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1. About this document 

In WP1, T1.2 focuses on developing and implementing advanced source apportionment STs (M02-M36). 

This task aims at providing STs, based on best procedures and methodologies, to apportion novel health-

related AQ metrics. Have evaluated and applied the most suited source apportionment receptor models 

for operational applications, taking into account previous work in FAIRMODE, EMEP and COLOSSAL (COST 

Action: Chemical On-Line cOmpoSition and Source Apportionment of fine aerosoL). State-of-the-art 

source apportionment methodologies have been applied on nanoparticle PNSD, online and offline PM 

chemical speciation, BC and VOCs datasets from T1.1 to provide the source contributions to each of these 

in a harmonized way. This offered a pan-European centralized source apportionment database (D1.3) 

required for compiling new exposure indicators for health effect studies (WP2) and datasets for inter-

comparison with chemical transport models (WP3). This task is providing recommendations on best 

procedures and methodologies to apportion novel AQ variables.  

This report offers a literature review of source apportionment studies at several EU urban background 

sites for atmospheric particulate matter (PM) and emerging air quality metrics such as off-line PM 

chemistry, non-refractory PM, equivalent Black Carbon (eBC), Particle Number Size Distribution (PNSD), 

on-line elements and off-line Volatile Organic Compounds (VOCs). Based on such review, main conclusions 

on source contributions at the European scale are drawn. 

This is a public document that will be distributed to all RI-URBANS partners for their use and submitted to 

European Commission as a RI-URBANS Milestone M4 (M1.4). This document can be downloaded at 

https://riurbans.eu/work-package-1/#milestones-wp1. 

 

2. Off-line PM chemistry 

A review of the studies of source apportionment studies of PM10 and PM2.5 using off-line chemical characterization 

carried out since 2009 in European urban areas has been conducted updating the review carried out by Hopke et 

al. (2020). Among the 106 European urban studies 85 presented PM10 data, and 56 presented PM2.5 data (32 

combined PM10 and PM2.5).  

The 87% of these studies were performed with positive matrix factorization (PMF), 6% with chemical mass balance 

(CMB), 5% with principal component analysis (PCA) with and without multiple linear regression (PCA-MLR), and the 

others with UNMIX. 

In most studies the major sources/factors of PM were found to be secondary inorganic aerosols (SIA), traffic, dust, 

sea salt, biomass burning, industry, coal or oil combustion. Other sources, such as biogenic SOA and anthropogenic 

SOA, which require molecular tracers for identification (Amato et al., 2024) have been found only in a small 

proportion of these studies. In some cases, there is a source that is not identified, so it is labelled by the main tracer 

(as in Visser et al., 2015). A summary of the results could be found in Figure 1. The mean values can be found in 

Table 1 (as %) and Table 2 (in µg m-3), while Tables 3 and 4 present these values grouped according to the region 

where the study was conducted. 

Averaging sources contributions to PM10 among all sites, 27% was attributed to mixed SIA, 18% to traffic, 18% to 

dust, 16% to nitrates,15% to sulphates, 13% to sea salt, 13% to biomass burning, 8% to industry and 8% to coal or 

oil combustion and 10% to other sources (mixed factors, sometimes well identified, sometimes not, and also the 

http://www.riurbans.eu/
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unaccounted mass), but these proportions might change widely according the sites. From the averages of sources 

contributions to PM2.5, 32% was attributed to mixed SIA, 25% to sulphate, 24% to traffic, 17% to biomass burning, 

16% to nitrate, 13% to coal or oil combustion, 11% to dust, 9% to sea salt, 7% to industry and 11% to “Other 

sources”. In case of mixed sources (e.g. traffic + industry) these were included in the “other sources” category. It is 

important to note that part of the secondary organic and inorganic aerosols might have the origin in the emissions 

of precursors from road traffic and industrial. This is a very important limitation of the source receptor modelling: 

Inorganic and organic secondary organic aerosols are two type of atmospheric PM formation processes, but not 

sources. To disentangle the source contribution to these direct modelling is required by using chemical models.  

Secondary inorganic aerosols result from the atmospheric oxidation of inorganic gaseous precursors to the 

particulate phase. Secondary inorganic aerosol (SIA) include three type of factors: nitrate, sulphate and/or a mixed 

SIA. In PM10, 22% of the studies identified a mixed source of SIA, of which only two studies additionally found a 

nitrate or sulphate source. Instead, 49% of studies distinguished between nitrate and sulphate factors, 11% 

identified only the sulphate source, and 8.5% found no SIA-related source. In PM2.5, 30% determined a mixed 

source of SIA, of which 5% additionally identified the nitrate source. 37% distinguished between nitrate and 

sulphate, 12% identified only the sulphate source, and 16% found no SIA-related sources. In the studies which 

include mixed SIA, this factor contributed on average the 28% of PM10 and 31% PM2.5. In PM2.5, the contribution 

of sulphate (25%) was on average higher than nitrate (16%), while in PM10 those means were similar (16%). 

Sulphates and nitrates are formed through the oxidation of SO2 and NO2, respectively. During the summer, sulphate 

concentrations tend to peak as a result of increased photochemical activity, being up to 6 times higher than during 

winter due to higher photochemistry. As residential heating usage and vehicular traffic increase in winter, nitrates 

may increase due to increased nitrogen oxide (NOx) emissions. In addition, winter meteorological conditions, such 

as reduced pollutant dispersion due to atmospheric stability, can contribute to an accumulation of nitrates in the 

atmosphere. However, it must be considered that not all studies cover a whole year. It is important to notice that 

particulate ammonium nitrate, under warm conditions, is dissociated into gaseous NH3 and HNO3. Thus, in many 

regions of Europe PM nitrate concentrations are lower in summer and higher in winter due to this instability in 

warm conditions. This account, in many sites, for an opposite seasonal pattern of sulphate and nitrate, but this is 

more related with the faster SO2 summer oxidation and nitrate instability. It is also very relevant to note, that in 

many cases, the SIA profiles contain a relevant contribution from OC (organic carbon) due to the fact that both SIA 

and secondary organic aerosols (SOA) tend to increase under similar atmospheric conditions. There is a need to use 

organic tracers in the receptor modelling to quantify SOA contributions. 

Secondary organic aerosols (SOA) is a relevant contributing source to PM concentrations, but this source is mostly 

identified and the contribution apportioned only when organic speciation of PM is available and the specific 

carboxylic tracers are analysed. This can be both generated from biogenic and anthropogenic volatile organic 

compounds (VOVs) and the contributions tend to be higher in summer due to higher biogenic VOCs and higher 

photochemistry. If no organic speciation is available the OC attributable to this SOA contribution is apportioned 

among other sources such as SIA and road traffic. Se below organic tracers for SOA. 

 

http://www.riurbans.eu/
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Figure 1. Variations of source absolute (top) and relative (bottom) contributions of urban European studies from 

2010 to 2020. Boxplot represents the median value (line inside the box), the mean value (black square), the Q1 and 

Q3 (lower and upper boundary of the box, respectively), the maximum and minimum (vertical line) and the outliers 

(grey dots). 

