap et al. (2011) Cabauw, NL Rural PM10 Aug. ’07-Aug. ’08 

Mensah et al. 2012) Cabauw, NL Rural 
PM10 & PM2.5 

Sep. ’07-Oct. ’08 
MARGA-Sizer 

Schlag et al. 2016) Cabauw, NL Rural PM10 & PM2.5 Jul. ’12 –Jun. ’13 

Phillips et al. (2013) Kleiner Feldberg, DE Rural PM10 Aug. ’12 

Stieger et al. (2017) Melpitz, DE Rural PM2.5 Jan. ’10-Dec. ’14 

Makkonen et al. (2012) Helsinki, FI Urban PM10 & PM2.5 Nov. ‘09-May. ’10 

Makkonen et al. (2014) Hyytiälä, FI Remote PM2.5 Jun. ’10-Apr. ’11 

Twigg et al. (2015) Auchencorth Moss, UK Rural PM2.5 Jun. ’06-Jan. ’13 

NORTH AMERICA 

Rumsey et al. (2014) 
Research Triangle Park,  

North Carolina, US 
Urban PM10 Sep.-Oct. ’10 

Allen et al. (2015) Centreville, Virginia, US Urban PM10 Jun.-Jul. ’13 

Rumsey and Walker 

(2016) 
Duke Forest, North Carolina, US Rural PM2.5 Sep.-Oct. ’12 

Chen et al. (2017) Duke Forest, North Carolina, US Rural PM2.5 Oct.-Nov. ’14 

ASIA 

Jeon et al. (2011) Seochogu, KR Urban PM2.5 May.-Jun. ’08 

Kim et al. (2012) 

Seoul, KR Urban PM2.5 Jan.-Dec. ’10 
Shon et al. (2012) 

Shon et al. 2013) 

Song et al. 2017) 

Behera et al. (2013) Singapore, SG Urban PM2.5 Sep.-Nov. ’11 

Khezri et al. (2013) Singapore, SG Urban PM2.5 Apr.-Jun. ’11 

Huang (2014) Hong Kong, HK Suburban PM2.5 Mar. ’11-Feb. ’12 

Griffith et al. (2015) Hong Kong, HK Suburban PM2.5 Jan. ’11-Feb. ’13 

Zhou et al. (2015) Hong Kong, HK Suburban PM1 Apr. ’12-Feb. ’13 

Zhou et al. (2016b) Hong Kong, HK Suburban PM2.5 Jan.-Apr. ’13 

Du et al. (2010) Shanghai, CN Urban PM2.5 Jun.-Jul. ’09 

Li (2010) Shanghai, CN Urban PM10 & PM2.5 May.-Jun. ’09 

Ye et al. (2011) Shanghai, CN Urban PM2.5 Sep. ’06 

Fu et al. (2012) Shanghai, CN Urban PM2.5 Oct.-Nov. ’10 

Huang et al. (2013) Shanghai, CN Urban PM2.5 Oct. ’11 

Leng et al. (2013) Shanghai, CN Urban PM2.5 Sep.10-Aug. ’11 

Li et al. (2013) Shanghai, CN Urban PM2.5 Apr. ’10 

Wang et al. (2013) Shanghai, CN Urban PM2.5 Mar.-May ’10 

Ye et al. (2013) Shanghai, CN Urban PM2.5 Sep. ’09 

Zhang et al. (2013) Shanghai, CN Urban PM2.5 May-Oct. ’10 

Jansen et al. (2014a) Shanghai, CN Urban PM1 Dec. ’12 

Leng et al. (2014a) Shanghai, CN Urban PM2.5 Apr. ’12 

Leng et al. (2014b) Shanghai, CN Urban PM2.5 Nov. ’10 

Shi et al. (2014) Shanghai, CN Urban PM1 Oct.-Nov. ’12 

Zhou et al. (2014) Shanghai, CN Urban PM10 Sep. ’09 

Han et al. (2015) Shanghai, CN Urban PM2.5 Dec. ’12 

Wang et al. (2015) Shanghai, CN Urban PM10 & PM2.5 Nov. ’13-Jan. ’14 

Yin et al. (2015) Shanghai, CN Urban PM2.5 Dec. ’12-Jan. ’13 
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Hu et al. (2016) Shanghai, CN Urban PM2.5 Dec. ’13 

Wang et al. (2016b) Shanghai, CN Rural PM1 & PM2.5 Jan.’11-Dec. ’13 

Zhou et al. (2016a) Shanghai, CN Urban PM2.5 Jan.-Dec. ’11 

Gao et al. (2014) Beijing, CN Urban PM2.5 Oct. ’11 

Gao et al. (2016) Beijing, CN Urban PM2.5 Jul.-Aug. ’14 

Peng et al. (2016) Beijing, CN Urban PM2.5 Jul.-Aug. ’14 

Wen and Chen (2013) Jinan, CN Urban PM2.5 Feb. ’13 

Wang et al. (2014) Jinan, CN Urban PM1 Jan. ’13 

Chen et al. (2016) Guangzhou, CN Urban PM2.5 Mar. ’12 

Tan et al. (2017) Guangzhou, CN Suburban PM2.5 Jan.-Mar. ’14 

Wen et al. (2015) Yucheng, CN Urban PM2.5 Jun. ’13 

Yao et al. (2016) Yucheng, CN Urban PM2.5 
Jun.-Jul. ’13 ; 

Jun.-Jul. ’14 

Fan et al. (2014) Lanzhou, CN Urban PM10 Apr.-May. ’11 

Wang et al. (2016a) Dian Shan Lake, CN Urban PM2.5 Jul.-Aug. ’13 

Jansen et al. (2014b) Hangzhou, CN Urban PM2.5 Apr.-May. ’12 

Kong et al. (2014) 

Shanghai, CN 

Urban 

PM10 & PM2.5 

May-Jun. ’09 

Jul.-Oct. ’09 

Feb.-Oct. ’10 

Hangzhou, CN PM2.5 Jul. ’11 

Guangzhou, CN PM2.5 Aug. ’10 

 

Table S1.2 Monthly statistical summary of the main meteorological parameters between 

August 2015 and July 2016 

Month 
Wind speed 

(m s-1) 

Temperature 

(°C) 
RH (%) P (mbar) PBL* (m) Rain (mm) 

August 1.30 ± 0.74 19.9 ± 5.01 74.0 ± 17.3 1020.6 ± 4.96 1371 ± 374 87.2 

September 1.31 ± 0.78 14.3 ± 3.50 81.0 ± 12.8 1019.2 ± 10.1 1283 ± 283 58.0 

October 0.95 ± 0.59 11.3 ± 3.84 86.6 ± 10.9 1014.7 ± 5.76 838 ± 254 46.2 

November 2.10 ± 1.30 10.9 ± 4.57 88.0 ± 6.22 1014.8 ± 6.74 892 ± 372 69.2 

December 1.94 ± 0.88 10.3 ± 2.49 87.1 ± 5.16 1020.3 ± 4.57 699 ± 250 19.6 

January 1.93 ± 1.16 6.14 ± 3.71 86.7 ± 6.97 1008.4 ± 13.7 817 ± 368 60.8 

February 1.79 ± 1.27 6.26 ± 3.61 83.9 ± 11.1 1008.2 ± 12.1 1082 ± 324 76.4 

March 1.45 ± 1.23 7.15 ± 3.28 78.8 ± 12.1 1011.3 ± 10.9 1200 ± 363 50.4 

April 1.34 ± 1.13 9.93 ± 4.00 76.6 ± 14.2 1009.7 ± 6.83 1404 ± 302 41.4 

May 1.00 ± 0.78 15.3 ± 4.80 74.5 ± 18.3 1010.6 ± 7.27 1251 ± 417 104.6 

June 1.27 ± 0.92 17.2 ± 3.84 83.5 ± 12.5 1011.5 ± 6.66 1380 ± 377 64.6 

July 1.41 ± 1.11 19.7 ± 4.49 74.3 ± 14.6 1015.2 ± 4.19 984 ± 268 21.8 

YEAR 1.48 ± 1.08 12.4 ± 6.16 81.3 ± 13.5 1013.6 ± 9.39 1099 ± 406 700.2 

* PBL height was obtained from meteorological data from the GDAS (1 deg) archive of the NOAA website 
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Table S1.3 Seasonal correlation matrices (r values) for (a) summer 2015 and 2016, (b) spring 

