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Abstract Wood burning is widely used for domestic heating and has been identified as a ubiquitous pollution source in 25 

urban areas, especially during cold months. The present study is based on a three and a half winter months field campaign in 

the Paris region measuring Volatile Organic Compounds (VOCs) by Proton Transfer Reaction Mass Spectrometry (PTR-

MS) in addition to Black Carbon (BC). Several VOCs were identified as strongly wood burning-influenced (e.g., acetic acid, 

furfural), or traffic-influenced (e.g., toluene, C8-aromatics). Methylbutenone, benzenediol and butandione were identified for 

the first time as wood burning-related in ambient air. 30 

A Positive Matrix Factorization (PMF) analysis highlighted that wood burning is the most important source of VOCs during 

the winter season. (47 %). Traffic was found to account for about 22 % of the measured VOCs during the same period, 

whereas solvent use plus background accounted altogether for the remaining fraction. The comparison with the regional 
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emission inventory showed good consistency for benzene and xylenes but revisions of the inventory should be considered 

for several VOCs such as acetic acid, C9-aromatics and methanol. 35 

Finally, complementary measurements acquired simultaneously at other sites in Île-de-France (the Paris region) enabled 

evaluation of spatial variabilities. The influence of traffic emissions on investigated pollutants displayed a clear negative 

gradient from roadside to suburban stations, whereas wood burning pollution was found to be fairly homogeneous over the 

region. 

1 Introduction 40 

Wood burning presents several advantages for domestic heating. It is renewable, possibly produced locally, and considered 

as CO2 neutral (Evtyugina et al., 2014). However, biomass burning is also known to be a major source of atmospheric 

pollutants, which has motivated scientific studies for years (Barrefors and Petersson, 1995a, b). Wood burning has been 

demonstrated to have deleterious health effects (e.g. Schwartz et al., 1996) related to the emission of particulate matter (PM, 

e.g., Fourtziou et al., 2017) and carcinogenic gaseous compounds such as benzene (e.g., Schauer et al., 2001; Bruns et al., 45 

2017). For the Île-de-France (the Paris region), an emission inventory attributed 56 % of total emissions of PM below 1 µm 

in diameter (PM1) and 12 % of the total Volatile Organic Compounds (VOCs) emissions to wood burning for residential 

heating (Airparif, 2019). 

Previous studies focused on the impact of wood burning on air quality in Île-de-France, which unanimously highlighted the 

significance of this source. For instance, Favez et al. (2009) demonstrated that wood burning carbonaceous aerosols 50 

represent on average 20 % of the total PM2.5 in Paris city during the winter season. Similar wintertime contributions to PM2.5 

(22-24 %) were obtained by Bressi et al. (2014) at different locations across Île-de-France. Moreover, wood burning was 

identified as responsible for about 30 % of the total carbonaceous matter, 35 % of Organic Aerosols (OA), 60 % of the 

combustion carbonaceous aerosols, and more than 20 % of total black carbon during winter at the SIRTA measurement site, 

located in the southern part of Île-de-France (Sciare et al., 2011; Crippa et al., 2013; Petit et al., 2014). Still, geographical 55 

origins are still an open question. The Paris region is known to be highly influenced by long-range transport of secondary 

pollutants (Freutel et al., 2013; Beekmann et al., 2015; Favez and Amodeo, 2016), but primary emissions can be considered 

as an important PM contributors during wintertime pollution episodes. OA was shown to be the main chemical species 

within the submicron aerosols for Île-de-France, with a large fraction being secondary organic aerosol (SOA) (Favez et al., 

2007; Petit et al., 2015; Zhang et al., 2018). However, knowledge on SOA formation processes and origins is still incomplete 60 

(Ait-Helal et al., 2014). Recently, Bruns et al. (2016) underlined that wood burning has a strong potential to contribute to 

SOA formation through the emission of reactive VOCs. Based on simulation chamber experiments, they identified three 

main gaseous precursors (namely phenol, naphthalene and benzene) alone to be responsible for up to 80 % of the observed 

SOA concentration associated to wood burning. However, as other laboratory experiments using one wood burning 

appliance to identify and quantify emissions, the study suffered from a lack of reproducibility between burns, which can be 65 
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due to burning appliance efficiency and type (stove or fireplace), tree species, wood quality and humidity. Furthermore, real-

world chemical interactions with other compounds emitted by various sources can only be investigated in ambient air. 

Khalil and Rasmussen (2003) distinguished two ambient air tracers for biomass burning: chloromethane and the elemental 

carbon over organic carbon ratio. Gaeggeler et al. (2008) identified 17 VOCs as clearly associated with wood burning in an 

Alpine village. Baudic et al. (2016) conducted a source apportionment study in Paris city centre, examining one year (2010) 70 

of VOC measurements acquired at an urban background station. In winter, almost half of the measured VOCs were imputed 

to wood burning (Baudic et al., 2016); however, without taking into account the VOCs newly identified by Bruns et al. 

(2016) as strong SOA precursors. 

In this context, the first goal of the present work was to identify, in ambient air, VOCs known as related to wood burning 

emissions and potentially important SOA contributors. This was achieved during a 3.5-month wintertime field campaign at a 75 

suburban site (SIRTA) representative of regional background conditions in the Paris area. Further, the objective was to 

quantify the respective wood burning and traffic contributions to VOC concentrations measured at this site by taking 

advantage of co-located measurements of other pollutants such as black carbon (BC), levoglucosan, nitrogen oxides (NOx) 

and carbon monoxide (CO). The obtained source apportionment enabled a comparison with the regional emission inventory. 

Finally, complementary datasets obtained at other sites in Paris (suburbs and city centre) were used to investigated the BC, 80 

NOx and VOCs spatial variations over the region. 

2 Methods 

2.1 SIRTA station 

2.1.1 General description 

The SIRTA (Site Instrumental de Recherche par Télédétection Atmosphérique1) is located 20 km southwest of Paris and is 85 

part of the European Aerosol, Clouds and Trace gases Research InfraStructure (ACTRIS2). This location is considered 

representative of suburban background conditions in Île-de-France (Haeffelin et al., 2005; Sciare et al., 2011). 

This work uses observations gathered at the 5th zone of SIRTA, located at 5 km in the west of the SIRTA main site (latitude: 

48.713 N, longitude: 2.208 E, the location map of all studied measurements is presented in Appendix A, Figure 1). The 

intensive campaign was conducted from 30 November 2017 to 12 March 2018. During this winter period temperatures were 90 

quite mild on average, but with large variations. According to the measurements at the Météo-France station of Toussus-le-

Noble (5 km in the north-west of the station), with a mean air temperature of 7.1 °C January was warm compared to the 

long-term average (1981-2010) of 3.7 °C. In contrast, February was colder than usual, with a mean temperature of 1.2 °C 

compared to a long-term average temperature of 4.2 °C. These various conditions are favourable for the observation of both 

background, low-polluted periods and heavy wood burning influenced phases. 95 

                                                           
1 http://sirta.ipsl.fr/, accessed on 10 April 2019 
2 https://www.actris.eu, accessed on 10 April 2019 
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2.1.2 VOC measurements by PTR-MS 

As Proton Transfer Mass Spectrometer (PTR-MS) measurements at SIRTA constitutes the main dataset used in this study, 

the related acquisition and data treatment procedures are extensively detailed here; other VOC measurements at other 

stations are presented more briefly in Sections 2.2 and 2.3. The PTR-MS technique was developed in the 1990’s by 

Lindinger et al. (1998). Numerous studies used this measurement technique afterwards; examples from diverse fields and 100 

details on the principle are given by de Gouw and Warneke (2007) and Blake et al. (2009). 

A PTR-MS equipped with a quadrupole detector was used at SIRTA. A polytetrafluoroethylene (PTFE) line (inner diameter 

0.030 in) kept at room temperature sampled ambient air from the rooftop (around 10 m above ground level). Masses from 

m/z 21 to 151 were scanned with a dwell time of 5 sec per mass, which led to a cycle of about 11 min. For consistency with 

other datasets, PTR-MS data were averaged to 15-min resolution (using the Openair package from R described on Section 105 

2.7). The pressure (PDrift), temperature (TDrift), and voltage (VDrift) of the reaction chamber were set respectively to 2.2 mbar, 

60◦C and 600 V. This setup led to an E/N ratio of about 132 Td (1 Td = 10-17.cm2.V-1). 

A Gas Calibration Unit (GCU) from Ionicon Analytik was used for regular field blank measurements (during 1 hour, every 

13 hours) and seven calibrations during the campaign. Calibrations were performed with a VOC mixture from Ionicon. 

Eleven protonated masses were considered: 33-methanol, 42-acetonitrile, 45-acetaldehyde, 57-propenal, 59-acetone, 69-110 

isoprene, 71-crotonaldehyde, 73-butanone, 79-benzene, 93-toluene and 107-xylenes. The calibration was done following five 

concentration steps (1, 2, 4, 8 and 16 ppb) of one hour each. The transmission curve was used for the other masses 

quantification, according to the method suggested by Taipale et al. (2008) and the reaction rate constants given by Zhao and 

Zhang (2004). A target gas mixture (bottle of stable atmospheric sample) was measured once a week to assess the 

measurement stability with time. Uncertainties were calculated according to the ACTRIS guidelines (ACTRIS, 2014) for the 115 

calibrated masses. The mean uncertainties ranged from 13 % of the mean concentration for the m/z 59 to 35 % for the m/z 73 

and 91 % for the m/z 107. For the "transmission masses", the uncertainty was estimated to be approximately 40 %. All 

detailed calculations are presented in Appendix B. 

The PTR-MS used here participated successfully in an international intercomparison exercise shortly before the presented, 

with results provided by Holzinger et al. (2019). 120 

In ambient air, 25 masses were considered, corresponding to the VOCs identified as a single VOC or a group of VOCs 

(Table 1), characterized by the highest signal-to-noise ratio. As a quadrupole was used, the measurement is related to a 

unitary mass and it cannot be ruled out that a compound effectively measured was not taken into account. Hence the "used 

name" should be considered as the most likely or major compound, and not as a certain identification. Still, most of the 

compounds are known to be the majority at a given mass (methanol, acetonitrile, benzene, toluene, etc.) The mass 43 was 125 

identified as related to propene, but as several other fragments are also measured at the same mass, the label "propene+" was 

chosen. m/z 69 is often associated to isoprene but this compound is mainly emitted by biogenic sources, which can be 
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considered negligible in the Paris area during winter (Baudic et al., 2016). This assumption was affirmed by the diurnal cycle 

observed for this m/z, which is not associated with a typical biogenic pattern (Appendix J). In the context of the present 

study, m/z 69 could be considered to be mostly related to furan. For masses where no evidence for the association with a 130 

specific preferential compound was found, the used name was assigned according to the most abundantly emitted compound 

in the Bruns et al. (2017) study (e.g., furfural instead of dimethylfuran for the m/z 97). 

