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Abstract. Source apportionment analyses of carbonaceous aerosol were conducted at two neighboring urban sites 19 
in Strasbourg, France, during the winter of 2019/2020 using ACSMs (Aerosol Chemical Speciation Monitors; for 20 
non-refractory submicron aerosols), aethalometers (AE33; for equivalent Black Carbon - eBC) and filter-based 21 
offline chemical speciation. Positive Matrix Factorization (PMF) was applied to organic aerosols (OA) following 22 
two strategies: i) analyzing each site individually, ii) combining both sites into a single dataset. Both methods 23 
resolved five OA factors: hydrocarbon-like (HOA), biomass burning (BBOA), cooking-like (COA-like),  24 
oxygenated (OOA), and an amine-related OA (58-OA) factor. The latter factor, accounting for ~4% of the total 25 
OA mass at each site, showed clear diel profiles and a distinct origin marked by specific wind directions, 26 
suggesting a unique local source, potentially linked to industrial emissions. The present study also highlights the 27 
challenge of attributing a cooking-only origin to the COA-like factor, which exhibited a diel cycle similar to 28 
biomass burning OA at the background site. The combined PMF analysis improved the apportionment of cooking 29 
emissions at nighttime, especially for the traffic site, compared to individual PMF analyses, but it did not enhance 30 
the other OA factors due to instrumental specificities (i.e., different fragmentation patterns) leading to differences 31 
in OA mass spectra between the two instruments. Overall, this study argues for careful inspection of instrumental 32 
peculiarities in ACSM and AE33 data treatment and provides hints to benefit from their use at various locations 33 
at the city scale. It also allows comparison between different types of PMF analyses, showing that combined PMF 34 
may not be appropriate for improving the consistency of OA factors in some cases such as the one presented here. 35 
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1 Introduction 37 

Air pollution influences climate change and induces adverse effects on human health, increasing disease and 38 
mortality rates (EEA, 2022). In particular, particulate matter such as those with an aerodynamic diameter smaller 39 
than 1 µm (PM1) are inhaled and reach the deeper respiratory system,  leading to a range of health problems 40 
including respiratory and cardiovascular disorders, disruptions in reproductive and central nervous functionalities, 41 
as well as the development of cancer (WHO, 2022; Duarte et al., 2023). Identifying their chemical composition 42 
and main emission sources has become a priority for air quality (AQ) agencies to build up and assess efficient 43 
abatement strategies. Improving knowledge of their geographical origins is also a major challenge to better adapt 44 
local policies in a larger regional scale context. 45 

In France, regional air quality monitoring networks (AQMN) and the national reference laboratory (termed 46 
‘LCSQA’) are operating the CARA program for in situ observation of the PM chemical composition in urban 47 
environments and subsequent source apportionment studies (Favez et al., 2021). Chebaicheb et al. (2024) recently 48 
analyzed and discussed long-term (> 1 year) measurements of fine particles using online instruments at 13 CARA 49 
sites, providing PM1 chemical composition, with annual mean loadings ranging from 7 to 16 µg m-3 in French 50 
urban background environments. This concentration range is relatively low compared to other cities outside 51 
Europe but still exceeds the World Health Organization (WHO) recommended annual concentration limit of 5 µg 52 
m-3 for PM2.5. Organic aerosols (OA) represent a major fraction of the total PM1 mass (40-60 %), a trend 53 
commonly observed worldwide (Bressi et al., 2021; Chen et al., 2022; Li et al., 2022; Via et al., 2021; Zhou et al., 54 
2020).  55 

Identifying the sources of the complex mix comprising the OA fraction is therefore crucial to develop effective 56 
mitigation strategies and improve AQ. Source apportionment (SA) approaches, including receptor models, have 57 
been widely used in urban AQ research during the last decades. In particular, Positive Matrix Factorization (PMF), 58 
as introduced by Paatero and Tapper (1994), stands out as one of the most extensively utilized tools (Hopke et al., 59 
2020). PMF can be applied to various types of datasets, typically obtained from offline chemical analyses of filter 60 
samples or from online characterization of the aerosol chemistry and/or physical properties. Knowledge of OA 61 
chemistry and sources has greatly benefited from the development of aerosol mass spectrometry and subsequent 62 
application of PMF-type analysis to organic mass spectra since the mid-2000s (Crippa et al., 2014). This 63 
commonly allows to feature different families of organic compounds originating from primary emissions - 64 
typically, biomass burning OA (BBOA), hydrocarbon-like OA (HOA), cooking-like OA (COA) - or from various 65 
oxidation processes, e.g., leading to less- or more-oxidized oxygenated OA (LO-OOA and MO-OOA, 66 
respectively). Chen et al. (2022) recently proposed and applied a common protocol for advanced PMF analysis 67 
on unit-mass resolution (UMR) organic mass spectra obtained from long-term measurements at 22 European sites. 68 
This protocol is based on the use of the multi-linear engine (ME-2), allowing to introduce a priori knowledge (or 69 
assumption) on the mass spectral fingerprint of some OA factors to facilitate the comparison of SA outputs 70 
obtained at different locations. Such a standard methodology might also be of particular interest when conducting 71 
a SA study at the city scale to estimate increments due to local emissions on top of regional and/or urban 72 
background air pollution. Furthermore, previous studies also proposed to combine neighboring sites on a unique 73 
PMF analysis, in order to reinforce the consistency of the comparison of SA results obtained for each site. Such a 74 
multisite PMF analysis is considered to potentially improve the outputs’ robustness, enhancing the variability in 75 
the resulting input dataset when using larger dataset than individual PMF (e.g., Pandolfi et al., 2020). To our 76 
knowledge, such a combined approach has been only applied to filter-based offline measurements, and not to 77 
aerosol mass spectrometry datasets.    78 