2016, (c) autumn 2015 and (d) winter 2015-2016. The values in red indicate negative 

correlations. The correlations ≥ 0.7 are highlighted in bold, and those ≥ than 0.8 and 0.9 with 

simple and double underline, respectively. 

a) HONO HNO3 SO2 NH3 Cl- NO3
- SO4

2- C2O4
2- Na+ NH4

+ K+ Mg2+ Ca2+ PM10 PM2.5 BC NO NO2 

HNO3 0.31 
                 

SO2 0.05 0.28 
                

NH3 0.34 0.18 0.15 
               

Cl- 0.07 0.03 0.14 -0.04 
              

NO3
- 0.43 0.34 0.16 0.33 0.18 

             
SO4

2- 0.25 0.45 0.31 0.38 0.23 0.67 
            

C2O4
2- 0.12 0.28 0.13 0.38 0.13 0.36 0.56 

           
Na+ -0.19 -0.03 0.08 -0.14 0.37 -0.13 -0.02 -0.05 

          
NH4

+ 0.41 0.40 0.20 0.42 0.21 0.96 0.83 0.47 -0.14 
         

K+ 0.07 0.00 0.00 0.02 -0.01 -0.01 0.02 0.03 0.06 -0.02 
        

Mg2+ -0.06 -0.04 0.02 -0.01 0.20 -0.07 -0.04 0.03 0.63 -0.10 0.17 
       

Ca2+ 0.09 0.02 0.07 0.54 -0.04 -0.01 0.15 0.24 0.04 0.04 0.09 0.19 
      

PM10 0.33 0.54 0.06 0.50 0.22 0.69 0.75 0.50 -0.10 0.75 0.07 -0.10 0.28 
     

PM2.5 0.47 0.46 0.20 0.34 0.25 0.87 0.77 0.52 -0.08 0.90 0.00 -0.06 0.01 0.79 
    

BC 0.62 0.20 0.10 0.31 0.02 0.24 0.23 0.20 -0.17 0.27 0.03 -0.03 0.26 0.37 0.37 
   

NO 0.30 -0.06 -0.06 0.08 -0.07 0.07 0.02 -0.12 -0.11 0.07 -0.07 -0.09 0.03 0.24 0.11 0.58 
  

NO2 0.45 0.19 0.09 0.17 0.04 0.10 0.17 0.14 -0.15 0.13 0.10 -0.16 0.16 0.32 0.20 0.68 0.48 
 

O3 -0.10 0.36 0.26 0.52 0.00 0.01 0.31 0.43 0.10 0.14 -0.09 0.10 0.43 -0.47 0.16 0.13 -0.18 -0.48 

 

 

b) HONO HNO3 SO2 NH3 Cl- NO3
- SO4

2- C2O4
2- Na+ NH4

+ K+ Mg2+ Ca2+ PM10 PM2.5 BC NO NO2 

HNO3 0.22 
                 

SO2 0.03 0.22 
                

NH3 0.17 0.23 0.06 
               

Cl- 0.01 0.00 -0.03 0.08 
              

NO3
- 0.53 0.40 0.18 0.25 0.04 

             
SO4

2- 0.32 0.46 0.20 0.25 0.18 0.74 
            

C2O4
2- 0.20 0.46 0.15 0.44 -0.03 0.28 0.46 

           
Na+ -0.20 0.00 0.09 -0.06 0.49 -0.19 -0.07 -0.21 

          
NH4

+ 0.49 0.44 0.18 0.29 0.11 0.97 0.86 0.35 -0.18 
         

K+ 0.41 0.11 0.07 -0.14 -0.01 0.39 0.31 0.05 -0.06 0.39 
        

Mg2+ -0.06 -0.02 0.11 -0.03 0.28 -0.10 -0.12 -0.16 0.62 -0.12 -0.07 
       

Ca2+ 0.05 0.36 0.19 0.29 0.01 0.16 0.26 0.33 0.08 0.20 0.05 0.07 
      

PM10 0.58 0.50 0.26 0.28 0.15 0.87 0.80 0.43 -0.02 0.89 0.43 0.00 0.34 
     

PM2.5 0.58 0.46 0.19 0.24 0.10 0.92 0.79 0.38 -0.16 0.93 0.40 -0.08 0.21 0.91 
    

BC 0.58 0.22 0.05 -0.04 -0.04 0.32 0.24 0.24 -0.18 0.31 0.41 -0.07 0.22 0.49 0.48 
   

NO 0.44 -0.03 0.00 -0.06 0.01 0.20 0.09 -0.03 -0.07 0.16 0.23 0.00 0.10 0.34 0.29 0.69 
  

NO2 0.62 0.11 0.04 0.03 -0.02 0.41 0.25 0.07 -0.17 0.36 0.33 -0.02 0.23 0.51 0.48 0.78 0.62 
 

O3 -0.52 0.12 0.08 0.18 0.01 -0.42 -0.15 0.27 0.19 -0.36 -0.32 0.10 0.29 -0.27 -0.38 -0.37 -0.33 -0.54 
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c) HONO HNO3 SO2 NH3 Cl- NO3
- SO4

2- C2O4
2- Na+ NH4

+ K+ Mg2+ Ca2+ PM10 PM2.5 BC NO NO2 

HNO3 0.30 
                 

SO2 0.16 0.19 
                

NH3 0.27 0.24 0.28 
               

Cl- 0.03 0.00 0.00 -0.05 
              

NO3
- 0.50 0.37 0.20 0.02 -0.04 

             
SO4

2- 0.38 0.33 0.26 0.16 -0.02 0.74 
            

C2O4
2- 0.32 0.29 0.17 0.28 -0.08 0.50 0.60 

           
Na+ -0.09 -0.04 -0.04 -0.17 0.66 -0.04 -0.05 -0.17 

          
NH4

+ 0.47 0.37 0.20 0.15 -0.03 0.92 0.85 0.57 -0.07 
         

K+ 0.31 0.29 -0.02 -0.11 0.00 0.22 0.15 0.10 -0.01 0.24 
        

Mg2+ 0.01 -0.07 0.14 -0.09 0.48 0.02 0.04 -0.06 0.68 0.00 -0.06 
       

Ca2+ 0.22 0.28 0.37 0.32 0.03 0.16 0.27 0.30 0.02 0.15 -0.08 0.10 
      

PM10 0.55 0.33 0.27 0.10 0.20 0.76 0.70 0.50 0.17 0.76 0.27 0.19 0.34 
     

PM2.5 0.50 0.29 0.16 0.00 0.09 0.82 0.75 0.54 0.04 0.81 0.28 0.12 0.16 0.86 
    

BC 0.59 0.28 0.12 -0.07 -0.07 0.45 0.35 0.29 -0.13 0.42 0.50 -0.09 0.18 0.65 0.64 
   

NO 0.44 0.11 0.07 -0.05 0.03 0.26 0.21 0.13 -0.02 0.24 0.46 0.00 0.12 0.47 0.38 0.81 
  

NO2 0.55 0.17 0.24 0.04 -0.03 0.41 0.39 0.30 -0.15 0.39 0.26 0.00 0.28 0.55 0.47 0.76 0.66 
 

O3 -0.46 -0.09 0.05 0.30 0.10 -0.57 -0.36 -0.24 0.20 -0.48 -0.32 0.09 0.08 -0.51 -0.53 -0.63 -0.44 -0.60 

 