 

Used name m/z Related compound(s) 

Formaldehyde 31 Proxy-formaldehyde 

Methanol 33 Methanol 

Acetonitrile 42 Acetonitrile 

Propene+ 43 Propene = propylene, several fragments 

Acetaldehyde 45 Acetaldehyde 

Propenal 57 Propenal = acrolein, butanol 

Acetone 59 Acetone, propanal 

Acetic acid 61 Acetic acid, propanol, glycolaldehyde 

Furan 69 Furan, isoprene, cyclopentene 

Butenal 71 Crotonaldehyde = butenal, methyl vinyl ketone, methacrolein, pentene, methylbutene 

MEK 73 Butanone = methyl ethyl ketone, butanal, methylpropanal, methylglyoxal 

Methylacetate 75 Methylacetate, hydroxyacetone 

Benzene 79 Benzene 

Hexenal + monoterp. 81 Hexenal, monoterpenes 

Methylfuran 83 Methylfuran, hexenol, hexanal 

Methylbutenone 85 Ethyl vinyl ketone, methylbutenone 

Butandione 87 Butandione 

Toluene 93 Toluene 

Phenol 95 Phenol, Vinylfuran 

Furfural 97 Furfural = furfuraldehyde, dimethylfuran 

Furandione 99 Furandione 

C8-arom. 107 Xylenes, ethylbenzene, benzaldehyde 

Benzenediol 111 Benzenediol, methylfuraldehyde 
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Chlorobenzene 113 Chlorobenzene 

C9-arom. 121 Trimethylbenzene, ethylmethylbenzene, propylbenzene, methylbenzaldehyde, 

phenylethanone 

Table 1 25 considered VOCs during the field campaign at SIRTA. The identification of the masses was done with the review 

articles by Blake et al. (2009) and de Gouw and Warneke (2007) for the most commonly measured VOCs, and with other studies 135 

for more specific compounds (Kim et al., 2009; Baasandorj et al., 2015; Bruns et al., 2017). 

 

2.1.3 Other measurements at SIRTA 

An Aethalometer (AE33 model, Magee Scientific) has been monitoring BC continuously at SIRTA at 1-min resolution. The 

7-wavelength measurements not only allowed to estimate total black carbon concentrations but also to roughly apportion the 140 

contribution of the two major BC sources: fossil fuel and biomass burning (Drinovec et al., 2015). This source 

apportionment model was developed by Sandradewi et al. (2008) and was successfully used in numerous studies afterwards 

(e.g., Favez et al., 2009; Sciare et al., 2011; Petit et al., 2014, 2015; Kalogridis et al., 2018). Based on these studies, the two 

BC fractions were used here as tracers for traffic (BCtraffic) and wood burning (BCwb) emissions, respectively. 

Validation of AE33 data, as well as the optimization of the BC model are detailed in Appendix C. Levoglucosan, a well-145 

known tracer of biomass combustion (Puxbaum et al., 2007), was measured on a daily basis during the campaign. Its 

correlation with BCwb reached 0.90. NO2 measurements (commonly strongly associated with traffic) were also conducted at 

SIRTA; the correlation with BCtraffic is 0.85. These excellent correlations strengthen the validity of the BC source 

apportionment. 

Nitrogen monoxide (NO) and nitrogen dioxide (NO2) were measured at SIRTA by chemiluminescence using a T200UP 150 

(Teledyne) equipped with a blue light photolytic converter. Ozone (O3) was measured using a T400 (Teledyne), based on 

ultraviolet absorption. The initial measurements at 1-minute resolution were averaged to 15 minutes to match the other 

measurements’ time step. Most of data processing and figures were done using the R language (R Core Team., 2018) and 

particularly the Openair package, designed by Carslaw and Ropkins (2012). 

Levoglucosan was measured following the technique reported by Iinuma et al. (2009), using a DIONEX ICS 3000 system 155 

equipped with an Electrochemical detector and gold electrode. The separation was performed using a Dionex CarboPac 

MA1 4-mm diameter column. Eluent type, concentrations, and gradients were similar to those reported by Iinuma et al. 

(2009). Punches of 10.51 cm2 of QMA filter samples were placed into rinsed plastic vials containing 10 ml of mQ water and 

were extracted by sonication for 45 min. Extracted liquid samples were immediately filtered (0.20 μm pore size diameter 

Teflon filter) and analysed for their content (including levoglucosan). Linear calibration (with r2 better than 0.99) was 160 

obtained with standard concentrations ranging 10 ppb to 1 ppm allowing the quantification of levoglucosan at pbb levels. 

This same technique was used in previous studies, such as Bressi et al. (2014). 
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Finally, 1-min average CO measurements were obtained from continuous monitoring (at 3 seconds), performed at the Saclay 

tower with a PICARRO instrument (based on a Cavity Ring Down Spectroscopy technique, model G2401). The Saclay 

tower (latitude: 48.723 N, longitude: 2.142 E) belongs to the French National atmospheric monitoring network for 165 

greenhouse gases and is also part of the ICOS (Integrated Carbon Observation System) European Network and research 

infrastructure3. It is a 100 m high tower equipped with three sampling heights that are measured sequentially every 20 min. 

Data are processed in near-real time by ICOS following the protocol described in Hazan et al. (2016). 

2.2 LISA laboratory 

Data obtained at the LISA laboratory from 2 February to 12 March 2018 was also used in the present study. This laboratory 170 

is located in the city of Créteil, 10 km southeast of Paris city centre in a dense urban area, and a few hundred meters away 

from a major highway. Instruments for BC, NOx and VOC measurements are part of the PEGASUS (PortablE Gaz and 

Aerosol Sampling UnitS) mobile platform4. 

VOC measurements were conducted with a PTR-ToF-MS (KORE Inc. 2nd generation). Twenty protonated masses were 

extracted from the instrument among which ten were calibrated and led to quantification. Ambient air was sampled through a 175 

5 m long Teflon line with a flow rate of 3 L.min-1 and through a glass manifold. The PTR-ToF-MS was connected to the 

manifold with a 1 m long silcosteel line heated to 60°C with a sampling flow rate of 300 mL.min-1. The instrument was 

operated at a reactor pressure of 2.0 mbar and a temperature of 60 °C leading to an E/N ratio of 140 Td. An automated zero 

procedure was performed every hour for 10 min. Humid zero air was generated by passing ambient air through a catalytic 

converter. The PTR-ToF-MS was calibrated before and after the campaign at various relative humidity levels using a Gas 180 

Calibration Unit (IONICON). Signals of every mass were accumulated over 10 min and normalized by the signals of H3O+ 

and the first water cluster H3O+(H2O) as proposed by de Gouw and Warneke (2007). A factor was also introduced to account 

for the effect of humidity on the PTR-ToF-MS sensitivity. It was determined experimentally performing calibrations at 

various relative humidity. 

NOx measurements were performed using an ozone chemiluminescence monitor (APNA-370 from HORIBA) with a heated 185 

Molybdenum catalytic converter. 

BC measurements were conducted with an Aethalometer (AE31 from Magee Scientific) sampling at 2 L.min-1 from a high-

volume total suspended particulate inlet. This Aethalometer uses 7-wavelengths allowing the distinction of fossil fuel or 

wood burning origin of BC. The same methodology as used at SIRTA was applied for the data correction, validation and 

apportionment of traffic and wood burning fractions of BC (Appendix C). 190 

2.3 Airparif stations 

                                                           
3 www.icos-ri.eu, accessed on 10 April 2019 
4 http://www.pegasus.cnrs.fr/, accessed on 4 July 2019 
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Airparif is the organization approved by the French Ministry of Environment to monitor air quality in Île-de-France5. For the 

present work, continuous VOC, BC and NOx measurements were made available. The VOC measurement site is located on 

the roof of the main Airparif building, close to busy roads, in the Paris city centre. The measurements have been performed 

with an On-line Turbomatrix Gas-Chromatography Mass Spectrometry from PerkinElmer (Baudic et al., 2016). Co-located 195 

BC and NOx measurements are notably conducted at two urban background (Gennevilliers and Paris XIIIe) and three traffic 

(Boulevard Haussmann, Highway A1 and Ring road east) sites. BC measurements were achieved using the AE33 

instrument, and data were processed as presented in Section 2.1.3. For traffic sites, absolute values of BCwb concentrations 

were disregarded as they were expected to be associated with high uncertainties in these locations heavily impacted by 

vehicular exhaust emissions. NOx measurements were performed using two different instruments, both based on 200 

chemiluminescent technology: an AC32 EN from Environment SA and a Model 42i from Thermo Fisher Scientific, both 

equipped with a Molybdenum catalytic converter.  

2.4 Meteorological data 

Air masses back-trajectories were calculated with the Hybrid Single Particle Lagrangian Integrated Trajectory Model 

(HYSPLIT) (Stein et al., 2015; Rolph, 2016). The trajectories’ end was set at SIRTA (latitude: 48.709, longitude: 2.149) at 205 

10 m above ground level in order to match the sampling conditions. These trajectories were calculated for 96 hours at 3-hour 

intervals. 

Mixed layer height (MLH) data were derived from attenuated backscatter profile observations collected with a Vaisala CL31 

ceilometer at SIRTA. Raw data were corrected following the methods outlined by Kotthaus et al. (2016) before the 

automatic CABAM algorithm (Kotthaus and Grimmond, 2018) was applied to determine MLH, block-averaged to 15 min 210 

intervals. Subsequent quality control (Kotthaus et al., in prep) ensured unreasonable results were excluded from analysis. 

Additional meteorological data (temperature, wind speed and wind direction) were provided by Météo-France for three 

stations. Monthly mean data were used for the Toussus-le-Noble station (located 5 km away from SIRTA), and hourly mean 

data for the Montsouris station (located in a public garden in Paris centre) and for the Saint-Maur station (3 km away from 

LISA). 215 

For consistency, all data have been averaged upon a 15-min time-base. 