In a previous paper, Chatain et al., (2021) compared the particle size distribution and aerosol concentrations 79 
between an urban background site and a roadside site during winter 2019/2020 in Strasbourg, France, showing 80 
higher particle number concentrations and particles smaller than 100 nm at the latter site compared to the former 81 
throughout the observation period. This measurement campaign also included simultaneous monitoring of black 82 
carbon (BC) and non-refractory submicron chemical species (NR-PM1) at both sites, allowing for the investigation 83 
of major factors contributing to fine aerosols. In this context, this manuscript focuses on a SA study to analyze 84 
the main origins of carbonaceous species at two nearby sites located 2.5 km apart in Strasbourg. In order to 85 
compare the PMF results obtained for OA between these neighboring sites, a two-fold approach was undertaken. 86 
Initially, a standard PMF analysis was conducted independently for each site but in a harmonized way (i.e. using 87 
the same constraints and criteria). Subsequently, considering the geographical proximity of the sites, a combined 88 
PMF analysis was also carried out. Thus, the present study notably assesses the reliability and consistency of the 89 
results obtained from the individual PMF outputs compared with the combined ones. This comparative assessment 90 
also aims at discerning the main sources of pollution at these closely related sites. 91 
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2 Methodology 92 

2.1 Sampling sites 93 

The city of Strasbourg is located at the edge of North-Eastern France, connecting with Germany, along the river 94 
Rhine. It is part of the most populous urban area in France and the largest on a regional scale. It is highly urbanized 95 
and crossed by several major roads, including the north-south axis (A35-A4 motorway) and the east-west axis 96 
(Rhine Avenue). Residential and commercial areas are adjacent to major industrial areas to the east and south, 97 
and the entire urban area is surrounded by agricultural land.  98 

Despite significant improvements in AQ in recent decades, Strasbourg still experiences more than ten days per 99 
year with PM10 levels exceeding the daily limit value of 50 µg m-3 set by the European Directive 2008/50/CE. In 100 
addition, in 2022, 100 % of the population lived in an area exceeding the WHO guideline for the annual PM2.5 101 
average (ATMO Grand Est, 2023). Moreover, the city can be significantly influenced by air masses from central 102 
Europe under anticyclonic conditions, as already observed for other urban areas in northern France, such as 103 
Greater Paris (MEGAPOLI, e.g., Beekmann et al. 2015; Freutel et al., 2013) and Lille (Chebaicheb et al., 2023). 104 

A detailed description of the two sites (background and roadside) investigated here can be found in Chatain et al. 105 
(2021). Briefly, both sites correspond to fixed stations operated by the ATMO Grand Est AASQA 106 
(http://www.atmo-grandest.eu). The first one (called Danube) corresponds to an urban background station located 107 
southwest of the city center of Strasbourg (Figure 1). This station was installed at the center of a recently built 108 
eco-district between a small canal (Bassin Dusuzeau) and the Rhine Avenue. The second site (called Clemenceau) 109 
corresponds to an urban roadside station located at the corner of an intersection between two major roads in the 110 
north of the city center of Strasbourg. 111 

 112 

Figure 1: Location of the two sites: Strasbourg Danube, and Strasbourg Clemenceau. 113 

2.2 Measurements 114 

All the measurements at both sites were carried out by ATMO Grand Est. These measurements include regulatory 115 
monitoring of PM using a fine dust aerosol spectrometer (FIDAS 200, Palas Gmbh) measuring the optical light 116 
scattering of singles particles, and demonstrated to be equivalent to the gravimetric reference method for PM10 117 
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and PM2.5 (NF EN 12341); as well as NOx using the chemiluminescence method (APNA-370, Horiba) as 118 
recommended by the NF EN 14211 reference method.  119 

During winter 2019/2020, the chemical composition of NR-PM1 was investigated using two quadrupole ACSMs 120 
(Q-ACSM, Aerosol Chemical Speciation Monitor, Ng et al., (2011)) concomitantly at the Danube and Clemenceau 121 
stations. In this instrument, atmospheric particles are sampled at a flow rate of 3 L min-1 (sampling line OD = 9.5 122 
mm; ID = 6.5 mm; 2.2 m long stainless tube) with a cut-off at 2.5 µm using a sampling head, then subsampled at 123 
a flow rate of around 85 cc min-1 determined by a 100 µm critical aperture mounted at the instrument inlet equipped 124 
with PM1 aerodynamic lens. The submicron particles are then focused by an aerodynamic lens system toward a 125 
tungsten vaporizer heated at 600°C under vacuum. The non-refractory constituents of particles are vaporized and 126 
then electronically ionized (70 eV). The resulting fragments are separated by a quadrupole depending on their 127 
mass-to-charge ratio (m/z) operating in a scanning mode from m/z = 10 to 150. The signal intensity (in Amps) 128 
proportional to the total amount of ions hitting the detector (SEM: Secondary Electron Multiplier) for each m/z is 129 
then used to obtain the raw mass spectra. The final concentrations of OA, nitrate (NO3), sulfate (SO4), ammonium 130 
(NH4), and chloride (Cl) are obtained using a fragmentation table (Allan et al., 2004). Roughly, inorganic 131 
compounds are first quantified based on their fragmentation patterns, and the remaining signal at each m/z is 132 
attributed to organic fragments, forming the measured organic fraction. The resulting OA mass spectra can then 133 
be used as an input matrix, along with its corresponding uncertainties matrix, for PMF analysis. A critical point 134 
for the calculation of the species mass concentrations is the determination of their ionization efficiencies. This is 135 
basically done by taking nitrate as the reference (since it has a rather simple fragmentation pattern and few 136 
interferences at its specific m/z fragments) and then measuring or assuming specific relative ionization efficiency 137 
(RIE) values relative to the NO3 response factor (RF) for other species. In the present study, RF, RIENH4, and 138 
RIESO4 were determined by on-site calibrations during the measurement campaign, and the commonly-used 139 
default RIE values of 1.4 and 1.3 were used for OA and Cl, respectively, for both ACSM datasets. The ACSM 140 
species were corrected using composition-dependent collection efficiency (CDCE) correction, by applying the 141 
Middlebrook algorithm (Middlebrook et al., 2011), with a minimum CE of 0.5. 142 