 
d) HONO HNO3 SO2 NH3 Cl- NO3

- SO4
2- C2O4

2- Na+ NH4
+ K+ Mg2+ Ca2+ PM10 PM2.5 BC NO NO2 

HNO3 0.20 
                 

SO2 0.25 0.21 
                

NH3 0.31 0.20 0.17 
               

Cl- 0.18 -0.10 0.18 0.04 
              

NO3
- 0.59 0.34 0.36 0.25 0.11 

             
SO4

2- 0.41 0.18 0.29 0.28 0.02 0.64 
            

C2O4
2- 0.17 0.16 0.06 0.31 -0.20 0.36 0.65 

           
Na+ -0.15 -0.08 0.08 -0.02 0.75 -0.23 -0.24 -0.28 

          
NH4

+ 0.60 0.31 0.36 0.27 0.13 0.98 0.76 0.48 -0.26 
         

K+ 0.66 0.13 0.18 0.18 0.26 0.55 0.55 0.39 -0.09 0.61 
        

Mg2+ -0.10 -0.09 -0.01 -0.03 0.59 -0.15 -0.20 -0.28 0.69 -0.18 -0.06 
       

Ca2+ 0.25 0.20 0.36 0.27 0.23 0.21 0.13 0.09 0.15 0.19 0.11 0.07 
      

PM10 0.76 0.24 0.34 0.29 0.37 0.77 0.63 0.36 0.04 0.79 0.71 0.03 0.32 
     

PM2.5 0.68 0.28 0.31 0.20 0.16 0.84 0.69 0.43 -0.20 0.86 0.62 -0.14 0.21 0.84 
    

BC 0.75 0.14 0.22 0.10 0.20 0.51 0.45 0.22 -0.14 0.55 0.64 -0.10 0.23 0.77 0.71 
   

NO 0.54 0.05 0.07 -0.04 -0.01 0.25 0.21 0.08 -0.11 0.25 0.32 -0.11 0.22 0.53 0.44 0.76 
  

NO2 0.64 0.25 0.21 -0.02 -0.07 0.43 0.28 0.07 -0.16 0.41 0.32 -0.17 0.27 0.62 0.60 0.83 0.64 
 

O3 -0.64 -0.17 -0.13 -0.07 0.08 -0.56 -0.48 -0.29 0.30 -0.57 -0.48 0.25 -0.06 -0.64 -0.68 -0.69 -0.45 -0.77 
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Table S1.4 Correlations between HONO and NO2 by season for the entire day, nighttime and 

daytime 

 
HONO vs NO2  

(Entire day) 

HONO vs NO2  

(Nighttime) 

HONO vs NO2  

(Daytime) 

 r² Slope Intercept r² Slope Intercept r² Slope Intercept 

Winter 0.40 0.057 0.19 0.61 0.054 0.22 0.25 0.066 0.13 

Spring 0.37 0.065 0.20 0.58 0.067 0.27 0.29 0.066 0.15 

Summer 0.20 0.050 0.19 0.36 0.060 0.23 0.19 0.053 0.14 

Autumn 0.30 0.074 0.18 0.57 0.077 0.17 0.17 0.070 0.19 
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Figure S2.1 Maps of France (left) and Douai (right) with the sampling site (yellow cross), the 

main roads (red lines), railroad (black line), city center (grey area), non-ferrous metal industry 

(brown area), slaughterhouse (green cross) and waste water treatment plant (WWTP, blue 

cross) 

 

 

a)  b)  

  
Figure S2.2 Daily profiles of main NR-PM1 components (OA, NO3, NH4 and SO4) by (a) 

average concentration and (b) relative contribution during the whole campaign 
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a) NO3 b) NH4 

  

c) SO4 d) OA 

  

Figure S2.3 Polar graphs of the wind direction (radius: wind speed in m s-1) colored by 

concentration of (a) NO3, (b) NH4, (c) SO4 and (d) OA (organic aerosol) for the whole 

campaign 
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Figure S2.4 Comparison between measured and predicted NH4 colored by date. The predicted 

NH4 is calculated as the NH4 required to neutralize all NO3 and SO4. 

 

a) b)  

  

 

Figure S2.5 Average daily profiles for the (a) MLH (mixing layer height) and (b) ventilation 

coefficients (MLH × wind speed) for the whole campaign, period I and period II 
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Table S2.1 Justification for the number of selected PMF factors (chosen solution highlighted 

in bold) 

No. of 

factors 
Description of solution 

2 Too few factors (mixed mass spectra), no oBBOA or COA were 

retrieved, large residuals 

3 Too few factors (mixed mass spectra), splitting of OOA into two 

separate factors (MO-OOA and LO-OOA), no oBBOA or COA 

were retrieved, large residuals at key m/z’s 

4 HOA, oBBOA, MO-OOA and LO-OOA were identified but key 

HOA m/z’s seem influenced by oxygenated fragments. Residuals 

reduced but remain fairly high for some m/z’s 

5 A new COA factor has been identified. Residuals decreased 

significantly. 

6 OOAs now started splitting, but the third OOA factor has similar 

profile and time series with residuals level remaining the same. 

7 HOA started to split without any significant changes of profiles and 

time series and no changes observed in residuals level. 

8 More splitting of OOAs without the emergence of any meaningful 

new factor or any significant drop in residuals values. 
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a) 

 

b) 

 

c) 

 
Figure S2.6 PMF diagnostics for the chosen 5-factor solution: (a) Q/Qexpected variation vs 

number of factors, (b) Absolute residuals for each m/z, (c) Scaled residuals for each m/z 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
Figure S2.7 Time series of the PMF factors and their respective main inorganic external 

tracers or specific organic masses from AMS analysis. The determination coefficients (r²) are 

indicated (see also Table S2). 
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Table S2.2 Correlation of PMF factors with external variables and meteorological parameters 

 
NO3

- SO4
2- NH4

+ K+ PM2.5 BC Delta-C NOx O3 T (°) RH (%) 

COA 0.49 0.31 0.45 0.59 0.65 0.70 0.44 0.68 -0.67 -0.57 0.10 

oBBOA 0.32 0.16 0.29 0.60 0.52 0.65 0.72 0.58 -0.72 -0.62 0.24 

HOA 0.30 0.18 0.27 0.46 0.49 0.83 0.19 0.85 -0.55 -0.41 0.09 

MO-OOA 0.88 0.62 0.84 0.47 0.82 0.35 0.21 0.28 -0.48 -0.35 -0.11 

LO-OOA 0.89 0.85 0.92 0.51 0.81 0.28 0.04 0.18 -0.27 -0.14 -0.17 

* Values in red indicate negative correlations. Correlations ≥ |0.7| are highlighted in bold and 

≥ |0.8| are underlined. K+ as measured by MARGA; BC and Delta-C measured by a 2λ-

aethalometer; NOx measured by NOx monitor, O3 obtained from Atmo Hauts-de-France 

nearby monitoring station; T (temperature) obtained from a BAM-1020 and RH (relative 

humidity) from a TEOM-FDMS (Roig et al., submitted). 
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a) b) 

  
c) d) 

  
e)  

 

 

Figure S2.8 Comparison of the HOA mass spectrum obtained in this work with those of other 

studies (Crippa et al., 2013; Docherty et al., 2011; Mohr et al., 2012; Struckmeier et al., 

2016). The numbers indicate the different m/z of the HOA mass spectra. The red line 

represents the linear fit between both factors, with the slope value and r in red. 
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a) b) 

  
c)  

 

 

Figure S2.9 Comparison of the COA mass spectrum obtained in this work with those of other 

studies (Crippa et al., 2013; Mohr et al., 2012; Struckmeier et al., 2016). The numbers 

indicate the different m/z of the COA mass spectra. The red line represents the linear fit 

between both factors, with the slope value and r in red. 
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a) MO-OOA b) LO-OOA 

  
Figure S2.10 PSCF maps for (a) MO-OOA and (b) LO-OOA factors during the whole 

campaign with a threshold at the 75th percentile.  