2.5 Emission inventory 

The emission inventory from Airparif was examined in this study. The latest version used here is representative of the 

emissions in 2015 (Airparif, 2019). This inventory differentiates the ten following pollutant source categories, called SNAP 

(for Selected Nomenclature for Air Pollution) according to the European Monitoring and Evaluation Programme (EMEP, 220 

2016): 1-Combustion in energy and transformation industries, 2-Non-industrial combustion plants, 3-Combustion in 

manufacturing industry, 4-Production processes, 5-Extraction and distribution of fossil fuels and geothermal energy, 6-

                                                           
5 www.airparif.asso.fr, accessed on 10 April 2019 
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Solvent and other product use, 7-Road transport, 8-Other mobile sources and machinery, 9-Waste treatment and disposal and 

10-Agriculture. An eleventh group gathering other sources (especially natural emissions) and sinks was taken into account in 

the Airparif inventory. 225 

This inventory was based on emission profiles for each source given by the Interprofessional Technical Centre for Studies on 

Air Pollution (CITEPA6) and the Institute for Energy Economics and the Rational Use of Energy (IER)7 . The profiles were 

established based on numerous research studies. For the version of the inventory used here, 145 emission profiles concerning 

521 VOCs were considered. More details are given in the methodological guidelines (Airparif, 2019). 

All SNAP are composed of sub-groups. For comparison purposes, four bins were used in the present study. They are relevant 230 

for the following sources: wood burning (SNAP 020201 and SNAP 020202 for the combustion plants, SNAP 020204 for the 

stationary engines and SNAP 020205 for other equipment such as stoves, fireplaces, cooking, etc.), traffic (SNAP 07 for 

road transport including cars, duty vehicles, motorcycles, etc.) and solvent use, both industrial and domestic (SNAP 06 

including different solvent and painting applications). The fourth bin gathered all the other emissions sources. In order to 

make the comparison pertinent, the wintertime period of the inventory was considered (i.e. January, February, and March). 235 

2.6 Positive matrix factorization (PMF) 

Positive Matrix Factorization (PMF) was used for the source apportionment of VOCs measured at SIRTA as described in 

Appendix D. PMF is a statistical receptor model for source apportionment developed by Paatero and Tapper, (1994). It is 

now widely used in the field of atmospheric chemistry, for both particulate matter (Petit et al., 2014; Petit et al., 2015; 

Maenhaut, 2018) and for gas-phase compounds (Lanz et al., 2008; Buzcu-Guven and Fraser, 2008; Sauvage et al., 2009; 240 

Gaimoz et al., 2011; Baudic et al., 2016; Debevec et al., 2017; Bari and Kindzierski, 2018). 

The principle is to decompose the input data (measurement time series, named X) into two matrices: factor profile (the 

chemical composition of each factor, named F) and the temporal contribution at each time step (matrix G). The model is 

based on the following formula: 

 245 

 

 

Where xij is the concentration of compound j at time step i, gip is the contribution of the factor p at the time step i, fpj is the 

contribution of the factor p to the compound j, k is the number of factors and eij are the residuals corresponding to the part 

not explained by the model. 250 

                                                           
6 https://www.citepa.org/en/activities/emission-inventories, accessed on 10 April 2019 
7 http://www.ier.uni-stuttgart.de, accessed on 10 April 2019 
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The 25 VOCs presented in Table 1 were considered for the analysis conducted using the EPA PMF 5.0. The uncertainties 

used for the PMF model were harmonized for calibrated and non-calibrated VOCs, according to Ito et al. (2004), i.e. 5 % of 

the concentration plus the detection limit. The PMF analysis led to a 3-factor solution, as described in Appendix D. 

3 Results 

3.1 Overview of the results obtained at SIRTA 255 

Figure 1 summarizes the results obtained from VOCs and BC measurements at SIRTA. The predominant VOCs were 

methanol, acetone, propenal, acetic acid as well as aromatics (benzene, toluene, C8-arom. and C9-arom.), together 

representing 75 % of the total VOC measured mass (values are presented in Appendix E, Table E1). This is consistent with 

previous studies performed in Paris where methanol and acetone were the most abundant species (Gros et al., 2011; Baudic 

et al., 2016), mainly emitted by natural sources and solvent use. 260 

 

 

 

Figure 1 Distribution of BC (ng.m-3) and VOC (µg.m-3) measurements during the campaign. Boxes represent 25th and 75th 

percentiles, the black line is the median. Whiskers represent 5th and 95th percentiles. The squares represent the mean value during 265 

the “background” period from 15 to 25 January 2018. 

 

Comparisons with other studies located at SIRTA (Ait-Helal et al., 2014), in Paris city centre (Baudic et al., 2016) and in 

European places (Seco et al., 2013 for Barcelona, Spain and Valach et al., 2014 for London, UK) were conducted (values are 

available in Appendix F, Figure F1 and Table F1). The mean concentrations measured here are systematically lower than the 270 
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ones obtained by Ait-Helal et al. (2014), although the two sampling sites are very close to each other. The difference is 

mainly due to the different considered period as the Ait-Helal et al. study was from mid-January to mid-February 2010 and 

these two months were associated with colder temperature than the present study (2 °C and 3.5 °C below normal values for 

January and February, respectively). 

As expected, when taking into account the site locations, all the VOC concentrations acquired for this study at SIRTA were 275 

lower than the loadings commonly measured at dense urban places. The measurements done by Baudic et al. (2016) in Paris 

city centre during wintertime showed much higher concentrations for all the VOCs. This is particularly true for aromatics; 

benzene concentration was twice as high, and toluene and C8-arom. were more than four times more abundant than in this 

study. Values reported by Valach et al. (2014) for London were dramatically higher than at SIRTA. On the contrary, SIRTA 

showed levels very close to the observations reported by Seco et al. (2013) at Montseny (rural area). 280 

Time series of a selection of VOCs are presented in Appendix G (Fig), showing substantial contrasts between background 

levels and polluted episode. While most pollution episodes were characterized by a strong traffic influence (high BCtraffic 

concentration), several were associated with an important wood burning impact. At times, BCwb was even higher than 

BCtraffic, which is rarely seen at SIRTA (Petit et al., 2014; Petit et al., 2015). As detailed in Appendix H (Figure H1), these 

differences between low and high-polluted periods were mainly driven by meteorological parameters (air mass origin, wind, 285 

temperature and mixed layer height). 

This contextualisation confirms the suburban typology of SIRTA (representative of regional background with occasional 

polluted episodes). Note that the spatial variabilities of pollutant concentrations are further discussed in Section 3.4 of the 

present paper. 

3.2 Qualitative investigation of wood burning and traffic influences at SIRTA 290 

Wood burning and traffic influences on VOC loadings were qualitatively investigated according to two different methods. 

The first one is derived from a methodology designed by Gaeggeler et al. (2008) which is based on correlations between 

VOC and specific tracers as well as on relevant ratios described below. The second method used to discriminate wood 

burning from traffic compares the average diurnal cycle of each VOC to typical, previously established reference patterns. 

3.2.1 VOC classification as wood burning or traffic influenced 295 

Gaeggeler et al. (2008) performed a study based on VOC measurements acquired in Roveredo, an Alpine village in southern 

Switzerland. To associate VOCs either to wood burning or traffic, they designed a methodology composed of four 

parameters: the correlation coefficient between the mean diurnal cycles of VOC and CO, the latter being a known 

combustion tracer; the correlation coefficient between the mean diurnal cycles of VOC and NOx, which is mostly emitted by 

traffic; the night (N) over morning (M) concentration ratio (N/M), which is expected to be high for wood burning-related 300 

pollutants (mostly emitted in the evening) and low for traffic-related pollutants (because of the important emissions during 
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the morning rush hours); and the weekday over Sunday concentration ratio (W/S) for the morning hours (based on the 

hypothesis of particularly significant wood burning activities and a very weak traffic flow on Sunday morning). 

In our study, representative hours during morning and night were selected to coincide with dominant human activities in the 

area, i.e. peak hours for traffic and wood burning pollution: night hours were chosen from 23:00 to 02:00 local time, and 305 

morning hours from 08:00 to 11:00 local time. All the correlations calculated are the Pearson correlation coefficient. The 

ratio between the CO correlation (rCO) and the NOx correlation (rNOx) was considered instead of rNOx and rCO separately, in 

order to reinforce the distinction. Also, rBCwb and rBCtraffic were added to the methodology. 

As outlined below, the weekdays over Sunday ratio (W/S) did not give satisfying results and was therefore not taken into 

account for the classification. Hence, the following parameters were for the VOC classification: rCO / rNOx, N/M, rBCwb, and 310 

rBCtraffic. 

 

Wood burning rCO/rNOx > 2 N/M >1 rBCwb > 0.80 rBCtraffic < 0.45 

Traffic rCO / rNOx < 0.5  N/M < 0.9 rBCwb < 0.45 rBCtraffic > 0.80 

Table 2 Parameters thresholds for VOC classification. rNOx: correlation coefficient with the diurnal cycle of NOx; rCO: correlation 

coefficient with the diurnal cycle of CO; N/M: night over morning concentration ratio; W/S: weekday over Sunday concentration 

ratio; rBCwb: correlation coefficient with BCwb; rBCtraffic : correlation coefficient with BCtraffic. 315 

 

The thresholds chosen for these four criteria (Table 2), gave the most distinct separation between the two sources. Each VOC 

was classified as wood burning or traffic-related if all respective criteria were fulfilled. The VOCs classified as either wood 

burning or traffic-related are listed in Tables 5 and 6, respectively. It is worth noting that this classification does not take into 

account potential multi-source origins of these compounds but rather assigns each compound to its dominating source. 320 

The method classified 14 VOCs to originate predominantly from wood burning. The most correlated compounds with BCwb 

were furan, furfural and methanol (with r of 0.96, 0.96 and 0.94), all presenting poor correlations with BCtraffic (max 0.13) 

and with NOx (max 0.23). Methanol was further characterized by one of the lowest weekdays over Sunday ratio (0.89). 

Furan had the highest correlation with CO (r = 0.79). Furfural had the highest night over morning ratio (1.78) and was highly 

correlated with CO (r = 0.77). The attribution of these three VOCs to wood burning sources is hence particularly robust. 325 

Three VOCs were associated with traffic: toluene, C8-arom. and C9-arom. They showed a high correlation with BCtraffic 

(more than 0.82), a low correlation with CO (less than 0.28), as well as a low night over morning ratio (less than 0.84). It 

should be noted that the correlation with BCwb was low for C8-arom. (0.22) but not negligible for toluene and C9-aromatics 

(0.40 and 0.42), which may suggest a small contribution of the wood burning source. 