 

Road Traffic sources encompass a wide range of emissions, including primary PM from exhausts and non-exhaust 

(including road dust resuspension) and secondary aerosols mostly from exhaust gaseous organic and inorganic 

precursors. Vehicle exhaust primarily contains carbon compounds (OC, EC), while non-exhaust sources are traced 

by trace elements (Ba, Cu, Mn, Pb, Zn) and mineral species (Al, Ca, Fe, Mn, Si, Ti) (Viana et al., 2008). Typically, 

traffic factors are combined in one source, but sometimes exhaust and non-exhaust are reported separately (Hopke 
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et al., 2020). Sometimes this source is mixed with other anthropogenic contributions, such as industry (Samek et 

al.,2019; Salameh et al., 2018). The 91% of the studies analysed the PM10 fraction (mean contribution of 18%), and 

84% of the studies the PM2.5 (mean contribution of 24%) included at least one traffic-related source. The regions 

with major contributions of this source are Southern Europe (with an average of 24% in PM10 and 26% in PM2.5) 

and Eastern Europe (19% and 26%) while the Western (15% and 21%) and Northern (11 and 13%) regions presented 

on average lower values (Table 3).  The contribution of road traffic tends to be underestimated by receptor 

modelling because a relevant proportion of SIA (nitrate) and SOA, might arise from the oxidation of primary traffic 

gaseous pollutants, and these are attributed to SIA or SOA contributions, and not to road traffic. There are organic 

tracers, such as hopene that can help to include more organic pollutants to this traffic contribution. 

Mineral dust is identified either as a natural and/or anthropogenic source traced by Al, Fe, Mn, Si, and Ti, or Ca/Ca2+ 

(Amato et al., 2024) among others. In some studies, some trace elements (Cr, V, Pb, Cu, Sb, Zn, Fe) are enriched in 

the source profiles, due to the impact of the anthropogenic emissions such as traffic (road dust) or industry (Contini 

et al., 2016; Samek et al., 2018). It is also frequent to include in this factor the contribution of desert dust (Amato 

et al., 2016). 87% of the studies of PM10 identified this factor, with a mean contribution of 18%, and 80% of the 

studies of PM2.5, with a mean contribution of 11%. In PM10 important differences in contribution by regions are 

not observed (19, 18, 16 and 12% in Southern, Eastern, Northern, and Western Europe, respectively). In PM2.5, 

these differences are more pronounced (17, 8.8, 8.4 and 3.7 for Eastern, Northern, Southern and Western Europe, 

respectively). 

Biomass burning contributions are generally related to residential heating and/or agricultural burning. In some 

areas with a mix of biomass and coal in residential heating these sources are included in one factor (Hopke et al., 

2020). The main tracers for the identification of this factor are the high concentration of K and levoglucosan, 

galactosan and manosan, which are crucial in many cases to identify and apportion this contribution (Amato et al., 

2024). Because in PM10 a relevant fraction of  K is due to mineral dust (clay minerals and K-feldspars), it is very 

important to include organic tracers in the receptor modelling of this PM fraction. The biomass burning source 

exhibits seasonality, with peaks occurring in winter, primarily attributed to emissions from fireplaces and 

woodstoves used for residential heating (Almeida et al., 2020). 77% of the studies of PM10 included this factor, 

with a mean contribution of 13%, and 77% of the studies of PM2.5, with a mean contribution of 17%. On average, 

the relative contribution is significantly lower in Northern Europe (Table 1) for both PM10 and PM2.5 (2.2% and 

9.0%, respectively). However, looking at the concentration, the highest levels were detected in Eastern Europe (5.9 

µg m-3 and 6.5 µg m-3, respectively). 

Coal or oil Combustion sources encompass fossil fuel, coal or heavy oil combustion (Hopke et al., 2020) from 

residential and industrial activities. Coal is generally traced by Cl, As and Se, and Oil combustion is traced by V and 

Ni. Given the inclusion of residential heating, contributions during winter are higher compared to those observed 

in other seasons. Some of the studies identified this source a shipping-related heavy oil combustion (Kfoury et al., 

2016; Salameh et al., 2018). As expected, contributions of this factor are markedly higher in Eastern Europe for 

PM10 (42%, more than 5 times higher than the next value) and PM2.5 (34%, 2 times higher than the next value). In 

this region, efforts have been made to reduce the extent of coal-burning in order to reduce both air pollutants and 

greenhouse gas emission (Hopke,2020). If petrochemical PM emissions are expected to contribute to increase Pm 

levels, it is also relevant to measure concentrations of La and Ce. Usually La has a mineral origin with the mass Ce/La 

tending to be close to 2. If relevant petrochemical emissions affect PM levels, the emissions from La increase (La is 

used in petrochemical processes) and Ce/La decreases a lot. 

Industry is a source with high variability in chemical profiles depending of the specific industrial processes taking 

place in a given region, but some common tracers are Pb, Ni, Br, Zn, Mn, Cd and As (Amato et al., 2024) for cement, 

smelting, among others, but Zn, Pb, As, Tl, Se, Cd have been identified as tracers of ceramic industries and V, Ni and 

http://www.riurbans.eu/


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
5 

La from petrochemical emissions, by other studies. It generally includes a mix of contributions from different 

industrial processes, although some studies separated a specific industrial process (Kfoury et al., 2016; Koukoulakis 

et al., 2019). Some studies identified a mixed source including industrial processes and secondary sulphate, coal 

and fuel oil combustion, or traffic-related (Almeida et al., 2020). 49% of the studies analysed the PM10 (mean 

contribution of 8.1%), and 43% of the studies the PM2.5 (mean contribution of 7.3%). Eastern Europe was the 

region with the highest contributions from this source on average (Table 1, 12% in PM10 and 18% in PM2.5). 

Fresh sea salt is traced either by ions (Na+, Cl−, NO3
–, Mg2+) and elements (Na, Cl, Mg, S). Some studies differentiate 

between fresh and aged sea salt (Maenhaut et al., 2016; Weber et al., 2019; Amato et al., 2024). If the mineral 

contribution is high, Mg may be associated to mineral matter in PM10. Aged sea salt is identified by the 

displacement of Cl- by NO3
- and/or SO4

2- (Hopke et al., 2020). In some cases, this factor includes other contributions 

such as road salt (Amato et al., 2016; Pandolfi et al., 2020). 88% of the studies of PM10 included this factor (mean 

contribution of 13%), with 32% distinguishing between aged and fresh salt. Similarly, 64% of the studies of PM2.5 

(mean contribution of 9.0%) included this factor, some of them differentiating between sources in fresh and aged 

salt. On average, the contribution is higher in Northern Europe for both PM10 and PM2.5 (Table 3). 

The “Others” category encompasses all identified sources that do not fit into any of the previous categories, along 

with the unaccounted mass. Shipping emissions (traced by V and Ni) are sometimes classified as a source 

(Manousakas et al., 2017), while others are included in other factors such as sea salt (Saraga et al., 2019) or an oil 

source (Kfoury et al., 2019). In PM10, 63% of the studies incorporate at least one source characterized by the 

aforementioned features, with a mean contribution of 10%. Similarly, in PM2.5, 54% of the studies include one of 

these sources with an average contribution of 11%.  

Table 1. Relative source contributions (%) in European urban areas for PM10 and PM2.5 by regions. 

Source PM10 PM2.5 
Mean SD N (%) Mean SD N (%) 

Total SIA 29 12 91 35 15 84 
        Mixed SIA 28 9.4 22 31 12 30 
        Nitrate 16 8.7 60 16 14 38 
        Sulfate 15 7.4 71 25 10 55 
Sea salt 13 12.8 88 9.0 13 64 
Traffic 18 10.7 91 24 11 84 
Industry 8.1 11.9 49 7.3 9.1 43 
Dust 18 12 87 11 6.4 80 
Biomass burning 13 7.7 77 17 11 77 
Coal or Oil Combustion 7.7 9.3 50 13 13 59 
Other 10 9.3 63 11 10 54 

 

Table 2. Absolute source contributions (µg m-3) in European urban areas for PM10 and PM2.5. 