 

 

a) Period I; n = 232 b) Period II; n = 92 

  
Figure S2.11 Trajectory density map for (a) period I and (b) period II. The color scale is 

related to the number of trajectories (n, represented as log(n+1)) which have passed by a 

specific source area and impacted the sampling site afterwards. 
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b) 

 
c) 

   
Figure S2.12 (a) Time series of the particle number size distribution (PNSD), (b) geometric 

mean diameter, (c) PMF factors for the Feb.15-16, 2016 NPF event 
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Figure S3.8 NWR plot for the local industry factor together with the map of Douai and 

its surroundings 

 

 

Section 3. Calculation of uncertainties 

 

 

Section 4. Comparison between PMFh and PMFd with the same input variables 

Figure S3.9 Contribution of source factors to modelled PM2.5 mass for PMFh and 

PMFd with the same input variables 

Table S3.9 Concentrations of each variable in the chemical profile of the source 

factors for the hourly and daily PMF with the same input variables. 

Table S3.10 Contributions (%) of each variable in the source chemical profiles for the 

hourly and daily PMF with the same input variables. 

Table S3.11 Statistics comparing the modelled and measured concentrations for each 

variable used in the hourly and daily PMF with the same input variables. 

 

SECTION 1. SUPPLEMENTARY TABLES 

 

Table S3.1 Annual and monthly averages and standard deviations of the main meteorological 

parameters (except for the rain where the value accumulated over each month is given) 

Month 
Wind speed 

(m s-1) 

Temperature 

(°C) 
RH (%) P (mbar) Rain (mL) 

August 1.3 ± 0.7 20 ± 5 74 ± 17 1021 ± 5 87 

September 1.3 ± 0.8 14 ± 4 81 ± 13 1019 ± 10 58 

October 1.0 ± 0.6 11 ± 4 86 ± 11 1015 ± 6 46 

November 2.1 ± 1.3 11 ± 5 88 ± 6 1015 ± 7 69 

December 1.9 ± 0.9 10 ± 3 87 ± 5 1020 ± 5 20 

January 1.9 ± 1.2 6 ± 4 87 ± 7 1008 ± 14 61 

February 1.8 ± 1.3 6 ± 4 84 ± 11 1008 ± 12 76 

March 1.5 ± 1.2 7 ± 3 79 ± 12 1011 ± 11 50 

April 1.3 ± 1.1 10 ± 4 77 ± 14 1010 ± 7 41 

May 1.0 ± 0.8 15 ± 5 75 ± 18 1011 ± 7 105 

June 1.3 ± 0.9 17 ± 4 84 ± 13 1012 ± 7 65 

July 1.4 ± 1.1 20 ± 5 74 ± 15 1015 ± 4 22 

YEAR 1.5 ± 1.1 12 ± 6 81 ± 14 1014 ± 9 700 
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Table S3.2 Mapping of bootstrap factors to base factors for PMFh and PMFd (n = 100) 

  Base factors 
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IB

*
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ry
 

U
n

m
a

p
p

e
d

 

P
M

F
h
 b

o
o

t 
fa

ct
o

rs
 

Sulfate-

rich 
100 0 0 0 0    0 

Nitrate-

rich 
0 92 8 0 0    0 

Biomass 

combustion 
0 0 100 0 0    0 

Marine 0 0 0 100 0    0 

Road 

traffic 
0 0 0 0 100    0 

P
M

F
d
 b

o
o

t 
fa

ct
o

rs
 

Sulfate-

rich 
100 0 0 0 0 0 0 0 0 

Nitrate-

rich 
0 100 0 0 0 0 0 0 0 

Biomass 

combustion 
0 0 99 0 1 0 0 0 0 

Marine 0 0 0 100 0 0 0 0 0 

Road 

traffic 
1 0 0 0 99 0 0 0 0 

MIB* 1 0 0 0 0 99 0 0 0 

Dust 0 0 0 0 5 0 95 0 0 

Local 

industry 
0 0 0 0 3 0 0 97 0 

     * MIB: Metal Industry Background 
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Table S3.3 Concentrations of each variable in the chemical profile of the source factors for 

the hourly and daily PMF (PM2.5, NO3
-, SO4

2-, C2O4
2-, NH4

+, BC and Delta-C are in µg m-3, 

the rest in ng m-3). 

Factor Sulfate-rich Nitrate-rich 
Road 

traffic 

Biomass 

combustion 
Marine MIB* Dust 

Local  

industry 

PMFtype PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFd PMFd 

V
a

ri
a

b
le

s 

PM2.5 4.59 4.92 4.03 3.20 0.76 2.06 1.59 0.55 1.03 1.30 0.79 0.34 0.09 

NO3
- 0.04 0.00 2.58 3.01 0.49 0.59 0.52 0.02 0.15 0.13 0.00 0.00 0.04 

SO4
2- 0.88 1.32 0.47 0.16 0.00 0.10 0.00 0.00 0.07 0.17 0.25 0.02 0.01 

C2O4
2- 0.10 0.10 0.02 0.00 0.01 0.02 0.01 0.00 0.01 0.02 0.02 0.00 0.00 

NH4
+ 0.23 0.41 0.88 0.84 0.00 0.00 0.08 0.00 0.00 0.00 0.09 0.00 0.00 

BC 0.11 0.03 0.00 0.00 0.21 0.36 0.09 0.02 0.00 0.00 0.00 0.00 0.00 

Na+ 0.00 2.82 2.82 1.64 6.33 0.00 4.75 0.83 81.31 79.33 0.00 0.00 0.00 

Mg+ 1.90 2.36 1.24 0.10 1.98 1.45 0.56 0.25 11.56 9.83 0.00 0.00 0.14 

K+ 5.01 4.42 0.09 1.62 2.20 5.97 12.01 4.98 1.80 3.53 5.01 0.00 0.54 

Delta-C 0.00 0.57 0.00 0.00 0.00 0.16 23.37 23.35 1.21 0.58 0.83 0.00 0.28 

Ca 8.53 
 

0.00 
 

6.54 
 

1.69 
 

5.06 
 

0.00 66.98 0.00 

Fe 0.00 
 

0.04 
 

29.09 
 

3.94 
 

0.00 
 

30.65 18.78 2.17 

K 4.60 
 

0.72 
 

0.00 
 

5.88 
 

4.98 
 

52.08 11.60 0.02 

As 0.00 
 

0.05 
 

0.11 
 

0.02 
 

0.01 
 

0.12 0.01 0.00 

Ba 0.05 
 

0.00 
 

0.68 
 

0.00 
 

0.03 
 

0.53 0.11 0.00 

Bi 0.00 
 

0.01 
 

0.01 
 

0.00 
 

0.00 
 

0.01 0.00 0.00 

Cd 0.00 
 

0.00 
 

0.02 
 

0.00 
 

0.00 
 

0.06 0.00 0.00 

Ce 0.00 
 

0.00 
 

0.03 
 

0.00 
 

0.00 
 

0.05 0.01 0.00 

Co 0.00 
 

0.00 
 

0.01 
 

0.00 
 

0.00 
 

0.01 0.00 0.01 

Cr 0.13 
 

0.03 
 

0.25 
 

0.10 
 

0.04 
 

0.00 0.00 1.28 

Cu 0.02 
 

0.00 
 

1.94 
 

0.10 
 

0.14 
 

1.20 0.08 0.06 

Mn 0.00 
 

0.00 
 

1.68 
 

0.00 
 

0.13 
 

0.75 0.00 0.00 

Mo 0.01 
 

0.04 
 

0.17 
 

0.00 
 

0.01 
 

0.08 0.01 0.02 

Ni 0.10 
 

0.00 
 

0.00 
 

0.03 
 

0.01 
 

0.07 0.00 0.93 

Pb 0.04 
 

0.19 
 

0.75 
 

0.23 
 

0.01 
 

2.07 0.00 0.01 

Rb 0.01 
 

0.00 
 

0.02 
 

0.01 
 

0.00 
 

0.13 0.01 0.00 

Sb 0.06 
 

0.00 
 

0.27 
 

0.03 
 

0.00 
 

0.32 0.03 0.00 

Se 0.15 
 

0.12 
 

0.31 
 

0.00 
 

0.00 
 

0.24 0.01 0.00 

Sr 0.04 
 

0.00 
 

0.07 
 

0.00 
 

0.06 
 

0.07 0.10 0.00 

Zn 1.08 
 

0.65 
 

4.68 
 

0.41 
 

0.04 
 

6.82 0.00 0.00 

* MIB: Metal Industry Background 
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Table S3.4 Contributions (%) of each variable in the chemical profile of the source factors for 

the hourly and daily PMF.  