It is also worth noting that the two ACSMs deployed here were previously compared (August-October 2019) at a 143 
suburban background station of a nearby city (Metz-Borny, France), showing very satisfactory agreement for NO3 144 
measurements (~100%) but substantial differences - of about 30% at the highest concentration ranges - in OA 145 
(and SO4) measurements (Fig. S1). These differences did not appear to be influenced by discrepancies in relative 146 
ion transmission (RIT) as the corresponding correction curves, based on the naphthalene internal standard 147 
fingerprint, behaved as generally expected for ACSM devices (Fig. S2), and the highest differences were already 148 
observed at the lowest m/z (Fig. S3). They are also unlikely to be related to differences in RIE since both 149 
instruments were sampling the same ambient air and IE values led to a satisfactory agreement for nitrate 150 
measurements (slope: 1.05; r² = 0.96, Fig. S1), except if the variations of organic RIE with the aerosol oxidation 151 
state (Katz et al., 2021; Nault et al., 2023; Xu et al., 2018) might also be instrument-specific. As a matter of fact, 152 
the few m/z ratios showing the highest concentrations for the under-estimating instrument – which was further 153 
installed at the Clemenceau station during the wintertime Strasbourg campaign – included m/z commonly 154 
attributed to biomass burning OA (in particular m/z 60 and 73, see Fig. S3). It should also be noted that no Pieber-155 
like artifact (Pieber et al., 2016) was observed during ammonium nitrate or ammonium sulfate calibrations. 156 
Moreover, the voltage applied to the vaporizers in both instruments was kept at the values determined for each of 157 
them by the manufacturer, theoretically ensuring a similar vaporizer temperature of about 600°C in the two 158 
ACSM. In this context, besides any possible differences in lens transmission efficiencies, no other instrumental 159 
bias could be suspected to explain the discrepancies observed in OA measurements during this pre-campaign 160 
intercomparison exercise. 161 

For the winter campaign, both Strasbourg sites were also equipped with a multi-wavelength Aethalometer (AE33, 162 
Magee Scientific), using a sampling head with a cut-off diameter of 2.5 µm at a flow rate of 5 L/min (sampling 163 
line OD = 12.7 mm; ID = 10.8 mm; 1.8 m long stainless tube and 2.5 m static dissipative tubing). A full description 164 
of the AE33 operating principles is given by Drinovec et al. (2015). Briefly, it is based on the measurement of 165 
optical attenuation in order to determine aerosol absorption coefficients (babs) at selected wavelengths. Aerosols 166 
are continuously sampled onto a filter tape, causing a decrease of light transmission through the sampled filter 167 
spot(s) which is compared to the light transmission through an unsampled area of the filter tape. In the AE33 168 
model, optical measurements are conducted at seven optical wavelengths ranging from near-ultraviolet (UV) to 169 
near-infrared (IR) (370, 470, 525, 590, 660, 880, and 950 nm), and sampling artifacts known as filter-loading 170 
effect are corrected thanks to the dual-spot technology (Drinovec et al., 2015). By convention for multi-171 
wavelength aethalometer, equivalent Black Carbon (eBC) is derived from measurements at 880 nm, assuming a 172 
mass absorption cross-section (MAC) value, such as: 173 
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eBC = babs,880nm / MAC880nm      Eq. (1) 174 

In line with the current ACTRIS guidelines, babs,880nm was obtained applying a filter type-dependent harmonization 175 
factor (1.76 for the MF8060 filter tape used here) to account for multiple scattering effects, and a MAC value of 176 
7.5 m² g-1 at 880 nm was considered to estimate eBC concentrations (https://actris-ecac.eu/particle-light-177 
absorption.html). 178 

All these measurements underwent regular quality checks, including calibration and preventive maintenance, 179 
following the manufacturer's recommendations, ACTRIS standard operating procedures, and guidelines provided 180 
by ACMCC (Aerosol Chemical Monitor Calibration Center) in the ACTRIS framework (Laj et al., 2024) and by 181 
the LCSQA at the national level. Quality control was routinely achieved following daily and weekly technical 182 
validation procedures, supplemented by a monthly environmental validation investigation. Finally, data handling 183 
procedures defined in Chebaicheb et al. (2024) data were applied to ACSM and AE33 datasets.  184 

In addition, quartz fiber filters (TissuQuartz, Whatman, 47 mm diameter) pre-heated at 500°C during 4 hours and 185 
Leckel samplers (model SEQ 47/50) running at 2.3 m3/h were used to collect daily PM1 samples simultaneously 186 
at both sites from 4 to 29 February 2020 for offline analyses of organic carbon (OC) and elemental carbon (EC) 187 
using a Sunset Lab instrument and following the EUSAAR-2 thermo-optical protocol (Cavalli et al., 2010). Daily 188 
mean values obtained for eBC and OA (from AE33 and ACSM, respectively) were then compared to EC and OC 189 
offline measurements, respectively. Results showed very good correlation coefficient values for both comparisons 190 
(r² > 0.9, Fig. S5) with OA-to-OC ratios (about 1.4) in the lower range of what is commonly observed in urban 191 
environments (e.g., Aitken et al., 2008). This may be linked to the predominance of primary organic aerosols 192 
(from various combustion processes), which are less oxidized than secondary OA (SOA). This could also be partly 193 
related to possible OC overestimations due to positive sampling artifacts - e.g., adsorption of semi-volatile organic 194 
compounds onto the filter (e.g., Kim et al., 2001) - and/or OA underestimation from ACSM measurements, for 195 
instance due to poor lens transmission efficiency at the entrance of the ACSM for the finest and/or largest particles 196 
within the submicron aerosol fraction (e.g., Liu et al., 2007). Nevertheless, the consistency obtained for OA-to-197 
OC ratio values with both ACSMs comforts the comparability of ACSM results. 198 