Source 
PM10 PM2.5 

Mean SD N (%) Mean SD N (%) 
Total SIA 8.9 9.8 91 6.9 4.4 82 
        Mixed SIA 8.9 4.2 22 6.3 3.1 29 
        Nitrate 5.3 8.2 60 3.8 4.3 38 
        Sulfate 4.3 3.6 71 4.5 2.5 54 
Sea salt 3.5 5.2 88 1.1 1.5 63 
Traffic 5.5 4.9 91 5.0 3.8 82 
Industry 3.2 6.0 49 2.1 3.3 43 
Dust 5.6 6.0 87 2.2 2.0 80 
Biomass burning 3.6 2.9 77 3.9 4.2 75 
Coal or Oil Combustion 2.7 5.2 50 3.4 5.3 57 
Other 2.8 2.8 63 2.1 2.8 52 
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Table 3. Relative source contributions (%) in European urban areas for PM10 and PM2.5 by regions, with # 

indicating the number of studies included. 

Size Source Eastern Europe Northern Europe Southern Europe Western Europe 
Mean SD Mean SD Mean SD Mean SD 

PM10 

Total SIA 49 9.2 17 15 26 8.3 34 11 
        Mixed SIA 42 - 25  24 6.5 30 11 
        Nitrate 12 - 28  13 6.2 18 9.7 
        Sulfate 43 - 8.6 4.6 15 6.3 16 6.7 
Sea salt 8.0 - 45 25 9.1 5.9 13 8.8 
Traffic 19 18 11 8.2 24 9.7 15 9.0 
Industry 12 15 0.85 1.1 11 15 4.6 3.4 
Dust 18 9.5 16 6.0 19 10 12 6.1 
Biomass burning 14  2.2 1.3 14 8.2 13 7.3 
Coal or Oil Combustion 43 3.9 3.4 3.5 6.3 4.7 6.0 5.6 
Other 9.3 4.9 7.1 9.8 6.7 7.5 13 10 

PM2.5 

Total SIA 39 22 27 18 34 12 48 17 
        Mixed SIA 31 13 29 28 32 8.9 - - 
        Nitrate 19 15 37 - 12 11 37 18 
        Sulfate - - 18 7.1 25 9.7 23 9.0 
Sea salt 27 1.8 36 20 4.7 4.8 4.5 1.5 
Traffic 26 14 13 10 26 10 21 8.3 
Industry 18 14 4.7 9.4 5.1 3.7 1.3 0.35 
Dust 17 7.4 8.8 4.7 8.4 4.7 3.7 4.7 
Biomass burning 22 19 9.0 10 17 8.9 18 7.8 
Coal or Oil Combustion 34 13 12 15 5.5 2.4 12 9.5 
Other 25 18 14 11 7.8 7.3 - - 

 

Table 4. Absolute source contributions (µg m-3) in European urban areas for PM10 and PM2.5 by regions, with # 

indicating the number of studies included. 

Size Source Eastern Europe Northern Europe Southern Europe Western Europe 
Mean SD Mean SD Mean SD Mean SD 

PM10 

Total SIA 16 2.1 18 37 7.6 3.1 8.7 4.7 
        Mixed SIA 18 - 4.4 - 8.6 2.8 8.7 4.9 
        Nitrate 3.2 - 58 - 3.7 2.4 4.6 3.0 
        Sulfate 12 - 6.6 13 3.9 1.5 3.8 1.7 
Sea salt 2.2 - 10 18 2.8 2.7 3.2 2.1 
Traffic 9.3 10 3.9 7.4 7.4 4.4 4.1 3.7 
Industry 6.8 9.4 1.3 2.5 4.3 7.3 1.1 0.8 
Dust 8.0 4.7 8.5 16 6.0 4.8 3.1 2.1 
Biomass burning 5.9 - 1.8 3.5 4.8 4.1 3.2 1.8 
Coal or Oil Combustion 25 4.0 1.5 0.70 1.8 1.7 1.4 1.3 
Other 4.2 3.4 3.9 6.5 2.0 2.4 3.0 2.0 

PM2.5 

Total SIA 8.9 3.9 2.0 3.1 7.3 4.2 10.5 6.8 
        Mixed SIA 7.4 3.6 1.9 1.5 6.4 1.9 - - 
        Nitrate 3.3 2.6 5.8 - 3.0 4.0 9.0 7.8 
        Sulfate -  0.66 1.0 5.2 2.4 4.5 1.0 
Sea salt 5.9 1.8 0.57 0.37 0.97 1.0 0.91 0.36 
Traffic 7.7 5.5 0.66 0.77 5.7 3.1 4.8 3.5 
Industry 6.4 5.4 0.29 0.57 1.2 0.92 0.29 0.20 
Dust 5.0 2.7 0.21 0.15 1.8 1.2 0.71 0.88 
Biomass burning 6.5 6.7 0.67 1.1 4.1 3.5 3.1 1.8 
Coal or Oil Combustion 12 6.4 1.1 1.4 0.93 0.55 2.0 1.7 
Other 8.1 5.1 1.3 1.7 1.4 1.3 - - 
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The use of organic speciation is necessary to detect the source contribution of specific sources. The ideal scenario 

is using the combination of both inorganic and organic tracers, but increasing the list of tracers require a marked 

increase of the samples to obtain data matrices that are adequate for multivariate receptor models. In many cases 

studies are based only on inorganic or in organic speciation. The organic tracers used for source apportionment 

studies are (van Drooge et al., 2016, 2018): 

Biomass burning: Levoglucosan, galactosan and manosan, with the ratios among these allowing to deduce the type 

of biomass being burned. Some PAHs might help also to identify this source and obtain the contribution to PM. 

Road traffic: Hopanes and other tracers (see below). 

Primary organic aerosol (POA): polycyclic aromatic hidrocarbons (PAHs), hopanes and anhidrosugars. PAHs are 

primary products of incomplete combustion of fossil fuel and biomass. The ratio between PAHs provides 

information about the source (Tobiszeski and Namiesnik, 2012). Hopanes are molecular markers for mineral oils. 

They are related to unburned lubricating oil residues from traffic, although they are also emitted during coal 

combustion (van Drooge et al., 2018). Anhydrosugars (levoglucosan, mannosan and galactosan) are 

monosaccharide anhydriudes generated by thermal alteration of cellulose and hemicellulose. They are extensively 

used as tracers of biomass burning, and their ratios may also provide information about the emission source.  

Soil: Primary saccharides and polyols (mannitol, glucose, arabitol) are constituents of plant tissues and 

microorganisms that are related to soil content and biological dust resuspension (Medeiros and Simoneit, 2007).  

Secondary organic aerosols: Dicarboxylic acids are related to the SOA formation, primarly formed by 

photochemical alteration of VOCs, although they can also be emitted from a variety of primary sources (such as 

traffic exhaust fumes or meat cooking). SOA sources are generally traced by the products of isoprene and α-pinene 

(van Drooge et al., 2018).  

Only the 19% of the source apportionment analysis identified primary and secondary biogenic sources (POA and 

SOA). Weber et al. (2019) identified these sources in PM10 at 15 urban locations in France between 2012 and 2016. 