 330 
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VOC m/z rNOx rCO rCO / rNOx N/M W/S rBCwb rBCtraffic 

Methanol 33 0.21 0.73 3.48 1.18 0.89 0.94 0.13 

Acetonitrile 42 0.03 0.69 23.00 1.17 1.01 0.86 -0.07 

Propene+ 43 0.28 0.59 2.11 1.16 1.21 0.84 0.24 

Propenal 57 0.21 0.59 2.77 1.06 0.90 0.83 0.24 

Acetic acid 61 0.05 0.73 14.60 1.77 1.67 0.91 -0.07 

Furan 69 0.23 0.79 3.43 1.28 0.88 0.96 0.11 

Methylacetate 75 0.09 0.70 7.78 1.55 0.87 0.92 0.00 

Methylfuran 83 0.34 0.68 2.00 1.16 0.89 0.89 0.25 

Methylbutenone 85 0.22 0.70 3.18 1.36 1.05 0.92 0.14 

Butandione 87 0.21 0.72 3.43 1.31 1.04 0.93 0.10 

Furfural 97 0.14 0.77 5.50 1.78 0.91 0.96 0.03 

Furandione 99 0.04 0.66 16.50 1.52 1.18 0.85 -0.08 

Benzenediol 111 0.18 0.75 4.17 1.42 0.95 0.90 0.06 

Chlorobenzene 113 0.14 0.61 5.64 1.27 1.10 0.84 0.10 

Table 3 14 VOCs classified as wood burning related. VOC: compound associated with the mass; m/z: protonated mass; rNOx: 

correlation coefficient with the diurnal cycle of NOx; rCO: correlation coefficient with the diurnal cycle of CO; rCO / rNOx is the 

correlation ratio; N/M: night over morning concentration ratio; W/S: weekday over Sunday concentration ratio; rBCwb: correlation 

coefficient with BCwb; rBCtraffic: correlation coefficient with BCtraffic. 

 335 

VOC m/z rNOx rCO rCO / rNOx N/M W/S rBCwb rBCtraffic 

Toluene 93 0.81 0.27 0.33 0.81 0.91 0.40 0.88 

C8-arom. 107 0.80 0.07 0.09 0.75 1.16 0.22 0.88 

C9-arom. 121 0.75 0.28 0.37 0.84 1.06 0.42 0.82 

Table 4 3 VOCs classified as traffic-related. VOC: compound associated with the mass; m/z: protonated mass; rNOx : correlation 

coefficient with the diurnal cycle of NOx; rCO: correlation coefficient with the diurnal cycle of CO; rCO / rNOx is the correlation 

ratio; N/M: night over morning concentration ratio; W/S: weekday over Sunday concentration ratio; rBCwb : correlation coefficient 

with BCwb; rBCtraffic : correlation coefficient with BCtraffic. 
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Some general features of the used parameters were found that indicate qualitative VOC classification into wood burning or 340 

traffic-related. Wood burning VOCs had a correlation with NOx lower than 0.34 while it was higher than 0.75 for traffic-

related VOCs. Correlations with CO were higher than 0.59 for wood burning VOCs and lower than 0.28 for traffic VOCs. 

Correlations with BCwb were higher than 0.83 for wood burning VOCs and lower than 0.42 for traffic VOCs; r with BC traffic 

were lower than 0.25 for wood burning VOCs and higher than 0.82 for traffic VOCs. The night over morning ratio was also 

a discriminant parameter with all the wood burning VOCs higher than 1.06 and the traffic VOCs lower than 0.84. The 345 

weekdays over Sunday ratio was the least relevant parameter, as values for wood burning (0.87 - 1.67) and traffic VOCs 

(0.91 - 1.16) were very similar. This is likely explained by either (or both) a non-negligible traffic activity or moderate wood 

burning activity on Sunday mornings. 

Eight VOCs were classified neither as wood burning nor traffic-related: formaldehyde, acetaldehyde, acetone, butenal, 

MEK, benzene, hexenal + monoterp. and phenol. This suggests either a double influence (both traffic and wood burning 350 

contributions) or a dominating third source. 

3.2.2 Diurnal cycles 

Wood burning and traffic activities in the area have distinct diurnal patterns. Figure 2 (panel A) shows the diurnal cycle of 

the accumulated traffic jam length over the Île-de-France region for the studied period. This metric is interpreted as a traffic 

intensity marker, with two peaks illustrating the rush hours during morning (centred at 7:00 UTC) and evening (centred at 355 

17:00 UTC), respectively. 

The accumulated traffic jam length shows repeated peaks for each working day. The morning and evening peaks had a 

similar intensity from Monday to Friday and a different pattern during weekends, with a unique, smaller peak in the 

afternoon. However, the time series of the traffic tracer BCtraffic show different variations, with no clear or repeating diurnal 

cycle (a two-week sample is presented in Appendix I, Figure I1). This is due to additional processes driving the observed 360 

concentration such as wind and rain. 

Despite this high day-to-day variability, the diurnal cycle of BCtraffic averaged over the whole campaign reveals a clear 

pattern (Figure 2, panel B). The two daily peaks of the average cycle of BCtraffic match those seen for the accumulated traffic 

jam length (~ 07:00 and ~ 17:00 UTC). The diurnal pattern of BCwb has only one extended peak during evening, occurring 

later than the traffic peak (centred on 19:00 UTC) and lasting longer (from 17:00 to 22:00 UTC). 365 

The VOC diurnal cycles are also typical (Figure 2, panel C). The toluene cycle is characterized by two peaks following the 

typical traffic pattern, while the methanol diurnal cycle is defined by only one peak later in the evening, as seen for the wood 

burning signal. Benzene showed two peaks but the evening one is higher and occurs later. This suggests that toluene is 

strongly traffic-influenced, methanol is strongly wood burning-influenced and benzene is associated with both sources. 

 370 
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Figure 2 Diurnal cycles for the whole studied period (31 November 2017 to 12 March 2018) at SIRTA. The shaded area represents 

two standard deviations, hours are in UTC. Panel A: cumulated traffic jams length across Île-de-France. Panel B: BCwb and 

BCtraffic. Panel C: toluene, benzene and methanol. Panel D: VOC associated with a wood burning pattern (formaldehyde, 

methanol, acetonitrile, propene+, acetaldehyde, acetic acid, furan, butenal, methylacetate, methylfuran, methylbutenone, 375 

butandione, furfural, furandione, benzenediol and chlorobenzene). Panel E: VOC associated with a traffic pattern (toluene, C8-

arom. and C9-arom). 

 

The diurnal cycle analysis provides a qualitative reference regarding of the dominant source of each VOC, according to 

comparison to the wood burning pattern (only one wide late evening peak) or the traffic pattern (two peaks a day). Figure 2 380 

(panels D and E) presents the VOC diurnal cycles, either characterized by the wood burning or traffic pattern. Sixteen VOCs 

were defined by a wood burning pattern: formaldehyde, methanol, acetonitrile, propene+, acetaldehyde, acetic acid, furan, 

butenal, methylacetate, methylfuran, methylbutenone, butandione, furfural, furandione, benzenediol and chlorobenzene. 

They are plotted individually in Appendix J, Figure J1. Among them, there are all the VOCs classified as wood burning-

related by the four-parameter method (Section 3.2.1) except for propenal. Three additional VOCs (formaldehyde, 385 

acetaldehyde and butenal) followed this wood burning pattern, although they were not associated with this source by the 

statistical parameters method. 

Three VOCs were characterized by the traffic pattern: toluene, C8-arom. and C9-arom. (plotted individually in Appendix J, 

Figure J2), confirming the results discussed in Section 3.2.1. 

Based on the diurnal cycle, six VOCs were not classified as being dominated by either wood burning or traffic emissions: 390 

propenal, acetone, MEK, benzene, hexenal + monoterp. and phenol. Their individual diurnal cycles are plotted in 

Appendix J, Figure J3. The diurnal patterns of acetone and MEK concentrations are very similar, with high levels during 

daytime. This probably refers to a third source being important for these two compounds (cf. Section 3.3). The Hexenal + 

monoterp. mass was characterized by a peak in the morning (centred at 9:00 UTC), but with a less pronounced diurnal cycle. 

Phenol showed a peak in the evening, wider than the wood burning peak. Several sources most likely contribute to this 395 

pattern. The diurnal cycle of propenal was defined by a peak in the evening that could be related either to wood burning or 

traffic and a small peak in the morning, maybe due to traffic. A non-negligible third source cannot be ruled out (cf. 

Section 3.3). 

The four-parameters classification and the temporal variation study allowed to determine VOCs highly associated with wood 

burning (e.g. acetic acid, furfural) or traffic (e.g. toluene, C8-arom.); and other compounds with influences from both sources 400 

(benzene) or with lower or no association with these sources (acetone, MEK). 
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Figure 3 Diurnal cycle of the 3 PMF factors, identified as wood burning, traffic and solvent use + background (bckgr.). 

 405 

3.3 VOC source apportionment at SIRTA using PMF 

In addition to the qualitative analysis of wood burning and traffic sources (Section 3.2), PMF was computed to quantify the 

importance of these two sources as well as to investigate other possible sources. 

3.3.1 Factors identification 

BC fractions were used as independent tracers in order to evaluate the identification of the obtained PMF factor. The traffic-410 

related and wood burning-related factors display typical diurnal cycles (Figure 3), confirmed by high correlations between 

the wood burning factor and BCwb (r = 0.76) and between the traffic factor and BCtraffic (r = 0.70), respectively. The third 

factor exhibits a diurnal cycle very close to the one found in a previous study in Paris (Baudic et al., 2016), attributed to 

solvent use. The chemical compositions present similarities, with an important contribution of acetone. The diurnal cycle of 

this third factor is flatter than the other ones, indicating a portion of background is included in this factor. However, adding a 415 

fourth factor did not lead to the separation of the solvent use from the background (see related discussion in Appendix C). 

Here, the third factor was then considered as solvent use plus background, even though a small amount of secondary 

compounds from chemical reactions cannot be ruled out. The present study being focused on wood burning and traffic, this 

third factor was not further investigated. 