The three measurement instruments, AE33, ACSM, and FIDAS are located in the same station and therefore in 199 
exactly the same place. Their sampling lines are separate but only a few meters apart, in accordance with national 200 
guidelines, and are set at the same sampling height. The ACSM and AE33 instruments were equipped with a dryer 201 
to maintain a relative humidity below 40 %. 202 

2.3 eBC source apportionment 203 

Following Sandradewi et al. (2008), multi-wavelength absorption measurements can be used to deconvolve eBC 204 
into two main fractions, classically identified as fossil fuel (eBCff) and wood burning (eBCwb) components. To do 205 
so, it is assumed that the light absorption due to Brown Carbon (BrC) at near UV wavelengths in winter is 206 
primarily linked to wood-burning emissions, which has been recently documented by Zhang et al. (2020) at the 207 
national scale. More generally, the model allows distinguishing between highly efficient combustion processes 208 
(like traffic exhaust emissions) and poor combustion conditions.  209 

This so-called Aethalometer model is based on the additivity of absorption coefficients from both of these source 210 
categories and on their own light absorption spectral fingerprints, such as:   211 

babs,λ = babs,ff,λ + babs,wb,λ       Eq. (2) 212 

babs,wb,470nm / babs, wb,950nm = (470/950)-α
wb     Eq. (3) 213 

babs,ff,470nm / babs,ff,950nm = (470/950)-α
ff     Eq. (4) 214 

where αff and αwb stand for the Absorption Ångström Exponent (AAE) of the fossil fuel and wood burning 215 
fractions, respectively. These parameters have initially been set to default values of 1 and 2, respectively 216 
(Sandradewi et al., 2008; Drinovec et al., 2015). However, further studies illustrated that the choice of these 217 
parameters is highly critical for the consistency of the Aethalometer model outputs so that site-specific values 218 
should preferably be determined (e.g., Favez et al., 2010; Zotter et al., 2017; Savadkoohi et al., 2023). Following 219 
Tobler et al. (2021), αff has been defined here as the first percentile of AAE values measured for ambient air 220 
particles during the campaign, applying a stringent data point selection based on the determination coefficient (r² 221 

https://actris-ecac.eu/particle-light-absorption.html
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> 0.99) obtained from the fit of the babs spectral dependence (babs,λ vs. λ). Once αff was set for both sites (at 1.00 222 
and 1.06 for Danube and Clemenceau, respectively), the optimal αwb values could be investigated based on the 223 
results of a sensitivity study aiming at optimizing correlation coefficients between eBCwb and m/z 60 signal 224 
(commonly used as a biomass burning tracer) from ACSM measurements while keeping the correlation between 225 
eBCff and m/z 60 as low as possible. On the other hand, the correlation between eBCff and NO concentration 226 
(considered as a proxy for road traffic exhaust emission) allows to determine the minimum αwb. To be coherent, 227 
the correlation between NO and eBCff must be greater or at least equal to the correlation between NO and eBCwb. 228 
Such a methodology is in line with recommendations also provided by Savadkoohi et al. (2025). This led to the 229 
determination of αwb values of 1.6 and 1.7 for the Clemenceau and Danube sites, respectively, during the studied 230 
period (Fig. S7). 231 

2.4 OA source apportionment 232 

The data derived from the Q-ACSM at both sites were analyzed using the Aerodyne software ‘acsm local’ version 233 
6.37. Both OA concentrations matrices and their error matrices were exported to apply the PMF method using the 234 
Source Finder Pro software (SoFi Pro v8, Datalystica Ltd., Switzerland) with the ME-2 solver within the Igor Pro 235 
software environment (Wave Metrics, Inc., USA). Briefly, the PMF model allows for the separation of the 236 
measured organic concentrations matrix (𝑥𝑖𝑗) at a receptor site into organic mass spectra attributed to “sources” 237 
(profiles 𝑓𝑘𝑗) and their contributions over time (time series 𝑔𝑖𝑘), along with the residuals (𝑒𝑖𝑗), as described in 238 
equation (5): 239 

𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘 ×  𝑓𝑘𝑗 + 𝑒𝑖𝑗
𝑝
𝑘=1        Eq. (5) 240 

The objective is to find the number of factors “p” while minimizing a quantity Q defined as the sum of the squares 241 
of the residuals (𝑒𝑖𝑗) on the measurement uncertainties (𝜎𝑖𝑗): 242 

𝑄 =  ∑ ∑ (𝑒𝑖𝑗/𝜎𝑖𝑗)2𝑚
𝑗=1

𝑛
𝑖=1         Eq. ( 6) 243 

The SoFi Pro software allows the use of the a-value approach to overcome the rotational ambiguity caused by the 244 
application of PMF. This approach helps constrain known factor profiles or time series at the site, using a scalar 245 
a-value varying from 0 to 1, as defined in these equations: 246 

𝑓𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  𝑓𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (1 ±  𝑎)      Eq. (7) 247 

𝑔𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  𝑔𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (1 ±  𝑎)      Eq. (8) 248 

The PMF solutions are then evaluated using the bootstrap technique which allows estimating the uncertainties of 249 
the study. 250 

A standard PMF analysis was first performed for each site during winter 2019/2020 (December, January, 251 
February; DJF), as detailed in the supplementary information, section S1. Briefly, unconstrained PMF was initially 252 
applied to pre-determine the potential number of factors (2-8 factor tests with ten PMF runs for each number of 253 
factors), allowing to identify five main OA factors at each site, namely one oxygenated (OOA) and four primary 254 
OA factors (hydrocarbon-like OA (HOA), cooking-like factor (COA), biomass burning OA (BBOA), as well as 255 
a specific 58-related OA). Then, a constrained PMF was conducted using the reference profiles from Crippa et 256 
al., (2013) for HOA and COA, which allowed us to obtain BBOA and 58-OA factors for each site without 257 
constraining them. After establishing a reasonable PMF solution for both sites, we applied the bootstrap analysis 258 
to test the stability of the solutions. The average bootstrapped solutions obtained at both sites are presented and 259 
discussed in section 3. 260 