They include in the analysis major water-soluble inorganic contents, methanelsulfonic acid (MSA), many metals or 

trace elements and various organic molecular markers (including levoglucosan, mannosan, arabitol, sorbitol, and 

mannitol). They identified primary biogenic particles, traced by polyols, and secondary organic aerosols (SOA) from 

marine biogenic emissions (marine SOA), traced by MSA. These factors represent represent on average 1.2±0.5 μg 

m-3 (7 ± 3%) and 0.6±0.2 μg m-3 (4 ± 1%). van Pinxteren et al. (2016) included levoglucosan, arabitol, C22–C34 n-

alkanes and a selection of PAHs and hopanes in the analysis carried out in Germany. They identified a source of 

spores traced by arabitol, which represented 1.2% of the PM10 fraction. Organic molecular markers traced other 

sources such as traffic exhaust (hopanes, n-alkanes), coal combustion (PAHs), coal combustion (hopanes), biomass 

burning (levoglucosan), photochemistry (oxalate) and cooking (odd n-alkanes). In a source apportionment analysis 

of PM2.5 in London, Yin et al. (2015) include organic markers (n-alkanes C24–C35, hopanes, PAHs, sterols 

(cholesterol and levoglucosan), fatty acids and secondary biogenic molecular markers). They identified a SOA source 

(10%) and they related an unidentified source (24%) with vegetative detritus, woodsmoke, natural gas, coal, 

dust/soil and food cooking. Srivastava et al. (2018) performed a PM10 source apportionment using specific primary 

and secondary organic molecular tracers in Grenoble (France). They distinguished between two categories of 

primary biogenic organic aerosols (fungal spores and plant debris), and biogenic and anthropogenic secondary 

organic aerosols (SOA). Primary and secondary biogenic contributions together accounted for at least 68% of the 

total OC in summer and anthropogenic primary and secondary sources represented at least 71% of OC in winter. 

Those studies serve as examples to conclude that a source apportionment analysis combining organic molecular 

tracers with OC/EC and the inorganic tracers lead to an integrated understanding of the different sources obtained, 

allowing for the identification of both natural and anthropogenic biogenic sources. 
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3. Non-refractory PM1 (NR-PM1) 

There is a growing interest on source apportionment studies in the recent years, particularly for the organic fraction 

of the submicron aerosol. In the last decade, many articles have reported site-specific source apportionment results 

but there are also some intercomparison studies in Europe both for AMS and ACSM (Crippa et al., 2014 and Chen 

et al., 2022, respectively). Taking only the results from urban sites of these studies, the main conclusions drawn are 

these that follow: 

• The most widely used approach to perform source apportionment of the organic aerosol (OA) is the Positive 

Matrix Factorisation algorithm. 

• OA is the main component of the fine aerosol (PM1), ranging from a 21-64% of the total PM1. 

• The sources of OA which are identified at all stations are: hydrocarbon-like OA (HOA, related to traffic), 

biomass burning OA (BBOA, in all sites except Helsinki), Less-Oxidised Oxigenated OA (LO-OOA) and More-

Oxidised OOA (MO-OOA). The two first and the two second sources are of primary and secondary origin, 

respectively. The differentiation of the secondary OA (SOA) into LO-OOA and MO-OOA is achieved in all the 

datasets independently and the mean ratio LO-OOA-to-MO-OOA is 1.1 ± 0.6 (adim.). 

• Other sources identified in European sites are cooking-like OA (COA), mostly at low-latitude sites, cigarette-

smoke OA (CSOA, in Zurich), Coal Combustion OA (CCOA, in Krakow) and shipping + industry (SHINDOA in 

Marseille).  

• The highest contributions are those from the SOA factors, which in sum represents a 67% in median, being 

MO-OOA (34% median) slightly above the LO-OOA (32% median). SOA is in all the cases the main 

constituent of OA.  

• Primary factors contribute in median a 13% for HOA, a 12% for COA, a 14% of BBOA, a 7% of CSOA, and a 

4% of ShINDOA. 

• During the highly-polluted stagnation events, concentrations of the primary OA sources grow significantly. 

In particular, all factors related to the combustion of solid fuel (i.e., BBOA, SFOA, and CCOA) show the most 

pronounced enhancement when the OA mass loading increases, especially during winter seasons. 

However, in all cases, more than a half of the OA is still of secondary origin.  

• HOA shows a distinct pattern at urban sites with characteristic morning and evening rush-hour peaks. COA 

shows distinct noon and evening peaks with minor standard deviations, which suggests small spatial 

variabilities of cooking emissions. BBOA has a diel cycle with reduced values during the day and a marked 

evening peak, which indicates that most likely, (residential) heating emissions are the main contributor to 

BBOA. The diel cycle of LO-OOA reveals night-time maxima with a slight decrease at noon, suggesting local 

production or enhanced vapour partitioning onto pre-existing aerosol in the shallow nocturnal boundary 

layer. The MO-OOA diel trend shows the most stable pattern. 

 

4. Equivalent Black Carbon 

An increasing number of source apportionment studies have investigated the proportion of Black Carbon (BC) that 

stems from the burning of fossil fuels in vehicular exhaust emissions (road traffic; BCLF) and solid fuel combustion 

(mainly from residential and commercial wood and coal burning; BCSF) in specific urban, traffic, and regional 

background environments. BC-source apportionment research attracted a significant amount of attention due to 

the potential health and climate impacts of soot (i.e., combustion particles made of a core of BC and coating of 

organic and sulfur compounds) of which BC is a tracer (Blanco-Donado et al., 2022; Grange et al., 2020; Helin et al., 

2018; Kumar et al., 2020; Liakakou et al., 2020; Milinković et al., 2021; Mousavi et al., 2018, 2019; Sandradewi et 

al., 2008; Favez et al., 2009; Segersson et al., 2017; Titos et al., 2017). 
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After reviewing about 50 BC source apportionment studies that have been conducted in either Europe or the US in 

the last decade, different source apportionment methods were found to be used across different regions (see Table 

5). Among them, Aethalometer model and Positive Matrix Factorization (PMF) methods were the most commonly 

used techniques demonstrating the significance of different combustion sources, such as road traffic (i.e., liquid 

fuel) (BCLF) and solid fuel combustion (BCSF) in Europe and the US. Other complementary methods as Chemical Mass 

Balance (CMB), Radiocarbon, Specialized air quality models, and Macro-tracer have been also used in combination 

for particulate matter (PM) and black carbon source apportionment (Belis et al., 2013; Hopke, 2016; Viana et al., 

2008). Each method has its own strengths, limitations, and associated uncertainties, leading to variations in the 

results obtained when comparing different BC source apportionment studies. 

Among the existing recent literature, aethalometer model is commonly used for source apportionment of BC (see 

Table 5). This method can provide insights into the temporal and spatial variations of BC sources. This bilinear model 

typically involves the use of source-specific absorption Ångström exponents (AAEs) obtained from experimental 

measurements or values from literature (Sandradewi et al., 2008; Zotter et al., 2017). AAEs spectra are derived for 

specific types of BC sources, such as vehicle emissions, biomass burning, or industrial emissions. By applying these 

spectra to the measured absorption coefficients, the contributions of different sources to the observed BC 

concentrations can be estimated. However, there are certain limitations to consider when using aethalometer 

model. The output of this model is highly sensitive to the input of AAEs. The method relies on accurate calibration 

factors and representative AAEs for different sources, which may introduce uncertainties. This bilinear model 

assumes that the absorption properties of BC remain constant, regardless of aging or mixing with other aerosol 

components. However, variations in BC mixing state and aging processes can affect the accuracy of source 

apportionment results due to changes of characteristics of optical properties of a specific source over time (Harrison 

et al., 2013; Helin et al., 2021; Luo et al., 2023; Virkkula, 2021). 