Factor Sulfate-rich Nitrate-rich 
Road 

traffic 

Biomass 

combustion 
Marine MIB* Dust 

Local  

industry 

PMFtype PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFd PMFd 

V
a

ri
a

b
le

s 

PM2.5 34.7 40.9 30.5 26.6 5.8 17.1 12.0 4.6 7.8 10.8 5.9 2.6 0.7 

NO3
- 1.0 0.0 67.5 80.3 12.8 15.7 13.7 0.6 4.0 3.4 0.0 0.0 1.0 

SO4
2- 51.7 76.0 27.7 9.0 0.0 5.5 0.0 0.0 4.0 9.5 14.8 1.0 0.8 

C2O4
2- 62.8 69.1 11.6 0.0 4.4 17.0 3.6 1.5 3.9 12.3 11.8 1.9 0.0 

NH4
+ 18.0 32.4 68.3 67.6 0.0 0.0 6.3 0.0 0.0 0.0 7.4 0.0 0.0 

BC 26.6 7.9 0.0 0.0 51.3 87.6 22.1 4.6 0.0 0.0 0.0 0.0 0.0 

Na+ 0.0 3.3 3.0 1.9 6.6 0.0 5.0 1.0 85.4 93.8 0.0 0.0 0.0 

Mg+ 10.9 16.9 7.1 0.7 11.4 10.4 3.2 1.8 66.5 70.3 0.0 0.0 0.8 

K+ 18.8 21.5 0.3 7.9 8.2 29.1 45.0 24.2 6.8 17.2 18.8 0.0 2.0 

Delta-C 0.0 2.3 0.0 0.0 0.0 0.7 91.0 94.7 4.7 2.3 3.2 0.0 1.1 

Ca 9.6 
 

0.0 
 

7.4 
 

1.9 
 

5.7 
 

0.0 75.4 0.0 

Fe 0.0 
 

0.1 
 

34.4 
 

4.7 
 

0.0 
 

36.2 22.2 2.6 

K 5.8 
 

0.9 
 

0.0 
 

7.4 
 

6.2 
 

65.2 14.5 0.0 

As 0.6 
 

14.8 
 

34.0 
 

6.8 
 

3.4 
 

37.9 1.8 0.7 

Ba 3.9 
 

0.0 
 

48.6 
 

0.0 
 

2.0 
 

37.8 7.7 0.0 

Bi 0.0 
 

16.6 
 

44.3 
 

1.0 
 

3.2 
 

19.5 13.1 2.3 

Cd 0.0 
 

5.8 
 

18.4 
 

4.2 
 

0.0 
 

68.5 2.9 0.2 

Ce 4.7 
 

0.0 
 

30.7 
 

2.2 
 

2.8 
 

48.8 10.8 0.0 

Co 9.5 
 

0.6 
 

15.3 
 

0.0 
 

3.3 
 

34.0 5.9 31.4 

Cr 7.3 
 

1.4 
 

13.8 
 

5.3 
 

2.0 
 

0.0 0.0 70.2 

Cu 0.7 
 

0.0 
 

54.8 
 

2.8 
 

4.1 
 

33.9 2.1 1.7 

Mn 0.0 
 

0.0 
 

65.6 
 

0.0 
 

5.1 
 

29.3 0.0 0.0 

Mo 3.0 
 

12.0 
 

49.2 
 

0.7 
 

4.4 
 

22.6 3.3 4.8 

Ni 9.1 
 

0.0 
 

0.0 
 

2.4 
 

0.9 
 

5.8 0.4 81.4 

Pb 1.2 
 

5.6 
 

22.9 
 

6.9 
 

0.2 
 

63.0 0.0 0.2 

Rb 3.2 
 

2.5 
 

12.5 
 

5.0 
 

0.6 
 

69.0 7.2 0.0 

Sb 7.8 
 

0.0 
 

38.9 
 

3.8 
 

0.0 
 

44.7 4.8 0.0 

Se 17.6 
 

14.0 
 

37.4 
 

0.0 
 

0.0 
 

29.4 1.1 0.5 

Sr 10.8 
 

0.0 
 

20.8 
 

0.0 
 

16.8 
 

20.8 29.3 1.5 

Zn 7.9 
 

4.7 
 

34.2 
 

3.0 
 

0.3 
 

49.8 0.0 0.0 

* MIB: Metal Industry Background 
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Table S3.5 Statistics comparing the modelled and measured concentrations for each variable 

used in PMFd and PMFh. Intercept in µg m-3 

 PMFd PMFh 

Species r² Slope Intercept r² Slope Intercept 

NO3
- 0.98 1.01 -0.05 0.99 1.04 -0.11 

SO4
2- 0.96 0.97 0.04 0.98 1.01 -0.02 

C2O4
2- 0.58 0.73 0.03 0.38 0.52 0.05 

Na+ 0.96 0.85 0.01 0.92 0.81 0.02 

NH4
+ 0.99 0.93 0.04 0.99 0.90 0.06 

K+ 0.58 0.41 0.01 0.26 0.20 0.01 

Mg2+ 0.64 0.59 0.01 0.38 0.32 0.01 

BC 0.69 0.71 0.09 0.79 0.77 0.08 

Delta-C 0.94 0.95 0.00 1.00 1.00 0.00 

PM2.5 0.90 1.01 -0.44 0.83 0.92 -0.20 

Ca 0.99 0.99 0.00    

Fe 0.84 0.63 0.02    

K 0.93 0.90 0.00    

As 0.51 0.31 0.00    

Ba 0.67 0.55 0.00    

Bi 0.60 0.21 0.00    

Cd 0.54 0.35 0.00    

Ce 0.57 0.36 0.00    

Co 0.66 0.49 0.00    

Cr 0.79 0.67 0.00    

Cu 0.80 0.69 0.00    

Mn 0.37 0.33 0.00    

Mo 0.55 0.29 0.00    

Ni 0.98 0.97 0.00    

Pb 0.66 0.53 0.00    

Rb 0.89 0.82 0.00    

Sb 0.61 0.51 0.00    

Se 0.59 0.41 0.00    

Sr 0.48 0.34 0.00    

Zn 0.40 0.28 0.01    
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Table S3.6 Correlation coefficients (r) of source factors with external variables for PMFh. The 

values in red indicate negative correlations. The correlations ≥ 0.7 are highlighted in bold, and 

those ≥ than 0.8 and 0.9 with simple and double underline, respectively. (BC: Black carbon, 

T: Temperature, RH: Relative humidity, Patm: atmospheric pressure, WS: wind speed) 