An interesting experimental issue is the effect of possible instrumental biases - e.g., as described by Pieber et al. 261 
(2016) - on the obtained SA results. From the comparison of PMF analyses performed on datasets simultaneously 262 
obtained for 14 different ACSMs, Fröhlich et al. (2015) demonstrated that relatively important discrepancies in 263 
the OA mass spectra do not necessarily lead to significant differences in the PMF results from one instrument to 264 
another. An open question remains on the effect of mixing mass spectra datasets from two (or more) distinct 265 
ACSMs in a single input PMF matrix. Such multisite PMF studies have been recently introduced for the combined 266 
analysis of filter-based chemical speciation datasets, which can be obtained from offline analyses using the same 267 
laboratory equipment (e.g., Mooibroek et al., 2011, 2016; Pandolfi et al., 2020), but have rarely, if not never, been 268 



 

7 

presented yet for online ACSM (or AMS) measurements. Considering the unexplained differences in mass spectral 269 
fingerprints observed from co-located measurements during the preliminary intercomparison campaign in Metz 270 
(see above), it appeared of particular interest to test here such a multisite approach combining OA measurements 271 
at both nearby Strasbourg sites in a single PMF input matrix, also verifying the robustness and accuracy of the 272 
individual PMF solutions. This combined PMF consisted of merging the two concentration and error matrices 273 
from the two sites vertically with the same number of variables (m/z up to 100) and averaging the two-time series 274 
over 30 min. As for standard independent PMF analyses, the HOA and COA factors were constrained using 275 
Crippa’s reference mass spectra. Bootstrap analysis and selection criteria were then applied to obtain the final 276 
solution as presented in SI, section S2.  277 

2.5 Meteorological data and wind analysis  278 

Meteorological parameters have been measured at a background site located a few kilometers northwest of the 279 
study sites. Temperature (T) and relative humidity (RH) were measured by dedicated probes (HMP Vaisala model) 280 
and wind data (speed, WS; and direction, WD) by a wind vane (TAVID Chauvin Arnoux model). As presented 281 
in Figure 2, the investigated period was dominated by south-western and relatively warm (5-10°C) air masses, 282 
except during relatively short colder periods (e.g., around New Year and 22 Jan.) with northern winds. 283 

 284 

Figure 2: Meteorological parameters in Strasbourg during winter 2019/2020. 285 

In order to understand the origin of air pollutants, wind and trajectory analyses were conducted, coupling pollutant 286 
concentrations with meteorological parameters (wind speed and direction) by computing the Non-parametric 287 
Wind Regression (NWR) model using the Zefir tool (Petit et al., 2017a), also allowing to qualitatively differentiate 288 
between local and regional eBC and OA origins according to wind speed. 289 

3 Chemical composition 290 

Online chemical measurements could be validated by comparison with co-located regulatory PM2.5 measurements. 291 
In this chemical mass closure exercise, NR-PM1 is first calculated as the sum of the five chemical species from 292 
ACSM: OA, NO3, SO4, NH4, and Cl. The PM1 concentration is then approximated by adding eBC to NR-PM1 and 293 
further compared with the mass concentration of PM2.5 measured by the FIDAS instrument at both sites. Results 294 
indicate that ACSM and AE33 measurements together account for 62 % and 75 % of PM2.5, with coefficients of 295 
determination (r2) equal to 0.90 and 0.87 for the Danube and Clemenceau sites, respectively (Fig. S8). 296 

Figure 3 displays the mass concentrations of PM1 species and the average contribution of eBC, NR-PM1 species, 297 
and PM2.5 during winter 2019/2020 at the Danube and Clemenceau sites. OA dominates the average PM1 chemical 298 
composition with 48 % and 45 % at the urban background and traffic sites, respectively, as already observed in 299 
previous studies in winter at the national scale in the Paris region (44 %), Lille (37 %) and Dunkirk (34 %) 300 
(Chebaicheb et al., 2024, 2023, Favez et al., 2021; Zhang et al., 2021; Petit et al., 2014). Secondary inorganic 301 
species (NO3, SO4, and NH4) also contribute significantly, accounting for around 40 % of PM1 total mass, mainly 302 
from NO3 (22-24 %). These observations are consistent with the regional formation of ammonium nitrate 303 
(NH4NO3; AN), which is greater than ammonium sulfate ((NH4)2SO4); AS). NH3, considered as mainly emitted 304 
by agricultural activities, is expected to react preferentially with sulfur compounds (mainly sulfuric acid (H2SO4) 305 
formed from sulfur dioxide (SO2)). However, regional SO2 concentrations have been extremely low since the late 306 
2010s (below 1 µg m-3 since 2016 at regional background sites). Therefore, AS is mainly derived from long-range 307 
transport in urban areas, and the remaining NH3 is available to react with NOx present, notably to form AN locally. 308 
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However, the balance of AN formation also depends on meteorological conditions (low temperatures, high relative 309 
humidity, high pressure), leading to higher AN concentrations in winter/early spring when these meteorological 310 
conditions are met simultaneously with higher local NH3 emissions. Previous studies conducted in this part of 311 
Europe, e.g., in Greater Paris (Zhang et al., 2019; Petit et al., 2014) or in the Lille metropolitan area (Chebaicheb 312 
et al., 2023) also highlighted the high contribution of organics and nitrate in PM1 particles, as well as the high 313 
impact of transboundary pollution advection from Eastern Europe in northern France for particulate matter 314 
(Waked et al., 2018; Potier et al., 2019). 315 