There are evidences from a number of experimental studies that demonstrate challenges on the reliability of the 

estimations derived from aethalometer model. In fact, this model has been developed in a region which only 

accounted for the presence of two predominant sources of BC: biomass burning and fossil fuel combustion (linked 

to traffic) (Sandradewi et al., 2008). The most widely used AAE values are the ones recommended by Sandradewi 

et al. (2008) and Zotter et al. (2017). These values (AAEff = 1.0 or 0.9 and AAEbb = 1.68 or 2) have been obtained in 

Switzerland with the significant contribution from biomass burning emissions. However, a robust AAE value may 

vary over location and time depending on the type of fuel burnt and the combustion conditions and efficiency 

including emissions from shipping, coal, traffic and residential wood burning in a specific area (Helin et al., 2021). 

In addition AAEs are sensitive to both particle geometry, morphology and size distribution (Li et al., 2016; Liu et al., 

2018). For example, Liu et al. (2022) reported the determination of AAE pairs (αff and αwb) with associated 

uncertainties of 4.63% and 3.32%, respectively, derived from the dynamic optimization of AAE values. Helin et al., 

(2021) has been presented a broad estimation of AAE (470-950 nm) with relative uncertainty in the different 

emission measurements with the high uncertainty observed for the sauna-stove emissions. In a numerical 

investigation conducted by Liu et al. (2018), it was observed that the AAE of BC exhibits a variable range of 0.5 to 

1.5. Furthermore, Garg et al. (2016) demonstrated that the overall uncertainty in determining BC mass values for 

source apportionment studies can be influenced by factors such as attenuation measurement at different 

wavelengths, uncertainty associated with the flow controller, and the selection of suitable mass absorption cross-

section (MAC) values. In addition, the post-processing of aethalometer data, taking into account measurement 

noises as discussed by Backman et al. (2017), has been represented an additional substantial source of uncertainty 

in aethalometer measurements and the utilization of aethalometer models for source apportionment.  

Therefore, the source apportionment outcome of black carbon obtained through the use of aethalometer models 

can exhibit bias, attributable to AAE values that are relatively higher or lower in magnitude. There are studies that 

have recommended the use of AAE frequency distributions as an alternative method to estimate site-specific AAE 
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values (Tobler et al., 2021). Alternatively, the incorporation of time‐dependent AAEs into the aethalometer model 

can be proposed, with the aim of evaluating its performance. 

 Another common approach, PMF is a widely used technique for PM and BC source apportionment in air pollution 

studies (Grange et al., 2020; Liu et al., 2022; Masiol et al., 2019; Massabò and Prati, 2021; Rivas et al., 2020; 

Squizzato et al., 2018; Tobler et al., 2021; Wang et al., 2021). PMF is a receptor model that aims to identify and 

quantify the contributions of different emission sources to ambient PM and BC concentrations. This method uses 

the measured BC concentration data along with additional information such as chemical composition, particle size 

distribution, and meteorological data. The advantages of PMF for BC source apportionment include its ability to 

identify distinct emission sources, even in complex atmospheric environments with multiple source contributions. 

It can provide quantitative estimates of source contributions and help in understanding the spatial and temporal 

variations of BC pollution. PMF is also flexible and can be applied to various types of BC measurements, such as 

filter-based sampling or online instrumentation. However, like any modeling technique, PMF has certain limitations. 

The accuracy of the results depends on the quality and representativeness of the input data, including the 

measurement data and ancillary information. Uncertainties in the source profiles, model assumptions, and 

parameter selection can influence the results. Interpretation of the factors requires expert knowledge and careful 

consideration of potential confounding factors (Hopke, 2016; Hopke et al., 2023).  

In this context, an ongoing novel implementation of the PMF approach is being conducted as part of the EMEP 

intensive measurement campaign to enhance the accuracy of eBC source apportionment results (Platt, S. M., et al., 

2022, in preparation). Additionally, previous studies have employed various methodologies to compare the 

outcomes of the aethalometer model with source apportionment results using offline auxiliary measurements such 

as trace chemical levoglucosan (LG), Elemental Carbon (EC), radiocarbon (14C), or a combination of different source 

apportionment methods to effectively attribute carbonaceous matter. For instance, Bibi et al. (2021); and Zheng et 

al. (2021) have recently introduced novel methodologies to enhance the accuracy of BC source apportionment by 

employing a combination of PMF and aethalometer modeling techniques. These innovative approaches offer 

improved discrimination of various BC sources, leading to more reliable and robust identification of BC origins. 

The findings derived from a diverse array of studies on BC source apportionment demonstrate the heterogeneity 

of sources across different regions, leading to variations in the relative contributions of fossil fuel and biomass 

burning sources (e.g., FF, BB) that cannot be precisely categorized within a specific range. Notably, factors such as 

atmospheric aging conditions, morphologies, and size distribution play significant roles in shaping the fractions of 

fossil and biomass sources, further introducing statistically significant biases in source characterization (Ferrero et 

al., 2021; Luo et al., 2023). It is important to acknowledge that BC source apportionment uncertainties may vary in 

their quantifiability. While some uncertainties can be quantified through rigorous sensitivity analyses and 

uncertainty propagation methods, others may be more challenging to quantify due to the limitations in data 

availability. To enhance the consistency and comparability of BC source apportionment studies, several 

recommendations have been put forth in the literature. Firstly, it is recommended to adopt a multi-tracer approach 

or macro-tracer method that combines BC measurements with other complementary measurements, such as EC, 

OC, and other chemical species (Briggs and Long, 2016; Fourtziou et al., 2017). This comprehensive approach 

provides additional information for distinguishing between primary and secondary BC sources and helps identify 

specific emission sources. Nevertheless, these types of measurements are not extensively accessible at monitoring 

sites. 

Secondly, the use of high-resolution time series measurements is encouraged to capture the temporal variability of 

BC sources to enable the identification of diurnal, weekly, and seasonal patterns, facilitating the identification and 

quantification of different source contributions especially for human exposure assessments (Gregorič et al., 2020; 

Hamilton and Harley, 2021). In addition, advanced source apportionment methods are recommended to enhance 
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the analysis and interpretation of BC source apportionment results (Hopke et al., 2023). In addition, to ensure the 

comparability of results across different studies, it is essential to report detailed information on filter absorption 

measurement techniques, instrument calibration, data quality control, and uncertainty estimation. Transparent 

reporting enables better understanding and assessment of the reliability and robustness of the BC source 

apportionment results. 

 

Table 5. Overview of PM and BC source apportionment studies. 

No Author(s) Year Location Source apportionment method /AAE 

1 Viana et al. 2008 Europe 
Source apportionment of particulate matter in 

Europe: A review of methods and results 

2 Sandradewi et al. 2008 Switzerland Aethalometer model 
3 Favez et al. 2009 France Aethalometer model 

4 Favez et al. 2010 France 
Chemical Mass Balance (CMB, performed with 

off-line filter measurements) and (PMF, applied 
to Aerosol Mass Spectrometer measurements) 

5 Herich et al. 2011 Switzerland Aethalometer model 

6 Yttri et al. 2011 North Europe 

Levels of source specific tracers, i.e. cellulose, 
levoglucosan, mannitol and the 14C/12C ratio of 

total carbon (TC) used as input for source 
apportionment 

7 Wang et al. 2012 USA PMF-Delta C 
8 Močnik et al. 2012 Slovenia Aethalometer model 
9 Harrison et al. 2013 UK Aethalometer model 