3.3.2 Wood burning and traffic composition and contributions 420 

According to the PMF results (Figure 4), the wood burning source is dominant for 17 VOCs: furfural, acetic acid, 

methylbutenone, methylacetate, butandione, methylfuran, furan, propene+, furandione, benzenediol, benzene, formaldehyde, 
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methanol, chlorobenzene, phenol, butenal and hexenal + monoterp. All these VOCs were identified as wood burning 

influenced using the diurnal pattern study (except benzene and phenol) and most of them with the 4-parameters tool. In total, 

12 VOCs were strongly associated with wood burning by all three methods (4-parameters tool, diurnal pattern study and 425 

PMF): methanol, propene+, acetic acid, furan, methylacetate, methylfuran, methylbutenone, butandione, furfural, 

furandione, benzenediol and chlorobenzene. 

 

Figure 4 Factors contribution to each VOC (from the PMF results, VOCs names begin with the mass number), and sources 

contribution from the Airparif emission inventory to VOC also present in the database for PMF analysis (related labels are in 430 

italic and end with “invent.” for the inventory). The bottom of the figure corresponds to compounds included both in the PMF 

analysis and in the inventory and the top to compounds only included in the PMF analysis. 

 

Traffic was found to be the main source for three compounds: toluene, C8-arom. and C9-arom. They were already identified 

as traffic related by the 4-parameters tool as well as by the diurnal pattern analysis. The PMF results showed that traffic is 435 
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also responsible for a non-negligible part of hexenal + monoterp., furan (which can also be isoprene), methylfuran and 

benzene. 

It is noteworthy that wood burning seemed to be responsible for a quite important fraction of a majority of VOCs. Except for 

toluene, C8-arom. and C9-arom. (traffic markers) and acetone (which was strongly associated with solvent use plus 

background), the wood burning contribution to each VOC exceeded 28 %. The traffic source dominates fewer compounds, 440 

i.e. toluene and C8- and C9-arom. The solvent use plus background source was primarily composed of acetone (most likely 

linked with solvent use) and few other compounds, such as acetonitrile, propenal and MEK. 

3.3.3 Sources contributions and comparison with other studies 

Wood burning was responsible for 47 % of the measured VOCs, traffic 22 % and solvent use plus background 31 % 

(Figure 5). 445 

 

 

Figure 5 Sources contributions to the measured VOCs: comparison between the Baudic (2016) study, the emissions inventory from 

Airparif and this work. 

 450 

Baudic et al. (2016) previously conducted a PMF analysis on VOC measurements in Paris, with a strikingly similar 

contribution from wood burning of 47 %. Although both studies are geographically and temporally separated, as well as 

based on different compounds, their consistency seems to underline the stability of the wood burning importance over the 

range of almost a decade. Also solvent use factors are generally similar between the two studies contributing to around a 

third of the measured VOCs. However, traffic was twice as important in the present work (22 % of the measured VOCs 455 

compared to 11 %), which might be partly due to the discrepancy in VOCs considered. The significance of the traffic source 

may be overestimated in the present study if parts of the background were misclassified. 

3.3.3 Comparison between PMF outputs and the local emission inventory 
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Emission inventories are widely used as input data for chemical transport models, and hence for air quality forecasting and 

the assessment of public policies. However, uncertainties of these inventories are still high and some discrepancies with 460 

ambient measurements have been noticed recently (Gaimoz et al., 2011; Baudic, 2016). It is therefore of great importance to 

compare emission inventories with ambient measurements, notably allowing to check for their consistency. Two kinds of 

comparison between the PMF results and the local inventory (developed by Airparif) were conducted, as described hereafter. 

First, a global comparison taking into account both all the VOCs available in the inventory and all the VOCs considered in 

the PMF. The predominant VOCs in the PMF were characterized by long lifetimes (e.g. methanol and acetone with lifetimes 465 

of about12 and 58 days, respectively, for an OH concentration of 106 molecules.cm-3). This global comparison is therefore 

not expected to be substantially biased by any discrepancy between PMF factors and source fingerprints. Significant 

discrepancies exist between the inventory and the PMF results (Figure 5). The wood burning contribution seems to be 

particularly underestimated in the inventory. It reaches only 22 % of the emissions while almost half of the measured VOCs 

are attributed to wood burning both in the Baudic et al. (2016) and in the present study. The inventory attributes 10 % of the 470 

emissions to traffic, this is closer to the Baudic et al. (2016) results (11 %) than from our study (22 %). The solvent use-

related emissions were estimated to represent a contribution of 41 %, which is slightly more than the results from the PMF 

studies. The inventory may slightly overestimate the solvent use emissions as suggested by previous studies (Gaimoz et al., 

2011). According to the inventory, contributions from sources other than the three considered here are significant (27 %). 

The main sources gathered in this bin are industrial processes (except the solvent use in industry) and construction work, 475 

sources which were not identified in the present study. Light hydrocarbons were not measured. As for instance ethane and 

propane strongly drive the natural gas source, it was not identified here. Without considering the other sources in the 

inventory, the relative contributions of wood burning, traffic and solvent use would be 30 %, 14 % and 56 % respectively, 

i.e. wood burning would still be underestimated. This discrepancy could be explained by the fraction of non-measured VOCs 

in the three emission sectors considered here. Indeed, in the inventory, the contributions of VOCs considered in the PMF 480 

represent 13 % for wood burning, 34 % for traffic and 9 % for solvent use. Therefore, the VOCs considered in the PMF are 

only partially representative of the VOCs considered in the inventory but nevertheless the proportions for wood burning and 

solvent use are almost equivalent. We note that our results (47 % of the VOCs imputed to wood burning) are in agreement 

with Baudic et al. (2016), the latter including a larger part of the VOCs considered by the emission inventory. Hence, results 

confirm the wood burning source may be underestimated by the inventory. 485 

The second kind of comparison with the inventory was conducted compound by compound, including eleven compounds: 

formaldehyde, methanol, acetaldehyde, propenal, acetone, acetic acid, butenal, benzene, toluene, xylenes (C8-arom. for the 

PMF dataset), and C9-aromatics. This selection represents 12 % of the total emissions in the inventory for winter (namely 

2048 tons compared to 17802 tons). It is therefore not representative of the whole inventory (for instance, light hydrocarbons 

are not considered here) but a comparison based on these eleven VOCs is still relevant to suggest first explanations 490 
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concerning this underestimation of wood burning contributions by the inventory. The most reactive VOCs in this selection 

are trimethylbenzenes (part of the C9-aromatics). Their constant rates with OH span from 3.2 to 5.7.10-11 cm-3.molecule-1.s-1 

(Atkinson, 1990, 2000), leading to a lifetime of 2.5 hours at the shortest. For such highly reactive VOC, a bias can exist 

between the inventory (considering emissions) and the PMF study (based on observations). Figure 4 presents the source 

contribution (wood burning, traffic, solvent use and other sources) for these VOCs. Xylenes present excellent similarities for 495 

the three sources. Very close results appeared for benzene, both for wood burning and traffic influence. Satisfactory 

consistency was found for formaldehyde and acetaldehyde, especially for the wood burning apportionment. Acetone is also 

found to be mainly of solvent use origin by both methods. However, discrepancies were also encountered. Methanol 

emissions are almost exclusively attributed to solvent use in the inventory, despite a significant wood burning influence 

identified here. Considering the long lifetime of this VOC (more than 10 days), this difference cannot be induced by 500 

chemical reactions between emission and measurement. Propenal and butenal emissions were considered to be mostly from 

traffic while this study showed other influences (wood burning and solvent use). On the contrary, the inventory considered 

toluene to be emitted by wood burning and solvent use for a non-negligible part whereas the PMF concluded traffic 

emissions contribute 92 % to this pollutant. This strong association between toluene and traffic was underlined in previous 

studies, especially in a tunnel experiment where the traffic source was extensively studied (Ammoura et al., 2014; Baudic et 505 

al., 2016). To conclude, results presented here indicate that some entries in the Airparif emission inventory should be 

adjusted. According to the inventory, acetic acid and C9-arom. are emitted by only one source each, namely beer brewing 

and locomotives, respectively. This clearly contradicts the major influences of wood burning and traffic identified here. The 

atmospheric lifetime of acetic acid is about 2-4 days, which is long enough to exclude the chemistry as an explanation for the 

discrepancy between the inventory and the PMF results. As mentioned before, C9 arom. are characterized by a short lifetime. 510 

However, its strong association with traffic confirms that corrections should be implemented in the inventory concerning this 

compound. 

To conclude the comparison between the PMF results and the Airparif inventory, good consistency was found for some 

compounds while significant discrepancies were identified for others. Particularly, the wood burning source in the inventory 

seemed to be globally under-estimated. Uncertainties related to this source in the inventory are difficult to assess. They are 515 

mostly linked to the amount and spatial distribution of wood burning activities, the emission factors of burning appliances 

and their burning efficiency. The discrepancy between our PMF results and the inventory concerning wood burning can be 

partly explained by inaccurate source attribution for a certain VOC in the inventory (e.g. acetic acid, methanol). Some VOCs 

emitted by wood burning are important SOA precursors (e.g. phenol, benzenediol) but they are not considered in the 

inventory. These shortcomings lead to uncertainties in chemical models. As wood burning is a major VOC emitter during 520 

winter, an updated inventory would improve model results, likely enabling refined forecasting of winter pollution episodes in 

the Paris region. 
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3.4 Spatial variabilities 

Measurements conducted at several locations (Appendix A, Figure A1) allowed for the investigation of spatial variations 

across the Île-de-France region. 525 

3.4.1 NOx and BC site-to-site comparison 

SIRTA was characterized by low NO over NO2 ratio (0.27 ppb.ppb-1), compared to traffic stations (between 1.4 and 

3.4 ppb.ppb-1) and even to urban stations (0.50 and 0.43 ppb.ppb-1). This station typology is confirmed again by BC, BCtraffic, 

NO and NO2 levels, which are much higher at the traffic stations compared to SIRTA (results are presented in details in 

Appendix K, Figure K1). 530 

Considering BCwb, the differences between the site locations were smaller but with the same ranking order: the largest 

concentrations were measured at the urban Airparif stations, Gennevilliers and Paris XIIIe. The median of BCwb was 

321 ng.m-3 for the Paris XIIIe station while the LISA and SIRTA stations had the lowest values (medians of 115 and 

143 ng.m-3, respectively). Furthermore, correlations between the stations (Appendix L, Figure L1) highlight pollutants vary 

rather simultaneously and concentrations over the region were more homogeneous for wood burning sources, as correlation 535 

coefficients of BCwb (0.73 on average) clearly exceeded those of BCtraffic (0.39 on average). 