 Sulfate-rich Nitrate-rich 
Road  

traffic 

Biomass  

combustion 
Marine 

Nitrate-rich 0.57 
    

Road traffic 0.19 0.26 
   

Biomass combustion -0.01 0.18 -0.02 
  

Marine -0.32 -0.23 -0.11 -0.08 
 

Cl- 0.01 0.06 -0.02 0.07 0.40 

NO3
- 0.56 0.99 0.38 0.18 -0.21 

SO4
2- 0.97 0.68 0.26 0.01 -0.21 

C2O4
2- 0.62 0.36 0.20 -0.03 -0.27 

Na+ -0.24 -0.16 -0.09 -0.03 0.96 

NH4
+ 0.74 0.97 0.27 0.16 -0.28 

K+ 0.13 0.28 0.21 0.45 -0.04 

Mg2+ -0.15 -0.10 -0.03 -0.04 0.63 

Ca2+ 0.21 0.07 0.27 -0.07 -0.01 

PM2.5 0.69 0.86 0.41 0.20 -0.22 

BC 0.26 0.28 0.91 0.17 -0.19 

Delta-C 0.00 0.18 -0.02 0.99 -0.07 

HONO 0.23 0.47 0.54 0.27 -0.14 

SO2 0.25 0.17 0.10 0.00 -0.01 

NH3 0.40 0.24 0.03 -0.17 -0.24 

NO 0.07 0.13 0.54 0.07 -0.03 

NO2 0.23 0.30 0.63 0.26 -0.17 

O3 -0.02 -0.31 -0.41 -0.31 0.12 

T 0.20 -0.21 -0.04 -0.42 -0.13 

RH -0.13 0.07 0.06 0.13 -0.06 

Patm 0.20 0.11 0.15 0.05 0.04 

WS -0.27 -0.27 -0.41 -0.11 0.30 

Rain -0.06 -0.06 -0.04 -0.03 -0.05 
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Table S3.7 Correlation coefficients (r) of source factors with external variables for PMFd. The 

values in red indicate negative correlations. The correlations ≥ 0.7 are highlighted in bold, and 

those ≥ than 0.8 and 0.9 with simple and double underline, respectively. (MIB: Metal industry 

background, BC: Black carbon, T: Temperature, RH: Relative humidity, Patm: atmospheric 

pressure, WS: wind speed) 

 

Sulfate-rich Nitrate-rich Road traffic 
Biomass 

combustion 
Marine MIB Dust 

Local 

industry 

Nitrate-rich 0.29 

       Road traffic 0.03 0.14 

      Biomass -0.19 0.21 -0.16 

     Marine -0.25 -0.34 -0.24 -0.11 

    MIB -0.15 0.19 0.45 0.14 -0.09 

   Dust -0.11 0.01 0.48 -0.03 0.01 0.44 

  Local industry -0.06 0.00 0.30 0.03 -0.10 0.25 0.27 

 Cl- -0.07 0.04 -0.13 0.25 0.55 -0.06 -0.01 -0.08 

NO3
- 0.20 0.97 0.25 0.34 -0.33 0.29 0.07 0.07 

SO4
2- 0.66 0.82 0.24 0.04 -0.30 0.36 0.11 0.05 

C2O4
2- 0.65 0.54 0.16 -0.02 -0.37 0.23 0.03 0.00 

Na+ -0.23 -0.25 -0.15 -0.03 0.97 -0.04 0.06 -0.07 

NH4
+ 0.38 0.98 0.16 0.32 -0.36 0.24 0.04 0.03 

K+ -0.05 0.26 0.13 0.70 -0.07 0.34 0.04 0.11 

Mg2+ -0.17 -0.14 -0.04 -0.09 0.78 -0.03 -0.01 -0.03 

Ca2+ 0.24 0.16 0.57 -0.05 -0.11 0.22 0.55 0.16 

BC 0.22 0.41 0.64 0.33 -0.30 0.46 0.22 0.14 

Delta-C -0.22 0.19 -0.16 0.97 -0.08 0.14 -0.03 0.05 

PM2.5 0.41 0.91 0.22 0.33 -0.34 0.32 0.08 0.06 

Ca -0.07 0.01 0.52 -0.04 0.04 0.43 0.99 0.26 

Fe -0.10 0.15 0.72 0.12 -0.15 0.75 0.70 0.39 

K -0.16 0.18 0.40 0.21 -0.01 0.95 0.52 0.25 

Mg -0.21 -0.13 0.18 -0.16 0.42 0.21 0.44 0.17 

Na -0.23 -0.20 -0.11 -0.05 0.66 0.09 0.29 0.07 

As 0.08 0.34 0.58 0.03 -0.11 0.59 0.36 0.17 

Ba -0.04 0.05 0.70 0.00 -0.15 0.66 0.61 0.28 

Bi -0.02 0.25 0.65 -0.01 -0.11 0.71 0.45 0.19 

Cd -0.03 0.18 0.59 0.04 -0.11 0.69 0.34 0.22 

Ce -0.11 0.04 0.48 0.06 -0.10 0.76 0.39 0.24 

Co -0.07 0.11 0.60 -0.03 -0.10 0.61 0.48 0.61 

Cr -0.03 0.05 0.45 0.04 -0.16 0.28 0.29 0.87 

Cu -0.06 0.14 0.80 0.00 -0.16 0.71 0.52 0.31 

Mn -0.10 0.00 0.55 -0.12 -0.06 0.47 0.38 0.31 

Mo 0.04 0.22 0.73 -0.02 -0.14 0.45 0.50 0.25 

Ni -0.03 0.02 0.30 0.05 -0.10 0.29 0.27 0.99 

Pb -0.03 0.24 0.56 0.10 -0.16 0.77 0.38 0.27 

Rb -0.08 0.26 0.51 0.15 -0.13 0.94 0.47 0.25 

Sb -0.04 0.10 0.65 0.02 -0.18 0.69 0.38 0.20 

Se 0.15 0.39 0.62 0.02 -0.22 0.60 0.32 0.16 

Sn -0.11 0.03 0.19 -0.06 0.04 0.24 0.26 0.10 

Sr -0.07 -0.08 0.35 -0.11 0.18 0.47 0.67 0.19 

Zn 0.00 0.17 0.56 -0.03 -0.13 0.54 0.30 0.29 

V 0.16 0.06 0.16 0.00 -0.07 0.55 0.24 0.25 

HONO 0.10 0.53 0.44 0.59 -0.32 0.38 0.17 0.11 

SO2 0.35 0.37 0.22 0.02 -0.06 0.15 0.07 0.01 

NH3 0.40 0.35 0.18 -0.25 -0.34 -0.06 0.04 -0.05 

NO 0.03 0.26 0.46 0.49 -0.22 0.43 0.24 0.17 

NO2 0.12 0.44 0.43 0.51 -0.39 0.37 0.24 0.13 

O3 0.22 -0.28 -0.31 -0.49 0.22 -0.47 -0.10 -0.19 

T 0.43 -0.16 0.19 -0.65 -0.13 -0.11 0.06 0.00 

RH -0.23 -0.04 -0.17 0.17 0.07 0.12 -0.22 -0.02 

Patm 0.15 0.11 0.25 0.06 -0.05 0.28 0.22 0.12 

WS -0.37 -0.39 -0.46 -0.12 0.54 -0.18 -0.09 -0.09 

Rain -0.10 -0.09 -0.11 -0.11 0.04 -0.14 -0.17 -0.06 
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Table S3.8 Comparison of different SA studies carried out over one year in North Western 

Europe as discussed in section 3.5 

Source 

factor 
Reference Location 

Site 

typology 

Receptor 

model 
Year 

PM 

fraction 

PM 

mass  

µg m-3 

Source 

contribution 

µg m-3 % 

Sulfate-rich 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 4.6 35% 

This study (PMFh) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 12.1 4.9 41% 

Bressi et al. (2014) Paris (FR) Urban EPA PMF 3.0 2009-2010 PM2.5 14.7 3.9 27% 

Mooibroek et al. (2011) Schiedam (NL) Urban EPA PMF 3.0 2007-2008 PM2.5 13 3.0 23% 