10 Belis at al. 2013 Europe source apportionment using receptor models 
11 Jeong et al. 2013 Canada PMF 

12 Liu et al. 2014 UK 
SP2 attribution, BC–AMS–PMF and 

Aethalometer method 

13 Belis at al. 2015 Global 
Performance and uncertainty of source 

apportionment models in intercomparison 
exercises 

14 Philip K. Hopke 2016 Global 
Review of receptor modeling methods for 

source apportionment 

15 Briggs at al. 2016 EU-USA 
Critical review of black carbon and elemental 

carbon source apportionment 

16 Ulevicius et al. 2016 Europe 
PMF results and radiocarbon (14C) 

measurements of the elemental (EC) and 
organic (OC) carbon 

17 Martinsson et al. 2017 Sweden 
Aethalometer model – evaluation by 

radiocarbon and levoglucosan analysis 

18 Zotter et al. 2017 Switzerland 
Aethalometer model using radiocarbon 

measurements 

19 Becerril-Valle 2017 Spain Aethalometer model 
20 Diapouli et al. 2017 Greece Aethalometer model 

21 Titos et al. 2017 Spain 
Levoglucosan tracer and online real- time 

Aethalometer methods 

22 Mousavi et al. 2018 USA Aethalometer model 
23 Helin et al. 2018 Finland Aethalometer model 
24 Irena et al. 2018 Slovenia Aethalometer model 
25 Mousavi et al. 2019 Italy Aethalometer model 

26 Thunis et al. 2019 Global 
Source apportionment- Strengths and 

weaknesses of existing approaches 

27 Miller et al. 2019 USA EPA's Positive Matrix Factorization 5.0 
28 Yunjiang et al. 2019 France Aethalometer model 
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29 Yang et al. 2020 Europe 
Trends and source apportionment of aerosols in 

Europe 

30 Grange et al. 2020 Switzerland Aethalometer model 
31 Mbengue et al. 2020 Czech Aethalometer model 

32 Almeida et al. 2020 
European and 

Central Asia, urban 
areas 

EPA PMF 5.0 

33 Gregorič et al. 2020 Slovenia Aethalometer model 
34 Liakakou et al. 2020 Greece Aethalometer model+ Levogluocosan 
35 Moschos et al. 2021 Switzerland Aethalometer model 
36 Ferrero et al. 2021 Italy Aethalometer model 

37 Saarikoski et al. 2021 Finland 
The results from the PMF analysis were 
compared with the Aethalometer model 

38 Bibi et al. 2021 UK PMF- A new approach 

39 Kaskaoutis et al. 2021 Greece 
Combination of Brown Carbon and  ethalometer 

models 

40 Aki Virkkula 2021 Finland 
Modeled source apportionment (Aethalometer 
model evaluated with a core–shell Mie model) 

41 Bernardoni et al. 2021 Italy Aethalometer model 

42 Milinković et al. 2021 Croatia 
Aethalometer model, optimized by using 

levoglucosan measurements 

43 Hopke et al. 2022 Global PMF 

44 Hopke et al. 2022 Global 
Source apportionment of particle number 

concentrations: A global review 

45 Popovicheva et al. 2022 Norway Aethalometer model 
46 Blanco-Donado et al. 2022 USA Aethalometer model 
47 Alfoldy et al. 2022 Slovenia Aethalometer model 
48 Blanco-Alegre et al. 2022 Spain Coupling tracers with the aethalometer model 
49 Hopke et al. 2023 USA PMF-Big data 
50 Savadkoohi et al. 2023 Europe Aethalometer model 

 

 

5. Particle Number Size Distribution 

Ultrafine particles (UFP) have significant impacts on health. They can be present in atmosphere through direct 

emissions such as from motor vehicles or through new particle formation events (secondary particles), and it is 

possible to perform source apportionment analysis using particle number size distributions (PNSD).   However, 

there are only a few studies on source apportionment of UFP compared to larger particles. Hopke et al. (2022) 

identified 55 peer-review journal papers as reporting source apportionments of PNSD in 102 locations/time periods. 

Almost all of these apportionment analyses were performed with Positive Matrix Factorization (PMF), but other 

methodologies were also used in previous studies such as Principal component analysis (PCA) and k-means 

clustering.  

Pey et al. (2009) performed PCA using STATISTICA v4.2 software on datasets composed by number size distribution 

of aerosols, meteorological parameters, gaseous pollutants and chemical speciation of PM2.5, following the 

methodology proposed by Thurston and Spengler (1985). PCA was also used in other studies (Wehner and 

Wiedensohler, 2003; Chan and Mozurkewich, 2007; Oliveira et al., 2009; Cusack et al., 2013; Khan et al., 2015). 

Beddows et al. (2009) analyzed the data using k-means cluster analysis, in which the particle size distributions are 

generalized by cluster types (characteristic of an emission or formation process) which facilitate an understanding 

of the temporal and spatial trends of the size distribution. This method was used in several studies (Dall’Osto et al., 

2011; Wegner et al., 2012; Brines et al., 2014; Brines et al., 2015; Dall’Osto et al., 2019; Chen et al., 2021; among 

others).  
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PMF is the most recently used data analysis method to identify and apportion the sources of PNSD. But different 

methodologies have been applied in the analysis by PMF. EPA PMF 3.0 (Gu et al., 2011; Wang et al., 2013; Liu et al., 

2014; among others) and EPA PMF 5.0 (Squizzato et al., 2019; Dai et al., 2020; Pokorná et al., 2020; among others) 

are the last versions of PMF Model software using graphical user interfaces that ease data input, visualization of 

model diagnostics and exporting of results. It uses the underlying program Multilinear Engine 2 (ME-2, Paatero, 

1999) as the factor analytic problem solver. But this software accepts a limited number of observations, then PMF 

can also be performed using ME-2 without EPA software (Ioar et al., 2019). Hopke et al. (2023) has developed a 

protocol to use the ME-2 for larger datasets. 

Hopke et al. (2022) searched the literature for all papers and source categories have been generally characterized 

as Nucleation, Traffic 1, Traffic 2, Heating, O3-Rich, Secondary Inorganic Aerosol (SIA) and Other that include 

biomass burning and unidentified sources.  

• Nucleation has a single mode with its peak size ranging from <10 to 25 nm, and there are commonly diel 

peaks in the contributions of this source associated with traffic temporal patterns during rush hours and a 

mid-afternoon peak when high photochemical activity leads to new particle formation events.  

• Two traffic factors are commonly reported with major number modes with peaks around 30-35 nm, 

commonly ascribed to spark-ignition vehicles, and 60-80 nm, associated with diesel vehicle emissions. It is 

also suggested that the smaller mode particles represented freshly emitted traffic particles and larger mode 

is due to coagulation of the aerosol as it moves from the source area.  

• Building heating can be accomplished through the combustion of a variety of fuels that produce very small 

particles including natural gas, liquid petroleum gas and No. 2 oil, or fuels that produce a distribution with 

its mode around 90 to 100 nm, such as residual oil and solid fuels including coal, wood and other biomass.  

• Ozone rich factors are also resolved, with multiple modes and diel patterns that typically peaks in the early 

to mid-afternoon, which suggest that particles have grown through condensation of secondary material. 

• SIA is typically attributed to factors with a mode above 100 nm. When its maximum is in winter, it is typically 

labelled as secondary nitrate, with a mode cantered at 250 nm, while in summer, it is called secondary 

sulphate, with a mode at ~ 100 nm. The seasonal patterns of these factors fits with the lower production 

of sulphate in winter given the lower levels of photochemical activity and the thermal dissociation of 

ammonium nitrate at the higher temperatures in summer.  

• Other sources include biomass burning, urban background, industrial emissions, mixed sources, dust, and 

unknown. Most of these size distributions have their primary mode above 100 nm. 