3.4.2 VOC site-to-site comparison  

 

 

Figure 6 Box plot for VOCs measurements from the three VOCs stations: SIRTA, LISA and Airparif. The measured compounds 540 

called "mz69-isoprene" refer to isoprene for Airparif and to the PTR-MS mass 69 for the SIRTA and LISA stations. For Airparif, 

"C8-arom." refer to isoprene for Airparif and to the PTR-MS mass 69 for the SIRTA and LISA stations. For Airparif, "C8-

arom." refers to the sum of m-p-xylenes, o-xylene and ethylbenzene; and "C9-arom." refers to the sum of 1,3,5trimethylbenzene, 
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1,2,3trimethylbenzene and 1,2,4trimethylbenzene. The box represents the upper and lower quartiles and the whiskers reach 

extreme values. The picture was reframed for a better readability. Due to blank problems, considered methanol values from LISA 545 

are restricted to the period 2 – 12 February 2018. The whole dataset was considered for SIRTA, the related period (Nov. 2017 – 

March 2018) was extracted from the long-term Airparif measurements and data from LISA is available for the shorter period 

(February – March 2018 as detailed in Section 2.2). 

 

Figure 6 shows the distributions of VOCs monitored at all three sites. For all VOCs, concentrations at LISA were higher than 550 

at SIRTA, with most pronounced increments for methanol, acetaldehyde and acetone. Concentrations of C9-arom. were 

lower at the dense urban Airparif site compared to at SIRTA, which is likely explained by measurement uncertainty induced 

by the poor selectivity of the measurement technique applied at SIRTA (Section 2.1.2). For the SIRTA observations, the 

group of C9-arom. includes several additional compounds such as methylbenzaldehyde and phenylethanone. m/z 69-

isoprene observations, agree extremely well between the three sites. The diurnal cycle of isoprene (selective measurement) 555 

from Airparif (not shown) suggests a fraction of anthropogenic emission for this compound. It is therefore possible that a 

balanced mix of isoprene and furan was monitored by PTR-MS at m/z 69. Benzene concentrations at the three stations were 

also very similar, which is presumably explained by its long lifetime of several days. Toluene and C8-arom. (defined by 

shorter lifetimes) have similar levels at the LISA and Airparif stations, but clearly lower concentrations at SIRTA. 

While overall concentrations enable general characterization of the stations’ typology, correlations between observations at 560 

the three sites provides information about the relative variability encountered in the different environments. The correlations 

between VOCs are summarised in a correlation matrix (Appendix M, Figure M1). For toluene, the correlations including 

observations at SIRTA were low (0.39 with Airparif and 0.48 with LISA), while the correlation was stronger between 

Airparif and LISA (0.62). For benzene, correlations were generally higher (rAirparif-SIRTA = 0.67, rAirparif-LISA = 0.70 and rLISA-

SIRTA = 0.57). For other VOCs related to wood burning such as methanol and acetaldehyde, correlations between the SIRTA 565 

and LISA observations were strong (0.74 and 0.67). The lifetime of the compound impacts the correlation of its 

concentration observed simultaneously at two contrasting locations. However, this effect alone would not explain the 

discrepancies found here as acetaldehyde is characterized by a shorter lifetime than toluene and yet the correlation (between 

SIRTA and LISA) was stronger for acetaldehyde than for toluene. 

The benzene over toluene ratio is widely used as an indicator of traffic or wood burning influences. At LISA, it reached 570 

0.73 ppb.ppb-1 and at Airparif, the benzene over toluene ratio was on average 0.59 ppb.ppb-1. This is a typical value for a 

dense urban place strongly influenced by traffic. Gaeggeler et al. (2008) found a value between 0.51 and 0.54 ppb.ppb-1 for 

Zürich city centre. At SIRTA, this ratio was as high as 1.84 ppb.ppb-1. Which is much more than the benzene over toluene 

ratio measured by Gaeggeler et al. (2008) in the Roveredo village, where both wood burning and traffic sources were 

important. The ratio at SIRTA is closer to those reported for wood stove emissions (Sällsten et al., 2006; Hedberg et al., 575 

2002) (1.7 and between 1.4 and 5 ppb.ppb-1 respectively). This enables to conclude that wood burning has, in relation to the 
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other studied sources, a stronger impact at SIRTA while traffic has a stronger impact at the Airparif and LISA stations. 

Similar levels and higher correlations were found between the stations for wood burning-related compounds (see discussion 

on methanol and acetaldehyde), whereas levels of traffic-associated pollutants clearly differ between locations and 

correlations are poorer. 580 

 

 

Figure 7 Polar plot of the temperature and a selection of compound and PMF factor concentrations as a function of wind (speed 

and direction) at SIRTA, LISA (Creteil) and Paris city centre (Airparif head office for toluene and Haussmann station for BCwb). 

 585 

3.4.3 Association with wind and temperature 

For a selection of compounds, the influence of wind speed and direction on concentrations was assessed at the SIRTA, LISA 

and Airparif stations (Figure 7). Two different patterns arose: a wood burning-related pattern (on the first row) represented 

by the PMF output, methanol and BCwb and a traffic-related pattern (on the second row) represented by the PMF output, C8-

arom. and toluene. Similar results were obtained for other compounds associated either with wood burning or traffic 590 

(Appendix N). 

The traffic pattern showed strongest concentrations for a slow wind speed (below 2 m.s-1) with no particular wind direction. 

Even if results were less clear at LISA, the traffic pattern is consistent between compounds. This highlighted that the highest 

levels of traffic-related pollution were most likely induced by stagnant meteorological conditions, when the dispersion is 

weak. Traffic pollutants are therefore mainly of local origin. 595 
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Concerning the wood burning pattern, highest concentrations were associated with easterly winds at a speed ranging between 

4 and 8 m.s-1. However, it is important to note that the lowest temperatures were also associated with these wind directions 

(Figure 7), suggesting a prevalent influence of meteorological conditions (rather than air mass origins) onto wood burning 

pollutant concentrations, which could be partly due to more intense residential heating emissions. 

4 Discussion and conclusion 600 

The main goals of this study were to investigate (i) the qualitative identification of wood burning and traffic influences on 

VOC ambient concentrations, (ii) the quantification of the source contribution, notably allowing the comparison with the 

emission inventory and (iii) the characterisation of the spatial variability of the considered pollutants over the Paris region. 

The first result of this study was the identification of VOCs associated with wood burning and traffic sources. Three methods 

enabled this identification: a 4-parameters classification, a diurnal cycle study and PMF apportionment. The combination of 605 

the three methods identified 12 VOCs were strongly associated with wood burning emissions (methanol, propene+, acetic 

acid, furan, methylacetate, methylfuran, methylbutenone, butandione, furfural, furandione, benzenediol and chlorobenzene), 

while three VOCs were clearly related to traffic (toluene, C8-arom. and C9-arom.) In addition, two VOCs were 

predominantly linked to solvent use (acetone and MEK). 

Of the 17 wood burning-related VOCs identified by Gaeggeler et al. (2008) six compounds were also closely related to this 610 

source by the present study (propene+, methylacetate, methanol, furandione, acetic acid and propanol), while others 

(acetaldehyde, acetone and propanal, butanal and MEK, propenal, MVK and methacrolein) also had significant contributions 

from other sources. For instance, acetaldehyde was also imputed to solvent use in our study, in agreement with Baudic et al. 

(2016). The Gaeggeler et al. (2008) study was conducted in a small Alpine valley with a weak influence of sources other 

than wood burning and traffic, which could explain the discrepancy. The difference in signature for propenal, butanal and 615 

MEK could also be explained by an important influence of solvent use in the Paris region. Coggon et al. (2016) found 

methylfuran and furfural as wood burning tracers, and temper the classification of acetonitrile as a relevant wood burning 

tracer, as it was often considered before (Holzinger et al., 1999). This is consistent conclusions drawn here: methylfuran and 

furfural were closely related to wood burning while solvent use was imputed to be the major acetonitrile emitter. Further, 

results agree with Bruns et al. (2016) identifying furan, methylbutenone, butandione and benzenediol as predominantly 620 

emitted by wood burning activities. Surprisingly, we did not measure any clear signal for naphthalene despite of its previous 

use as tracer (Bruns et al., 2016; Baudic, 2016). This may be due to losses along the line for larger masses in present 

experiment. Phenol, with significant emissions registered by Bruns et al. (2017), was not measured clearly here, which could 

be explained by the short lifetime of this VOC (around 7 hours for [OH] = 1.6 106 molecules cm-3). Chlorobenzene was here 

strongly associated with wood burning although this was not commonly concluded elsewhere, only Nádudvari et al. (2018) 625 

related this compound with coal combustion. For the first time (to the best of our knowledge), methylbutenone, benzenediol 

and butandione were identified as wood burning related in ambient air. Benzene is an important VOC, often monitored 
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mostly because of its impact on health. It is emitted by several sources. According to the PMF results presented, it is 

explained mostly by wood burning (56 %) but with an important traffic contribution (28 %). This is in agreement with 

Hellén et al. (2008) and Panopoulou et al. (2018) who identified both traffic and wood burning as main benzene emitters. 630 

Regarding the traffic associated VOCs, Gaeggeler et al. (2008) identified xylenes and trimethylbenzene. We had a similar 

result with the m/z 107 and 121, identified as C8-arom. and C9-arom. However, Gaeggeler et al. (2008) did not associate 

toluene with traffic while the PMF results showed a traffic origin of 92 %. Toluene was already identified as a major traffic 

emitted VOC in tunnel studies, in particular in a tunnel near Paris (Ammoura et al., 2014; Baudic et al., 2016). Like in the 

present study, acetone has before been reported to be largely due to solvent use (Gaimoz et al., 2011, Baudic et al., 2016). 635 

Among the three methods used in order to associate VOCs to whether traffic or wood burning source origin, the 4-

parameters method was found to have some advantages: it is an efficient tool with quantitative parameters easily conducted 

systematically. The main drawback is that it is less efficient for VOCs influenced by other sources than traffic and wood 

burning. Studying the diurnal cycles is valuable to point out VOCs emitted by two sources or more, however it is a 

subjective and qualitative procedure. The PMF computations linked the preponderant VOCs to each source. This is a 640 

quantitative tool, but requiring complex and time-demanding settings to achieve robust results. 

The PMF quantitative source apportionment assigned 47 % of the measured VOCs to wood burning and 22 % to traffic. 