Both sites showed a similar high temporal variation, with PM1 ranging from a few µg m-3 to over 40 µg m-3 at the 316 
Danube site and over 60 µg m-3 at the Clemenceau site. The coincidence of the peaks at both sites results from the 317 
strong influence of atmospheric conditions and common local sources. The accumulation of local primary particles 318 
is expected during the coldest periods associated with low wind speed. New Year's event is one of the peaks 319 
associated with elevated levels due to these stable atmospheric conditions, combined with the use of fireworks 320 
and firecrackers. In particular, some hours at the Danube site have been invalidated due to the negative chlorine 321 
levels attributed to these particular sources, which emit chlorinated species that may be poorly and/or slowly 322 
vaporized and not accounted for in the fragmentation table (such as chlorates, perchlorates) (Schmid et al., 2014). 323 

 324 

 325 

Figure 3: PM1 species at the Danube (top) and Clemenceau (bottom) sites during the studied period. 326 
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The average mass concentrations of NR-PM1 species and eBC presented in Table 1 showed only slight differences 327 
between the two sites, with overall higher levels at the Clemenceau site. This could be attributed to the proximity 328 
of primary exhaust and non-exhaust emissions from road traffic as well as more intense condensation and 329 
coagulation processes. It should also be noted that the environment of the Clemenceau station is more urbanized 330 
(city center) compared to the Danube site, which may also partly explain these observations. OA is associated 331 
with the highest concentrations at both sites - with values of 3.98 µg m-3 and 4.3 µg m-3 at the Danube and 332 
Clemenceau sites, respectively - reinforcing the interest in the apportionment of its main sources. The second 333 
main compound at both sites was nitrate, with concentrations about 20% higher at Clemenceau compared to 334 
Danube. The differences in sulfate and eBCff concentrations are about 15 % on average (with the highest 335 
concentrations still observed at Clemenceau). Complementarily, results from offline analyses performed on filters 336 
collected in February 2020 indicate slightly higher concentrations for Clemenceau (Table 1). Surprisingly, 337 
however, filter-based levoglucosan analyses indicate similar concentration levels at both sites while eBCwb 338 
appears to be about 40 % higher at Clemenceau, and the comparison of OA mass spectra averaged over the study 339 
period also indicates significantly higher signals for the highest m/z’s, including common wood-burning tracers 340 
(see Figure S3), at Clemenceau.  341 

Table 1. Average (± standard deviation) mass concentrations of PM1 species (in µg m-3) at both Strasbourg sites during 342 
the studied period. 343 

Species Danube Clem. Danube Clem. Danube Clem. 

ACSM/AE33 (DJF) Filters (4-29 Feb.) ACSM/AE33 (4-29 Feb.) 

OA 3.98 ± 3.6  4.3 ± 4.0   2.5 ± 3.1 3.2 ± 4.0 

SO4 0.6 ± 0.7 0.7 ± 0.8 0.4 ± 0.3 0.4 ± 0.3 0.3 ± 0.5 0.45 ± 0.6 

NO3 1.8 ± 2.1 2.3 ± 2.5 0.7 ± 1.2 0.8 ± 1.4 0.9 ± 1.5 1.3 ± 2.1 

NH4 0.7 ± 0.8 0.9 ± 0.9  0.3 ± 0.5 0.3 ± 0.5 0.4 ± 0.6 0.5 ± 0.8 

eBCff 0.75 ± 0.7 0.8 ± 0.9   0.6 ± 0.7 0.7 ± 1.2 

eBCwb 0.3 ± 0.3 0.5 ± 0.5   0.2 ± 0.3 0.3 ± 0.5 

EC   0.7 ± 0.5 0.9 ± 0.7   

OC   2.0 ± 1.7 2.2 ± 2.0   

Levo.   0.13 ± 0.13 0.13 ± 0.14   

 344 

4 OA source apportionment 345 

Figures 4 and 5 summarize the results of the individual and combined PMF analyses for the two sites, respectively, 346 
showing the relative contributions of each identified OA factor and their corresponding mass spectra. These results 347 
are described in the following paragraphs, according to their nature.348 
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 349 

Figure 4: Contributions of OA factors at both sites from individual and combined PMF. 350 

 351 

Figure 5: Mass spectra of OA factors from individual and combined PMF for both sites.  352 

 Individual PMF Combined PMF 
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4.1 Amine-related OA 353 

A noticeable result of the present study is the identification of a specific amine-related OA factor that was observed 354 
at both sites. This unusual factor is characterized by a high proportion of m/z 58 (mainly C3H8N+), with a 355 
contribution of about 4 % of the total OA mass. It was observed in both unconstrained and constrained PMF 356 
analyses and regardless of the number of factors or specific runs, the unconstrained PMF consistently revealed 357 
this factor among the 4-factor (or more) solutions. It showed a relatively stable profile across different PMF runs 358 
with high contributions from m/z 58 and 42 (C2H4N+). The time series for this factor at both sites show a highly 359 
variable temporal pattern with rather sporadic and intense peaks. The diel profile for this factor is not fully flat, 360 
displaying  a slight peak in the morning and increasing towards the end of the day. However, associating this diel 361 
profile with a specific source proved to be challenging. Numerous tests were carried out in other seasons for 362 
continued measurements performed at the Danube site after the winter campaign presented in this paper. The 58-363 
OA factor also emerged during a single study conducted in the summer, suggesting that it is not exclusively 364 
associated with winter sources. 365 

The average mass spectrum for this factor differs from the few m/z 58-rich factors observed in previous studies 366 
based on AMS or ACSM measurements (Hildebrandt et al., 2011; Chen et al., 2021), where this factor was more 367 
likely associated with an instrument artifact. In particular, we observe high peaks for m/z 58 and 42, rather than 368 
the higher masses (m/z 84 and 98) observed in these previous studies. Furthermore, this factor does not appear 369 
when analyzing the Metz (pre-campaign) data with the same two instruments. This suggests that the factor is more 370 
closely related to local sources in Strasbourg. 371 