 

6. Volatile Organic Compounds  

This section of the report will focus on the literature review and recommendation on the source apportionment of 

VOCs in urban areas. The authors only found 4 studies that performed a VOC source apportionment in urban areas 

in Europe. To aid in this literature review 9 other studies were added to the literature review that either were 

performed in rural areas in Europe, or urban areas in the U.S. or Asia. This section will focus on the summary of 

these studies and highlight their conclusions in bullet points. After careful research the following conclusions were 

made: 

• The studies used both automated gas chromatography with flame ionization detector (GC-FID), using a VOC 

analyzer, and proton transfer reaction mass spectrometry (PTR-MS), using either a quadruple or time of 

flight mass detector to measured ambient VOC concentrations. 
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o The automated GC-FID were the best apparatus to measure C2-C11 alkanes, alkenes, and alkynes, in 

addition to isoprene and benzene. 

o The PTR-MS was the best machine to measure aromatic VOCs and oxygenated VOCs with high 

resolution. 

• Positive Matrix Factorization model (PMF) using the EPA 5.0 software was used in all papers to perform the 

source apportionment. The software is excellent as it does not require previous knowledge on the source 

factors to perform the PMF, and it has built-in bootstrapping and error estimations for the model.  

• A variety of factors were identified in the urban environment. Over the 13 papers a total of 84 unique VOCs 

were measured. Below all found sources are described with their common tracers. 

o Natural gas source was mostly identified by high contributions of ethane and propane, with minor 

contributions from butane. 

o Wood-burning source was traced by acetonitrile, acetylene, ethylene, and benzene. 

o Biogenic source was identified by isoprene and its oxidation products (MVK+MACR). Although 

isoprene can have a biogenic origin, its anthropogenic origin is often not described. The addition of 

monoterpenes can aid in identifying its biogenic origin. 

o Motor vehicle exhaust was characterized by high contributions from alkanes, especially butane and 

pentane, and BTEX (benzene, toluene, ethylbenzene, and xylenes). The exact tracers highly depend 

on the type of traffic and engines most common in the urban area, and depending on the VOCs 

included in the study, this source was separated or a combination of traffic sources. 

o Solvent source is often traced by high contributions of OVOCs and BTEX. 

o Some specific industry sources were found, but this highly depends on the type of industry what 

VOCs were used to identify this source.  

o Various studies found a secondary source compromised of OVOCs, although some studies 

identified this source as long-lifetime VOCs. 

• The addition of wind speed and wind direction data gave the possibility to create a conditional probability 

function (CPF) plots, which could aid in identifying the sources of various factors, such as specific industries, 

given their specific location.  

• Correlations with NOx (NO2 + NO), O3, CO, and SO2 could further aid in the identification off various sources. 

For instance, NOx and CO are clear indicators of anthropogenic activities, while one study showed that a 

correlation with NO2 and O3 could show secondary formation. 

• Including temperature and solar radiation correlation aided in the identification of secondary and biogenic 

sources. 

• It must be mentioned that most of these VOC source apportionments are in regards to the observed VOC 

concentrations and not the initial VOC concentrations. Many VOCs, especially alkenes and aromatics, have 

a substantial decrease from photochemical loss, and therefore its contribution will be underestimated. 

Although, this did not hinder the source identification. 

• None but one study used a dispersion-normalized PMF (DN-PMF) used to decrease the impact of 

atmospheric dispersion. To be able to perform a DN-PMF, the mixed layer height and mean wind speed is 

required. 

Table 6 summarizes the papers used as a source for this report. Their reference name and title are presented, 

together with the station type, location, VOC measurement method, and source apportionment model. 
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Table 6. Overview of VOCs source apportionment studies. 

 Reference Title Station Location Method Apportionment 

Eu
ro

p
ea

n
 U

rb
an

 

Baudic et al. 
(2016) 

Seasonal variability and source 
apportionment of volatile 
organic compounds (VOCs) in 
the Paris megacity (France). 

Urban Paris, FR 
PTR-
QMS 

GC-FID 
EPA PMF 5.0 

Gaimoz et al. 
(2011) 

Volatile organic compounds 
sources in Paris in spring 2007. 
Part II: Source apportionment 
using positive matrix 
factorization. 

Urban Paris, FR 
GC-FID 

PTR-
QMS 

PMF2 

In ‘t Veld et al. 
(2023) 

Identification of volatile organic 
compounds and their sources 
driving ozone and secondary 
organic aerosol formation in NE 
Spain. 

Urban 
Rural 

Barcelona, 
ES 

NE Spain 

PTR-
QMS 
PTR-

ToF-MS 

EPA PMF 5.0 

Lanz et al. 
(2008) 

Receptor modelling of C2 – C7 
hydrocarbon sources at an urban 
background site in Zurich, 
Switzerland: changes between 
1993 – 1994 and 2005 – 2006. 

Urban Zurich, CH GC-FID EPA PMF 5.0 

Eu
ro

p
ea

n
 R

u
ra

l Yáñez-Serrano 
et al. (2021) 

Dynamics of volatile organic 
compounds in a western 
Mediterranean oak forest. 

Rural NE Spain 
PTR-
QMS 

EPA PMF 5.0 

Leuchner et al. 
(2015) 

Can positive matrix factorization 
help to understand patterns of 
organic trace gases at the 
continental Global Atmosphere 
Watch site Hohenpeissenberg. 

Rural Germany GC-FID EPA PMF 3.0 

U
.S

./
A

si
a 

U
rb

an
 

Brown et al. 
(2007) 

Source apportionment of VOCs 
in the Los Angeles area using 
positive matrix factorization. 

Urban LA, U.S. GC-FID 
Multivariate 

factor analysis 
tool 

Healy et al. 
(2022) 

Spatially resolved source 
apportionment of industrial 
VOCs using a mobile monitoring 
platform. 

Industrial 
Ontario, 

CA 
PTR-

ToF-MS 
EPA PMF 5.0 

Liu et al. (2023) 

Effect of photochemical losses of 
ambient volatile organic 
compounds on their source 
apportionment. 

Urban 
Tianjin, 

CN 
GC-FID EPA 5.0 

Pallavi et al. 
(2019) 

Source apportionment of 
volatile organic compounds in 
the northwest Indo-Gangetic 
Plain using a positive matrix 
factorization model. 

(Sub)urban India 
PTR-

ToF-MS 
EPA 5.0 

Song et al. 
(2019) 

Source apportionment of VOCs 
and their impact on air quality 
and health in the megacity of 
Seoul. 

Urban Seoul, KR GC-FID EPA 5.0 
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Tan et al. 
(2021)  

Characteristics and source 
apportionment of volatile 
organic compounds (VOCs) at a 
coastal site in Hong Kong. 

Urban 
Hong 

Kong, CN 
PTR-
QMS 

EPA 5.0 

Kuo et al. 
(2014) 

Source apportionment of 
particulate matter and selected 
volatile organic compounds with 
multiple time resolution data. 

Urban 
Taipei, 
Taiwan 

GC-FID Mass Balance 

 

 

7. On-line elements 

The first published study (Furger et al. 2017), was about the evaluation of the data quality by intercomparison with 

other independent measurements and test its applicability for aerosol source quantification. The field campaign 

was performed at the permanent station Härkingen, of the Swiss national monitoring network from 23 July until 13 

August 2015. The Xact was configured to measure 24 elements in PM10 with 1 h time resolution. Data quality was 

evaluated for 10 24 h averages of Xact data by intercomparison with 24 h PM10 filter data analysed with ICP-OES 

for major elements, ICP-MS for trace elements, and gold amalgamation atomic absorption spectrometry for Hg. 