These results are close to those by Baudic et al. (2016), especially for the wood burning source. Knowing that different 

VOCs were considered in the two studies, this consistency demonstrates that in these conditions (in winter in Île-de-France), 

wood burning is the predominant VOC source, representing about half of the total  concentrations (both if the major 645 

considered compounds are light hydrocarbons or oxygenated VOCs). PMF was also used for a comparison to the regional 

emissions inventory. Significant discrepancies were found for wood burning (22 % of the total VOCs in the inventory versus 

47 % in our study) and for traffic (10 % of the total VOCs in the inventory versus 22 % in our study). These differences may 

be explained by an erroneous attribution for some VOCs by the inventory. Even if good consistency was found for some 

compounds such as benzene and xylenes, results suggest improvements could be implemented for several other VOCs 650 

(especially acetic acid, C9-arom. and methanol). 

As traffic pollution was highly variable over the region (with highest concentrations monitored in dense urban places) and 

strongest levels were measured during stagnant meteorological conditions with a low wind speed, it was concluded that 

traffic sources are of predominantly local origin, confirming previous studies (e.g., Panopoulou et al., 2018). Wood burning-

related pollutants were found to be more homogeneous over the region and mainly driven by meteorological conditions 655 

(wind and air temperature). 

The present study contains some limitations. The wood burning identification was mostly based on temporal variabilities 

(using several methods); and even if independent tracers (BCwb and levoglucosan) were used to strengthen the identification, 

it cannot absolutely be ruled out that other VOC heating sources (gas, heating oil, coal, etc.) with a similar temporal variation 
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are partly misclassified as wood burning. This may result in a small over-estimation of the wood burning impact on 660 

pollution. Further investigations considering specific gas tracers could quantify this potential over-estimation. In addition, 

the quadrupole used as detector in this study did not allow differentiating compounds having the same unitary mass. A PTR-

ToF-MS instrument would enable both a better mass resolution and the quantification of heavier masses with a shorter time 

step. This would be useful to further investigate in ambient air the VOCs identified by Bruns et al. (2016, 2017). 

Several perspectives can be highlighted to follow from this study. First, the solvent use factor needs to be analysed in more 665 

detail, both to separate the background contribution and to understand better this important source (31 % of the measured 

VOCs). Secondly, SOA formation partly remains an open question. Some VOCs previously characterized as main SOA 

precursors (Bruns et al., 2016), such as phenol, benzene, benzenediol and methylfuran were measured in ambient air. 

However, heavier compounds such as polycyclic aromatic hydrocarbons need to be further examined in ambient air (Nalin et 

al., 2016). Further studies, notably including aerosol mass spectrometry, could improve the understanding of wood burning 670 

and traffic impact on SOA formation. 
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Appendix A: Map of the considered sites in the present work 

 

 

Figure A1 Considered sites in the present work: SIRTA (30 Nov. 2017 – 12 March 2018 for VOCs, continuous for the other 955 

pollutants, pink cross), LISA (2 Feb. – 12 March 2018, white cross), AIRPARIF (continuous, blue crosses). 
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Appendix B: PTR-MS calculation 960 

B1 Normalization and blank subtraction 

The raw data from PTR-MS are in counts per second (CPS) for which the value depends on ionisation processes. This is why 

it needs to be normalised by the primary ion CPS. The normalized counts per second (NCPS) are obtained using this 

formula: 

 965 

 

 

The second step of the data processing is the blank subtraction. The blanks are scheduled every 13 h and last 1 h. The last 

measurement of the blank is removed (because the atmospheric measurements resume), and the first measurements of a 

blank period are not taken into account in order not to be impacted by memory effect. In this way, only the 35 last minutes of 970 

the blank are considered. The blanks are interpolated using the smooth.spline function from R language and the parameter 

"spar" set to 0.5. 

B2 Calibration 

The calibrations were conducted using a National Physical Laboratory (NPL) gas mixture. The canister is diluted from the 

initial concentration of 1 ppm to the desired concentration for the five calibration steps (1 ppb, 2 ppb, 4 ppb, 8 ppb and16 975 

ppb). Each step lasts one hour. Eleven protonated masses were calibrated: 33-methanol, 42-acetonitrile, 45-acetaldehyde, 15 

57-propenal, 59-acetone, 69-isoprene, 71-crotonaldehyde, 73-butanone, 79-benzene, 93-toluene and 107-xylenes. 

B3 Transmission curve 

The other masses were quantified with the transmission curve. For each calibrated mass, the transmission was defined 

according to Taipale et al. (2008) as: 980 

 

 

 

Where Pdrift is the pressure into to drift tube, P0 the normalized pressure, µ0 is the ion mobility of the primary ions, N0 is the 

number density of air, E is the electric field in the drift tube, k is the proton transfer reaction rate coefficient, Ldrift is the drift 985 

tube length, N is the number density in the drift tube, and Sm/z is the sensibility or the calibration coefficient for each mass. 

Once the transmission values are known for the calibrated masses, an interpolation leads to approximate the values for any 

mass. Then, an approximation of the concentration values is deduced from the following formula: 
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 990 

 

Where NCPSm/z is the signal for the mass m/z in NCPS and Trm/z the interpolated transmission for the mass m/z. 

B4 Uncertainties calculation 

The uncertainties are calculated according to the ACTRIS guidelines as: 

 Uncertainty2 = Precision2 +SystError2 (A4) 995 

Where the precision and the systematic error are calculated as: 

 

 

 

 1000 

Where LOD is the limit of detection set as 3 times the standard deviation of the blank and CVtarget is the coefficient of 

variation of the target gas. The precision on the standard and the standard dilution precision are 5 %. 
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 1005 

Appendix C: BC corrections 

C1 Measurement principle and compensation 

The BC measurement principle is based on an optical absorption quantification. The light attenuation due to the particles is 

calculated as follows: 

 1010 

 

 

Where I0 is the reference light intensity and I the light intensity of the stream that crossed the collecting tape loaded with 

aerosols. 

Corrections due to experimental artefacts (air flow fluctuation, multiple scattering parameter, shadowing effect) were 1015 

applied to ATN in order to obtain the "true" absorption coefficients babs. 

C2 Validation 

A validation process, based on the one used by LCSQA (central laboratory for air quality monitoring8) was 

applied to the data, as it was done in Petit et al. (2017). Three steps were considered. First, all the negative values were 

invalidated. Then, the spectral dependency was checked looking at the linear relation between ln(babs) and the seven 1020 

wavelengths. Each measurement was validated if the slope (the Angstrom exponent, −α) was between - 0.75 and - 3; and 

the coefficient of determination (r2) above or equal to 0.9. 

At the end, 88 % of the data were validated for the 1 min time step. 

C3 Source apportionment model 

The model proposed by Sandradewi et al. (2008), allowing apportioning for the wood burning and traffic parts, 1025 

is based on the three following equations: 

 

 

                                                           
8 www.lcsqa.org 
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 1030 

 

Where λUV and λIR are ultraviolet and infrared wavelengths (respectively 470 and 950 nm), and αtraffic and αwb are the 

Angstrom exponent for the fossil fuel and wood burning fractions. 

A combination of these three equations leads to the following formula: 

 1035 

 

 

The most important step was to determine the Angstrom exponents αtraffic and αwb, initially set to 1 and 2 into the instrument 

software. The Angstrom exponent distribution displayed in Figure B1, shows that the percentile 98 % are 1.07 and 1.96. 

These values were retained as respectively αtraffic and αwb. These values are slightly higher the one found in Zhang et al. 1040 

(2018), which may be related to the fact that this dataset is much shorter in time and focusing on a single season only. 
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Figure C1 Angstrom exponent repartition and percentile 98. 

 1045 

The same methodology (validation, source apportionment, choice for alpha, etc.) was applied for the Airparif and LISA 

stations. 
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Appendix D: PMF settings 1050 

D1 VOC settings: bad, weak or strong 

The Environmental Protection Agency (EPA) PMF V5.0 model allows classifying the variables as "strong", "weak" or "bad" 

depending on the reliability of the measurements. Basically, a strong variable is used with given uncertainties, the 

uncertainties are tripled for a weak variable, and a bad variable is removed from the dataset. 

Quite a lot of compounds were considered in the PMF model, but not all of them were as reliable as one another. For 1055 

instance, the calibrated masses were more certain than the non-calibrated masses. And among the calibrated masses, the 

measurement is more robust for some of them. The VOCs classified as "strong" were methanol, acetaldehyde, acetone, 

benzene and toluene. 

This choice was made because these masses had the lowest uncertainties among the calibrated masses (except for acrolein, 

which suffered from outliers during the campaigns and was then tagged as "weak"). All the other VOCs were classified as 1060 

"weak". 

The residuals analysis showed that all the VOCs classified as strong had well distributed residuals (Figure C1). 

 

 

Figure D1 Scaled residuals repartition for the VOCs classified "strong". 1065 

 

D2 Determination of the number of factors 
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Determining the most relevant number of factors is a key point in the use of the PMF model. Different approaches are 

possible to reach to most appropriate factor number. In this study, it was chosen to primary consider the physical 

meaningfulness of the results as it was done in some studies (Lanz et al., 2008). Several computations were conducted in 1070 

order to make the best choice concerning the number of factors. 

The 3-factor solution obtained with a 20-run simulation was retained. The 4-factor solution led to a benzene rich factor 

without atmospheric meaning. Adding a fifth factor has the effect of splitting the wood burning factor in two, which does not 

make sense. Solutions including more factors led to non-physically interpretable solutions. 

1075 
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Appendix E: Overview of results at SIRTA 

 

 
Species m/z 25th Median Mean sd 75th Bckgr. 