Mooibroek et al. (2011) Hellendoorn (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 12.5 3.1 25% 

Mooibroek et al. (2011) Rotterdam (NL) Kerbside EPA PMF 3.0 2007-2008 PM2.5 16.4 3.3 20% 

Mooibroek et al. (2011) Vredepeel (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 14.5 4.4 30% 

Mooibroek et al. (2011) Cabauw (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 17.5 4.9 28% 

Waked et al. (2014) Lens (FR) Urban EPA PMF 3.0 2011-2012 PM10 20.5 2.8 14% 

Nitrate-rich 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 4.0 30% 

This study (PMFh) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 12.1 3.2 26% 

Bressi et al. (2014) Paris (FR) Urban EPA PMF 3.0 2009-2010 PM2.5 14.7 3.5 24% 

Mooibroek et al. (2011) Schiedam (NL) Urban EPA PMF 3.0 2007-2008 PM2.5 13 5.6 43% 

Mooibroek et al. (2011) Hellendoorn (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 12.5 6.0 48% 

Mooibroek et al. (2011) Rotterdam (NL) Kerbside EPA PMF 3.0 2007-2008 PM2.5 16.4 6.7 41% 

Mooibroek et al. (2011) Vredepeel (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 14.5 6.4 44% 

Mooibroek et al. (2011) Cabauw (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 17.5 7.7 44% 

Waked et al. (2014) Lens (FR) Urban EPA PMF 3.0 2011-2012 PM10 20.5 2.8 14% 

Road traffic 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 0.8 6% 

This study (PMFh) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 12.1 2.1 17% 

Bressi et al. (2014) Paris (FR) Urban EPA PMF 3.0 2009-2010 PM2.5 14.7 2.1 14% 

Mooibroek et al. (2011)* Schiedam (NL) Urban EPA PMF 3.0 2007-2008 PM2.5 13 1.2 9% 

Mooibroek et al. (2011)* Hellendoorn (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 12.5 0.6 5% 

Mooibroek et al. (2011)* Rotterdam (NL) Kerbside EPA PMF 3.0 2007-2008 PM2.5 16.4 3.4 21% 

Mooibroek et al. (2011)* Vredepeel (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 14.5 1.0 7% 

Mooibroek et al. (2011)* Cabauw (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 17.5 1.1 6% 

Waked et al. (2014) Lens (FR) Urban EPA PMF 3.0 2011-2012 PM10 20.5 1.2 6% 

Biomass 

combustion 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 1.6 12% 

This study (PMFh) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 12.1 0.6 5% 

Bressi et al. (2014) Paris (FR) Urban EPA PMF 3.0 2009-2010 PM2.5 14.7 1.8 12% 

Waked et al. (2014) Lens (FR) Urban EPA PMF 3.0 2011-2012 PM10 20.5 2.6 13% 

Marine 

aerosols 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 1.0 8% 

This study (PMFh) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 12.1 1.3 11% 

Bressi et al. (2014) Paris (FR) Urban EPA PMF 3.0 2009-2010 PM2.5 14.7 0.8 5% 

Mooibroek et al. (2011) Schiedam (NL) Urban EPA PMF 3.0 2007-2008 PM2.5 13 1.2 9% 

Mooibroek et al. (2011) Hellendoorn (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 12.5 0.8 6% 

Mooibroek et al. (2011) Rotterdam (NL) Kerbside EPA PMF 3.0 2007-2008 PM2.5 16.4 0.8 5% 

Mooibroek et al. (2011) Vredepeel (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 14.5 0.9 6% 

Mooibroek et al. (2011) Cabauw (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 17.5 1.6 9% 

Waked et al. (2014) Lens (FR) Urban EPA PMF 3.0 2011-2012 PM10 20.5 5.4 26% 

Industry 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 0.9 7% 

Bressi et al. (2014) Paris (FR) Urban EPA PMF 3.0 2009-2010 PM2.5 14.7 0.1 1% 

Mooibroek et al. (2011) Schiedam (NL) Urban EPA PMF 3.0 2007-2008 PM2.5 13 1.3 10% 

Mooibroek et al. (2011) Hellendoorn (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 12.5 1.6 13% 

Mooibroek et al. (2011) Rotterdam (NL) Kerbside EPA PMF 3.0 2007-2008 PM2.5 16.4 1.5 9% 

Mooibroek et al. (2011) Vredepeel (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 14.5 1.3 9% 

Mooibroek et al. (2011) Cabauw (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 17.5 1.9 11% 

Dust 

This study (PMFd) Douai (FR) Suburb. EPA PMF 5.0 2015-2016 PM2.5 13.3 0.3 3% 

Mooibroek et al. (2011) Schiedam (NL) Urban EPA PMF 3.0 2007-2008 PM2.5 13 0.5 4% 

Mooibroek et al. (2011) Hellendoorn (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 12.5 0.4 3% 

Mooibroek et al. (2011) Rotterdam (NL) Kerbside EPA PMF 3.0 2007-2008 PM2.5 16.4 0.3 2% 

Mooibroek et al. (2011) Vredepeel (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 14.5 0.4 3% 

Mooibroek et al. (2011) Cabauw (NL) Rural EPA PMF 3.0 2007-2008 PM2.5 17.5 0.4 2% 

Waked et al. (2014) Lens (FR) Urban EPA PMF 3.0 2011-2012 PM10 20.5 2.6 13% 

* The road traffic factor of Mooibroek et al. (2011) includes resuspended road dust.
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SECTION 2. SUPPLEMENTARY FIGURES 

 

 
Figure S3.1 Correlation between modelled and observed hourly PM2.5 concentrations. The 

dashed red line corresponds to the linear least-squares fit through the data. 
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a) Sulfate-

rich 

 

b) Nitrate-

rich 

 

c) Road 

traffic 

 

d) Biomass 

combustion 

 

 Figure S3.2 Time series of analogous source factors between PMFh (left axis) and PMForg 

(right axis) 
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Figure S3.3 Contributions (in µg m-3) of the different PMFh source factors  

for weekdays, Saturdays and Sundays 
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Figure S3.4 Contribution (%) of the different PMFh source factors during daytime and 

nighttime for each season 
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Figure S3.5 Biomass combustion factor concentrations vs. observed temperatures. The solid 

red line represents the exponential decrease fit which follows best the observed trend of the 

data and is there just to guide the eye.  

 

a) 
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b) 

 

c) 

 

Figure S3.6 Gridded NOx (a), SOx (b) and NH3 (c) emissions for 2015 (EMEP, 2016) 
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Figure S3.7 NWR plot for the local industry source factor together with the map of Douai and 

its surroundings, where the sampling site is represented with a red star and possible emitters 

of Co, Cr and Ni are shown with blue crosses and colored areas. 
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Figure S3.8 NWR plot for the MIB (Metal Industry Background) source factor together with 

the map of northern France, where the sampling site is represented with a red star and the 

main cities with blue circles 
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Section 3. Calculation of uncertainties 

The methodology proposed by Gianini et al. (2012) was used as a basis for the 

calculation of the uncertainties associated to the ions analyzed by the MARGA, following 

equation S1: 

 

  Eq. S1 

 

where uij is the uncertainty associated with the concentration xij of compound j at time 

i, DLj is the detection limit of compound j calculated as three times the standard deviation of 

the field blanks, CVij is the coefficient of variation of compound j, calculated as the standard 

deviation of repeated analyses of anion and cation certified standards divided by the average 

value of the repeated analyses, and a is a factor that equals 0.03 and is applied to account for 

additional sources of uncertainties.  