The pollution rose analysis at both Strasbourg sites shows a specific and localized direction associated with this 372 
amine-related OA factor (Figure S18). The direction indicated an industrial area that could explain these specific 373 
particle emissions. A factor profile associated with amine-OA and a specific daily profile are consistent with an 374 
industrial source. This factor could therefore be associated with an industrial source of OA. Upon examining the 375 
emission inventory, we found a significant amount of particulate emissions linked to an industry zone, which 376 
aligns with the pollution roses. Although we found almost no info on the processes used in that type of industry, 377 
it seems polyamines are used in the production process of asphalt production as an example (as indicated in the 378 
Chinese patent, https://patents.google.com/patent/CN102604125B/en). 379 

4.2 Other POA factors 380 

Besides this site-specific amine-related factor, the PMF analyses identified the three main POA factors commonly 381 
observed in such a source apportionment analysis at urban sites, namely HOA, BBOA, and a COA-like factor. 382 
For HOA, the mass spectrum fingerprint is characterized by a high contribution of hydrocarbon fragments m/z 383 
41, 43, 55, 57, 69, and 71, and its time series shows well-defined diel variations associated with morning and 384 
evening traffic peaks corresponding to home/work commutes. The BBOA factor is characterized by a high 385 
contribution at m/z 29, 60, and 73 (tracers of biomass combustion) and by a diel variation showing an increase in 386 
the evening that extends into the night, associated with residential heating in winter. Some differences were 387 
observed between the BBOA profiles at the two sites. These differences can be explained by particle aging, 388 
especially with a higher 44/60 ratio at the Danube site than at the Clemenceau site, indicating more oxidized 389 
particles from biomass burning at the Danube site. Compared to HOA and BBOA, COA profiles are usually 390 
characterized by higher peaks at m/z 41 and 55, and by diel cycles showing midday (lunch) and evening (dinner) 391 
peaks associated with cooking activities. Such a clear diel profile could not be obtained for the Danube site, where 392 
it shows variations quite similar to those of BBOA, with a concentration maximum in the late evening. Therefore, 393 
we rather refer to this factor as COA-like.  394 

For individual PMF outputs, HOA, BBOA, and COA-like contributed 16 %, 16 %, and 18 % of the organic matter, 395 
respectively, at the Clemenceau site. A lower HOA contribution (10 %) was observed for Danube, consistent with 396 
an increased influence of traffic at the Clemenceau site. The two primary factors HOA and BBOA showed a strong 397 
correlation with eBCff and eBCwb (r2 (HOA, eBCff) = 0.81 and 0.73; and r2 (BBOA, eBCwb) = 0.92 and 0.90 for 398 
the Clemenceau and Danube sites, respectively, Figure S15, SI). COA-like at the Danube site has a fairly similar 399 
contribution to COA-like at the Clemenceau site (about 17 %) but with a lower mass concentration of 0.6 µg m-3 400 
compared to Clemenceau (0.9 µg m-3) which is closer to the city center. However, BBOA shows a higher 401 
contribution at the Danube site (22 % of the total OA mass) with a concentration of 0.8 µg m-3, close to that of 402 
Clemenceau which could be explained by the differences in the factor profile. A in comparison of m/z 60 at 403 
Danube and Clemenceau (Figure S16 in the SI) shows an m/z 60 signal twice as high at Clemenceau as at Danube. 404 
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The results of the combined PMF analysis may help to gain a deeper understanding of the variation of these POA 405 
factors between the two sites. Interestingly, the contributions obtained from the combined PMF differ from those 406 
obtained using the individual PMF for Danube, whereas only minor differences are obtained for Clemenceau, with 407 
slightly more HOA and BBOA and less COA-like at this site (Figure 5). For the Danube site, however, the relative 408 
contributions and mass concentrations of these factors are significantly altered, especially for HOA and BBOA. 409 
The COA-like factor shows similar mass concentrations close to 0.6 µg m-3, representing 17 % and 13 % of the 410 
total mass for the individual and combined PMF, respectively. HOA also decreased slightly from 10 % to 7 % 411 
between the two PMF approaches. A strong decrease in BBOA is observed, from 22 % to 6 %, consistent with 412 
the m/z 60 comparison showing less fresh BBOA at the Danube site. In fact, the BBOA profile for the combined 413 
PMF is more similar to the BBOA profile for the individual PMF at the Clemenceau site compared to the Danube 414 
site. 415 

4.3 Oxygenated organic aerosols (OOA) 416 

The obtained OOA mass spectra are consistent with those reported in the literature, associated with a stable diel 417 
variation, and characterized by a high contribution of m/z 44 (Figure S12). At both sites, the OOA factor showed 418 
similar profiles and diel variations. For the individual PMF, OOA dominated OA at both sites with a contribution 419 
of about 47 % but with different mass concentrations of 2.6 and 1.7 µg m-3 at the Clemenceau and Danube sites, 420 
respectively. 421 

The combined PMF identified two OOA factors, named OOA1 and OOA2 (section S2, Figure S11). Because the 422 
two factors are correlated, we summed them together to obtain a single OOA factor (Figure S13). At the 423 
Clemenceau site, the contribution of the OOA factor (48 %) is similar to the one obtained from the individual 424 
PMF, with a mass concentration of 2.8 µg m-3. At the Danube site, the contribution of the OOA factor strongly 425 
increased from 47 % for the individual PMF to 71 % for the combined one (Figure 4), reaching a mass 426 
concentration of 2.6 µg m-3, close to that of the Clemenceau site. These combined PMF results provided further 427 
insight into this factor and demonstrated its regional origin. In Clemenceau, we observed a balance between 428 
primary and secondary OA factors, while for Danube, the combined PMF results indicated an average OOA 429 
contribution of about 70 % of the total OA. 430 