Carbonyl Formaldehyde 31 0.281 0.132 0.373 0.368 0.531 0.163 

 Acetaldehyde 45 0.626 0.374 0.822 0.635 1.111 0.332 

 Propenal 57 1.276 0.975 1.453 0.777 1.723 1.094 

 Acetone 59 1.256 0.898 1.481 0.901 1.836 0.865 

 Butenal 71 0.116 0.034 0.155 0.151 0.209 0.093 

 MEK 73 0.480 0.196 0.538 0.365 0.719 0.262 

 Hexenal + monoterp. 81 0.159 0.085 0.191 0.175 0.252 0.140 

 Methylbutenone 85 0.192 0.102 0.247 0.211 0.335 0.146 

 Butandione 87 0.307 0.175 0.358 0.262 0.483 0.250 

Alcohol Methanol 33 1.317 0.842 1.573 1.084 2.058 0.728 

Nitrile Acetonitrile 42 0.107 0.076 0.119 0.081 0.144 0.099 

Acid Acetic acid 61 0.786 0.439 1.062 0.965 1.377 0.362 

Furans Furan 69 0.285 0.083 0.375 0.339 0.505 0.198 

 Methylfuran 83 0.220 0.122 0.277 0.243 0.365 0.188 

 Furfural 97 0.395 0.119 0.522 0.502 0.685 0.196 

 Furandione 99 0.231 0.097 0.283 0.222 0.402 0.184 

Aromatic Benzene 79 0.633 0.379 0.751 0.491 1.033 0.363 
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 Toluene 93 0.597 0.299 0.808 0.747 1.103 0.352 

 C8-arom. 107 0.575 0.576 0.861 0.649 0.575 0.594 

 C9-arom. 121 0.765 0.334 0.916 0.720 1.268 0.552 

O-arom. Phenol 95 0.134 0.054 0.170 0.144 0.234 0.126 

 Benzenediol 111 0.137 0.137 0.322 0.257 0.440 0.221 

Others Propene+ 43 0.843 0.546 1.027 0.715 1.312 0.454 

 Chlorobenzene 113 0.240 0.066 0.287 0.235 0.405 0.215 

 Methylacetate 75 0.239 0.133 0.309 0.264 0.408 0.147 

Total VOC   5.666 9.57 10.917 8.992 15.481 7.388 

 
BCwb 

- 59 115 177 181 237 67 

 BCtraffic - 100 230 392 430 541 124 

 BCtot - 168 364 562 544 812 182 

Table E1: Main descriptive statistics for BC (ng.m-3) and VOC (µg.m-3) measurements during the campaign. m/z is the protonated 

mass, 25th is the 25th percentile, sd is the standard deviation and 75th is the 75th percentile, Bckgr. is for the background period 1080 

from 15 to 25 January 2018, the mean values are considered. 
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Appendix F: Comparison between results from this study and from other European 1085 

works 

 

 

 

Figure F1 Comparison of mean concentrations of a selection of VOCs between the present study (SIRTA-2018) and literature. 1090 

“backgr.” stands for “background” and “Bar.” for “Barcelona”. SIRTA-2010: Ait-Helal et al., 2014, Parisbackgr.: Baudic et al., 

2016, Bar.center and Bar.region: Seco et al., 2013, Londontraffic and Londonbackgr.: Valach et al., 2014. The whole period is considered 

for the present study. For the other studies, the considered periods are: Ait-Helal et al. (2014) 15 January - 15 February 2010, 

Baudic et al. (2016) January - March 2010, Seco et al. (2013) 26 February 2009 - 26 March 2009, Valach et al. (2014) 16 January – 

7 February 2012. 1095 

 

VOC (mean ppb) This study Ait-Helal et al. (2014) Baudic et al. (2016) 

 SIRTA SIRTA Paris city centre 

 Winter 2018 Winter 20101 Winter 20102 

 

33-Methanol 1.102 - 3.748 

42-Acetonitrile 0.065 - 0.701 

45-Acetaldehyde 0.420 1.199 1.917 
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59-Acetone 0.572 1.705 1.391 

61-Acetic acid 0.358 - - 

71-Butenal 0.044 0.914a 0.202 

79-Benzene 0.215 0.316 0.428 

93-Toluene 0.190 0.321 0.792 

107-C8-arom. 0.139 0.263b 0.685 

    

VOC (mean ppb) This study Seco et al. (2013)c Seco et al. (2013)c Valach et al. (2014) 

 SIRTA Barcelona centre Montseny (rural) London traffic 

 Winter Winter 20093 Winter 20093 

 

Winter 20124 

33-Methanol 1.102 - 1.279 - 2.704 4.67 

42-Acetonitrile 0.065 0.209 - 0.460 0.075 - 0.101 0.20 

45-Acetaldehyde 0.420 0.804 - 1.688 0.227 - 0.657 1.61 

59-Acetone 0.572 1.131 - 1.645 0.787 - 1.547 1.25 

61-Acetic acid 0.358 0.728 - 1.389 0.393 - 1.428 - 

71-Butenal 0.044 0.068 - 0.115 0.011 - 0.047 - - 

79-Benzene 0.215 0.225 - 0.588 0.105 - 0.190 0.63 0.31 

93-Toluene 0.190 0.805 - 2.711 0.057 - 0.408 1.18 0.60 

107-C8-arom. 0.139 0.861 - 3.386 0.031 - 0.249 1.45 0.63 

 

Table F1: Comparison of mean concentrations of a selection of VOCs between the present study and literature. The whole period 

is considered for the present study. For the other studies, the considered period is specified. More precisely the dates are: 115 

January - 15 February 2010, 2January - March 2010, 326 February 2009 - 26 March 2009, 416 January – 7 February 2012. a: sum 1100 

of MVK and butenal. b: sum of ethylbenzene, m-p-xylene and o-xylene. c: hourly averages minimum - hourly averages maximum. 

 

Ait-Helal et al. (2014) conducted a study at SIRTA, in 2010 while the investigations by Baudic et al. (2016) took place in 

Paris city centre in 2010. Two other studies used for comparison (Seco et al., 2013; Valach et al., 2014) were conducted in 

European cities similar to Paris (Barcelona, Spain, and London, UK, respectively), both including a comparison between two 1105 

contrasting locations. Seco et al. (2013) analysed measurements taken at a central urban location in Barcelona and a rural site 

(Montseny) in winter 2009, while Valach et al. (2014) compared a traffic and a background site in London during winter 

2012. For comparison purpose, the winter period matching the period of our study was considered. 
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Measurements from our study were below the levels at the London background site for all VOCs. SIRTA showed levels very 

close to the observations at Montseny (rural area). Only the mean benzene concentration was slightly higher (0.215 ppb 1110 

versus 0.105 - 0.190 ppb) at SIRTA. 
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Appendix G: BC and VOCs time series for the entire campaign at SIRTA. 

 1115 

 

Figure G1 BCwb, BCtraffic and VOCs (selection of masses) time series for the whole campaign (30 November 2017 – 12 March 2018). 
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Appendix H: Air mass back-trajectories 1120 

 

 

Figure H1 Air mass back-trajectories. Panel A: the whole campaign (30 Nov. 2017 - 12 March 2018), panel B: the background 

period (15 Jan. - 25 Jan. 2018), and panel C: the polluted episode (5 Feb. - 9 Feb. 2018). 

 1125 

A typical background (low polluted) period occurred from 15 to 25 January. During this interval, more than 99 % of the 

time, the sum of all VOCs was below the average sum for the whole campaign (7.39 µg.m-3 vs 10.91 µg.m-3). For BC, more 

than 98 % of the time, BCtot was below the mean value (182 ng.m-3 vs 562 ng.m-3). On the contrary, the period spanning 

from 5 to 9 February was characterized by high pollution levels. More than 92 % of the time, the sum of the measured VOCs 

was above the overall mean and 87 % of the time BCtot exceeded the campaign average. 1130 

These contrasting periods are mainly driven by their respective air masses origins (Figure H1). Over the whole campaign 

period, air masses advected to the Paris region from any wind direction have been observed, with a prevalence for westerly 

flow (panel A). For the background period, the majority of the air masses came from the Atlantic region (panel B), whereas 

the polluted episode was characterized by continental air masses (panel C). This observation is consistent with previous 

studies (e.g., Gros et al., 2011; Petit et al., 2014) which already highlighted the importance of air mass origin for pollutant 1135 

levels. 

Other meteorological parameters also played a key role in the ambient pollutant levels. The average wind speed for the 

whole campaign was 3.3 m.s-1, 5.2 m.s-1 during the background period, and 1.7 m.s-1 during the polluted episode. The mixed 

layer height (MLH) was another important contributor to the pollution episode as the average maximum daytime MLH was 

lower (680 m) compared to the overall campaign (950 m). During the background period, mean maximum daytime MLH 1140 

(900 m) was similar to the general winter conditions; however, during these January days, frequent rainfall likely causes 

uncertainty in the MLH results. The precipitation parameter further indicates that wet deposition likely played an important 

role. The temperature was significantly higher during the background period (mean 8 °C) than during the polluted phase 

(mean 1 °C). 
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These contrasts in air mass origin and meteorological parameters highlight that weather conditions are important drivers for 1145 

ambient concentrations, in addition to the emissions’ variability impact on concentration dynamics. Strong winds and 

vertical dilution within the mixed layer enhance pollutant dispersion. Furthermore, low temperatures are favourable 

conditions for pollutant accumulation while enhancing wood burning activities. 

 

1150 
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Appendix I: Cumulated traffic jams length and BCtraffic (two-weeks sample). 

 

 1155 

Figure I1 Cumulated traffic jams length and BCtraffic (two-week sample). 
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Appendix J: Diurnal cycles 1160 

 

 

Figure J1 Diurnal cycles of the VOCs characterized by a wood burning pattern (plotted individually). 
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 1165 

 

Figure J2 Diurnal cycles of the VOCs characterized by a traffic pattern (plotted individually). 

 

 

Figure J3 Diurnal cycles of the VOCs not classified with the diurnal cycle study (plotted individually). 1170 
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Appendix K: BC and NOx distribution for all the stations 

 

 

Figure K1 BC and NOx measurements distribution for all the stations (A1, BPest, Gen, Hauss and P13 stand respectively for 1175 

Highway A1, Ring road east, Gennevilliers, Boulevard Haussmann and Paris XIIIe). The box represents the upper and lower 

quartiles and the whiskers reach extreme values. The whole dataset was considered for SIRTA, the related period (Nov. 2017 – 

March 2018) was extracted from the long-term Airparif measurements and data from LISA is available for the shorter period 

(February – March 2018 as detailed in Section 2.2). 

 1180 
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Appendix L: Correlation matrix for BC measurements 

 

 

Figure L1 Correlation matrix for BC measurements from the SIRTA, Airparif and LISA stations. Box A is for BCtraffic and box B 1185 

for BCwb. Presented values are the Pearson correlation coefficient multiplied by 100. 
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Appendix M Correlation matrix – VOC 

 

 1190 

Figure M1 Correlation matrix for the VOC measurements from the SIRTA, Airparif and LISA stations. 
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Appendix N: Association between temperature and wind speed 

 1195 

Figure N1 Polar plot of the concentrations as a function of wind (speed and direction) at SIRTA. 

 

 

Figure N2 Polar plot of the concentrations as a function of wind (speed and direction) at LISA. 
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 1200 

 

Figure N3 Polar plot of the concentrations as a function of wind (speed and direction) at Airparif. 

 

Figure N4 Polar plot of the association between temperature and wind (speed and direction) at the SIRTA, LISA and Airparif 

stations 1205 
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