The calculation proposed by Gianini et al. (2012) was slightly modified by adding two 

extra sources of uncertainty: the volume of air sampled and the losses of species in the inlet 

and sampling line, resulting in equation S2. The relative uncertainty of the sampling volume 

was determined to be 3%. The relative uncertainty related to the loss in the sampling line was 

set to 5%, after assessment with the Particle Loss Calculator extension for Igor Pro (von der 

Weiden et al., 2009). The factor “a” accounting for additional error sources was set to 0.01. 

 

 

Eq. 

S2 

 

In a similar way, the overall uncertainty associated with the concentration Cj of an 

element j analyzed by ICP-MS is calculated following equation S3 (Alleman et al., 2010): 

 

 

Eq. 

S3 

 



348 

Four sources of uncertainty are taken into account: (1) accuracy, (2) repeatability, (3) 

air sampling volume, and (4) contamination: 

- (1) The uncertainty related to the accuracy of the analysis has been estimated from: (a) 

the analysis of standard reference materials (SRM): NIST 1648 (urban particulate 

matter) and NIST 2584 (trace elements in indoor dust); (b) the bias obtained from the 

analysis of a number of replicates n. 

-  (2) The repeatability of the analysis has been calculated through a QC (Quality 

control) analysis on a number of replicates n.  

-  (3) The uncertainty associated to the volume of sampling has been calculated from the 

allowed drift (5%) relative to the flow rate of the PARTISOL air pump (10 L min-1). 

-  (4) The uncertainty related to a possible contamination has been calculated from the 

analysis of several field blanks. 
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Section 4. Comparison between PMFh and PMFd with the same input 

variables 

A comparison of the results between PMFh and PMFd with the exact same variables 

was performed in order to evaluate the influence of time resolution alone. The used variables 

were the ones obtained with the MARGA and the aethalometer (PM2.5, NO3
-, SO4

2-, C2O4
2-, 

NH4
+, Na+, Mg2+, K+, BC and Delta-C). In Figure S3.9, the contribution of the source factors 

to PM2.5 are given for each PMF type. The concentrations and contributions of each variable 

in the source chemical profiles are given in Tables S3.9 and S3.10, respectively. The statistics 

from the comparison between the measured and modelled variables for each PMF type are 

presented in Table S3.11.  

The five source factors obtained were the same for both PMFh and PMFd: sulfate-rich, 

nitrate-rich, traffic, marine and biomass combustion. However, there are discrepancies 

regarding the contributions of the source factors to PM2.5 between both approaches (Figure 

S9). While these differences were not large for the sulfate-rich, traffic and marine factors 

(±2% in absolute contributions, corresponding to 13 to 18% of maximum relative variations), 

they were more important for the nitrate-rich (-4%, from 26 to 22%) and biomass combustion 

factors (+6%, from 5 to 11%) between PMFh and PMFd analyses. These two source factors 

have similar daily profiles, with higher concentrations during the nighttime/early morning due 

to the nature of the biomass combustion activities (performed mostly during the evening and 

night) and to the formation of ammonium nitrate which is maximum during nighttime and the 

early morning when temperatures are lowest. These two processes are clearly distinguished 

within the hourly timescale (there is a shift of about 6 hours between the maximum 

concentrations of both source factors as seen in the main manuscript of this article). However, 

the averaging of variables into 24-h values causes a loss information and the two processes 

are likely slightly merged in the PMFd results. This is partly observed in the composition of 

the biomass combustion source (Tables S3.9 and S3.10), where the contributions of variables 

other than K+ and Delta-C are negligible for PMFh, whereas noticeable ones for NO3
-, NH4

+ 

and SO4
2- (>5 % for each variable) are observed for PMFd. This mass transfer for these 

compounds reflects the merging of biomass combustion and nitrate-rich factors.  
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a) PMFh b) PMFd 
 

  
 

Figure S3.9 Contribution of source factors to modelled PM2.5 mass for PMFh and PMFd with 

the same input variables 
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Table S3.9 Concentrations of each variable in the chemical profile of the source factors  

for the hourly and daily PMF with the same input variables (PM2.5, NO3
-, SO4

2-, C2O4
2-, NH4

+, 

BC and Delta-C are in µg m-3, the rest in ng m-3). 

Source factor Sulfate-rich Nitrate-rich 
Road 

traffic 

Biomass 

combustion 
Marine 

PMF type PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh 

V
ar

ia
b
le

s 

PM2.5 5.17 4.92 2.83 3.20 1.96 2.06 1.42 0.55 1.76 1.30 

NO3
- 0.11 0.00 2.37 3.01 0.84 0.59 0.21 0.02 0.23 0.13 

SO4
2- 1.16 1.32 0.23 0.16 0.07 0.10 0.12 0.00 0.18 0.17 

C2O4
2- 0.11 0.10 0.00 0.00 0.02 0.02 0.01 0.00 0.02 0.02 

NH4
+ 0.40 0.41 0.77 0.84 0.00 0.00 0.10 0.00 0.04 0.00 

BC 0.00 0.03 0.06 0.00 0.35 0.36 0.00 0.02 0.02 0.00 

Na+ 0.00 2.82 0.00 1.64 0.00 0.00 0.00 0.83 0.09 79.33 

Mg+ 0.00 2.36 0.00 0.10 0.00 1.45 0.00 0.25 0.01 9.83 

K+ 0.01 4.42 0.00 1.62 0.01 5.97 0.01 4.98 0.00 3.53 

Delta-C 0.00 0.57 0.00 0.00 0.00 0.16 0.02 23.35 0.00 0.58 
 

 

Table S3.10 Contributions (%) of each variable in the source chemical profiles  

for the hourly and daily PMF with the same input variables.  

Source factor Sulfate-rich Nitrate-rich 
Road 

traffic 

Biomass 

combustion 
Marine 

PMF type PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh PMFd PMFh 

V
ar

ia
b
le

s 

PM2.5 39.4 40.9 21.5 26.6 14.9 17.2 10.8 4.6 13.4 10.8 

NO3
- 2.8 0.0 63.1 80.3 22.4 15.7 5.6 0.7 6.0 3.4 

SO4
2- 66.0 76.0 13.4 9.0 4.0 5.5 6.6 0.0 10.1 9.5 

C2O4
2- 69.1 69.1 0.0 0.0 11.9 17.0 8.3 1.5 10.8 12.4 

NH4
+ 30.7 32.4 58.9 67.6 0.0 0.0 7.5 0.0 2.9 0.0 

BC 0.1 7.9 14.0 0.0 81.1 87.6 0.0 4.6 4.8 0.0 

Na+ 0.0 3.3 0.0 1.9 0.0 0.0 1.6 1.0 98.4 93.8 

Mg+ 10.4 16.9 3.9 0.7 8.0 10.4 0.0 1.8 77.7 70.3 

K+ 23.0 21.6 0.3 7.9 23.3 29.1 42.3 24.3 11.1 17.2 

Delta-C 4.6 2.3 0.0 0.0 1.6 0.7 89.2 94.7 4.6 2.3 
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Table S3.11 Statistics comparing the modelled and measured concentrations for each  

variable used in the hourly and daily PMF with the same input variables. Intercept in µg m-3 

 PMFd PMFh 

Species r² Slope Intercept r² Slope Intercept 

NO3
- 0.99 1.01 -0.04 0.99 1.04 -0.11 

SO4
2- 0.98 1.00 0.00 0.98 1.01 -0.02 

C2O4
2- 0.57 0.73 0.04 0.38 0.52 0.05 

Na+ 0.97 0.87 0.01 0.92 0.81 0.02 

NH4
+ 0.99 0.96 0.02 0.99 0.90 0.06 

K+ 0.55 0.37 0.01 0.26 0.20 0.01 

Mg2+ 0.64 0.61 0.01 0.38 0.32 0.01 

BC 0.84 0.95 0.02 0.79 0.77 0.08 

Delta-C 0.99 1.00 0.00 0.99 1.00 0.00 

PM2.5 0.89 1.00 -0.32 0.83 0.92 -0.20 
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