 431 

5 Discussion and concluding remarks 432 

The present study provides an opportunity to qualitatively assess the measurement consistency and results of 433 
carbonaceous aerosol source apportionment analyses conducted with the same type of instrument at two 434 
neighboring urban sites. The two ACSMs used in this study to characterize non-refractory submicron chemical 435 
species were first compared at the same location prior to the campaign. This side-by-side comparison showed a 436 
very good agreement for nitrate concentrations, confirming the consistency of the response factors obtained from 437 
the calibration of both ACSMs. However, significant discrepancies - of about 30 % - were obtained for OA (and 438 
sulfate) mass concentrations, and the comparison of OA mass spectra showed a surprising behavior with a few 439 
m/z’s (including m/z 60 and 73, commonly used as biomass burning tracers) at higher levels in the instrument 440 
which presented overall lower loadings in total OA concentrations. Quality assurance and quality checks were 441 
performed according to the most advanced recommendations provided by the manufacturer and the scientific 442 
community, and no specific instrumental bias could be identified to explain these differences. Therefore, both 443 
ACSMs can be considered as running under their usual and proper operating conditions, with discrepancies mainly 444 
due to inherent technical specificities of each instrument. It should be noted that the two ACSMs do not have the 445 
same age or date of manufacture (the Clemenceau ACSM dates from 2014 and the Danube ACSM from 2018), 446 
which may influence the evolution of the instrument over time. 447 

Once installed at their respective monitoring stations in Strasbourg, the ACSMs provided meaningful 448 
measurements of the submicron aerosol chemical species, with moderately higher concentrations at the 449 
Clemenceau traffic site compared to the urban background Danube station, which can be attributed to more intense 450 
primary emissions and/or transformation processes at the roadside. Filter-based offline measurements available 451 
for the last month of the campaign tend to confirm these observations, with slightly higher concentrations of major 452 
chemical species at Clemenceau. Results from individual PMF analyses also indicated higher HOA contributions 453 
for Clemenceau, in good agreement with moderately higher eBCff and EC concentrations at the same site 454 
compared to Danube. They also pointed to similar BBOA contributions at the two stations, in agreement with the 455 
comparison of filter-based levoglucosan measurements. Less expected is the significantly higher eBCwb loading 456 
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obtained from the application of the so-called Aethalometer model to AE33 measurements at both sites. This may 457 
be due to the choice of site-specific sets of AAE values (αff and αwb) chosen to represent the two eBC subfractions 458 
at each monitoring site. This result confirms the high sensitivity of the Aethalometer model to the empirical 459 
assumptions to be made for its application. In particular, this may illustrate how cautiously it should be considered 460 
for any eBC source apportionment study at a traffic site (e.g., Savadkoohi et al., 2023). 461 

The COA-like factor showed the expected peaks at lunch and dinner time for Clemenceau, but also a diel cycle 462 
relatively similar to BBOA (with no significant midday increase) for Danube, illustrating the difficulty in 463 
attributing a pure cooking origin to this factor. Interestingly, the results of the combined PMF analysis may 464 
improve the apportionment of these cooking emissions, reducing the COA-to-HOA ratio at night - especially for 465 
Clemenceau - compared to individual PMF outputs (Fig. S14). However, such a combined PMF analysis may not 466 
be suitable to improve the consistency of other OA factors, probably due to instrumental specificities leading to 467 
differences in the OA mass spectra obtained by the two instruments. More specifically, the OA profiles obtained 468 
by the combined PMF method exhibit a greater similarity to the profiles obtained by the individual PMF analysis 469 
at Clemenceau than to those obtained by the individual PMF analysis at Danube. As a result, there is a reduced 470 
contribution of m/z 43 (associated with HOA) and m/z 44 (associated with BBOA) at Danube when applying the 471 
combined PMF approach as opposed to the individual PMF analyses. This discrepancy leads to an underestimation 472 
of these factors (HOA and BBOA) and an overestimation of OOA at the Danube site when using the combined 473 
PMF method. 474 

Finally, simultaneous ACSM measurements at these paired sites allow to confirm the existence and substantial 475 
influence of an amine-related OA factor in Strasbourg. This unique factor, characterized by a high proportion of 476 
m/z 58, represents approximately 4 % of the total OA mass and is consistently observed in both PMF analyses. 477 
The diel profile of this factor shows peaks in the morning and late in the day, but its specific source remains 478 
challenging to identify. It differs from previously observed m/z 58-rich factors, suggesting a distinct local source, 479 
possibly related to industrial emissions. Further investigation is needed to determine the exact source of this 480 
intriguing amine-related OA factor. 481 

In summary, the comparison of different PMF methods carried out in this study highlights caveats and limitations 482 
inherent to such kind of SA approach First, the elucidation of OA sources based on factors derived from PMF 483 
should be interpreted with caution considering real-world . In addition, attention should be exercised when 484 
combining data from different measurement instruments, as they are not strictly identical in terms of sensitivity. 485 
However, positioning two instruments in the same location (or close to each other) can help to verify the presence 486 
of atypical or unique factors and explain discrepancies. These limitations introduce uncertainties in the 487 
apportionment of OA sources and in the consistency of factor interpretation. In order to improve the identification 488 
and interpretation of PMF factors, we propose the integration of complementary datasets (e.g., molecular tracers), 489 
which would provide additional constraints. Future work should include a focus on refined methodologies to better 490 
handle multi-instrument and multi-timescale datasets, and on the elaboration of standardized protocols for inter-491 
instrument comparisons. Ultimately, improving these methods will lead to a better understanding of the sources, 492 
evolution, and role of OA in the atmosphere, which is crucial for accurately assessing their impacts on air quality, 493 
health, and climate. 494 

 495 
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