The slopes of the regressions between Xact 625 and ICP data varied from 0.97 to 1.8 (average 1.28) and thus 

indicated generally higher Xact elemental concentrations than ICP for these elements. It must be noted here that 

those results refer to the first generation of Xact instruments (Xact 625). Improvements have been done since then. 

Another study on the evaluation of the instrument has been published by (Tremper et al. 2018). This study had 

three goals: a) Laboratory evaluation using a novel mass-based calibration technique to independently assess the 

accuracy of the XRF against laboratory generated aerosols, b) filed evaluation in three contrasting field 

deployments; a heavily trafficked roadside site (PM10 and PM2.5, Jul 2014 to Mar 2015), an industrial location 

downwind of a nickel refinery (PM10, Nov 2015 to Dec 2015)) and an urban background location influenced by 

nearby industries and motorways (PM10, Jan 2017 to Mar 2017), and c) offline analysis of filter samples using the 

Xact. Results from the implementation of the new calibration technique revealed that that generated particles can 

indeed serve as an alternative calibration method for this instrument. The comparison to ICP-MS showed a good 

agreement to the measurements of daily filter samples in all cases with a median R2 of 0.93 and a median slope of 

1.07. Finally, filters analysed off-line with the Xact compared well to in situ Xact measurements with a median R2 

of 0.96 and median slope of 1.07. 

The first source apportionment study in Europe using Xact data was the one from (Rai et al. 2019). This study used 

the same data as (Furger et al. 2017) for the identification of the sources of the elemental component of PM. Eight 

different sources were identified in PM10el (elemental PM10) mass driven by the sum of 14 elements (notable 

elements in brackets): Fireworks-I (K, S, Ba and Cl), Fireworks- II (K), sea salt (Cl), secondary sulfate (S), background 

dust (Si, Ti), road dust (Ca), non-exhaust traffic-related elements (Fe) and industrial elements (Zn and Pb). The major 

components were secondary sulfate and non-exhaust traffic-related elements followed by background dust and 

road dust factors, explaining 21 %, 20 %, 18% and 16% of the analysed PM10 elemental mass, respectively, with 

the factor mass not corrected for oxygen content. Further, there were minor contributions (on the order of a few 

percent) of sea salt and industrial sources. To get to these results the authors had to use a novel source 

apportionment approach to go around the mixing the very high contribution of fireworks had during the period of 

study.  
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An interesting study by (Belis et al. 2019), consists the first published attempted of combining Xact data with that 

of other high-time resolution instruments. Parallel hourly online measurements were made using the Xact 625 (CES 

LLC) XRF analyser and the Q-ACSM (Aerodyne Research Inc.) spectrometer. The sampling campaign was carried out 

in January–February 2015 in a background monitoring site located in a small town (Veggiano) near Padua, Italy. To 

ensure the consistency of the final PMF results, a multistep approach was adopted. In the first step PMF was run 

with only the offline dataset, in the second step only the online organic data were used and in a third step the PMF 

run was executed using only the online inorganic species. The sources identified were: biomass burning, aged 

biomass burning, secondary ammonium nitrate and ammonium sulphate, traffic, steel industry and waste thermal 

treatment. 

A study dedicated to assist towards the attribution and quantification of atmospheric nickel concentrations in an 

industrial area in the UK, was published by (Font et al. 2022). A campaign measuring metals concentrations in PM10 

at an hourly resolution was undertaken using the Mobile Atmospheric Research PLatform (MARPL) in Pontardawe 

(27 Nov - Dec 24, 2015) alongside the long-running UK Heavy Metals monitoring site (Defra). PMF was used to 

identify the sources and those industrial processes contributing to the ambient concentrations based on the 

chemical composition. Bivariate polar plots for the factor time series containing Ni in the chemical profile were built 

and cluster analysis applied to pinpoint and quantify the contribution of each industry to each source process. Two 

sources were identified to contribute to Ni concentrations, stainless-steel (which contributed to 10% of the Ni 

burden) and the Ni refinery (contributing 90%). From the stainless-steel process, melting activities were responsible 

for 66% of the stainless-steel factor contribution. 

Another source apportionment study was conducted by (Manousakas et al. 2022). This study utilized the longest 

available size segregated elemental composition dataset until today in Europe. Measurements were performed at 

an urban background site in Zürich (Zürich-Kaserne), during May 2019 to May 2020. For data collection, we have 

used an ambient metals monitor, Xact 625i, equipped with a sampling inlet alternating between PM2.5 and PM10. 

By implementing interpolation and a newly proposed uncertainty estimation methodology, it was possible to obtain 

and use in PMF a combined dataset of PM2.5 and PMcoarse (PM10-2.5) having data from only one instrument. The 

combination of the inlet switching system, the instrument’s high time resolution, and the use of advanced source 

apportionment approaches yielded improved source apportionment results in terms of the number of identified 

sources, as the model, additionally to the diurnal and seasonal variation of the dataset, also utilizes the variation 

from the size segregated data. Thirteen sources of elements were identified, i.e., sea salt (5.4%), biomass burning 

(7.2%), construction (4.3%), industrial (3.3%), light-duty vehicles (5.4%), Pb (0.7%), Zn (0.7%), dust (22.1%), 

transported dust (9.5%), sulfates (15.4%), heavy-duty vehicles (17%), railway (6.6%) and fireworks (2.4%). 

Finally, there is a study on oxidative potential apportionment of atmospheric PM1 using a new approach combining 

high-sensitive online analysers (including the Xact) for chemical composition and offline OP measurement 

technique, submitted to Atmos. Chem. Phys., (Camman et al, 2023), but more information is not yet available.  

Table 7. Overview of published Xact related studies in Europe. 

Site Country Period start Period end Reference 

Härkingen Switzerland 23 Jul 2015 13 Aug 15 (Furger et al. 2017) 

Marylebone 
Road, London 

UK PM10: 1 Jul 2014 
PM2.5: 14 Oct 2014 

PM10: 11 Mar 2015 
PM2.5: 1 Dec 2014 

(Tremper et al. 2018) 

Tawe Terrace, 
Pontardawe 

UK 25 Nov 2015 24 Dec 2015 (Tremper et al. 2018) 

Tinsley, Sheffiel UK 19 Jan 2017 27 Mar 2017 (Tremper et al. 2018) 

Härkingen Switzerland 23 Jul 2015 13 Aug 15 (Rai et al. 2019) 

Veggiano Italy Jan 2015 Feb 2015 (Belis et al. 2019) 
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Tawe Terrace, 
Pontardawe 

UK 25 Nov 2015 24 Dec 2015 (Font et al. 2022) 

Kaserne, Zurich Switzerland May 2019 May 2020 (Manousakas et al. 
2022) 

 

  

http://www.riurbans.eu/


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
19 

8. References 

Almeida, S. M., Manousakas, M., Diapouli, E., Kertész, Z., Samek, L., Hristova, E., Šega, K., Álvarez, R., 

Belis, C. A., Eleftheriadis, K. (2020). Ambient particulate matter source apportionment using receptor 

modelling in European and Central Asia urban areas. Environmental Pollution, 266, 115199. 

https://doi.org/10.1016/j.envpol.2020.115199 

Amato, F., B.L. van Drooge, J.L. Jaffrezo, O. Favez, Colombi, C., Cuccia, E., C. Reche, Ippolito, F., Ridolfo, 

S., Lara, R., G. Uzu, V. Ngoc, P. Dominutti, S. Darfeuil, A. Albinet, Srivastava, D., A. Karanasiou, G. 

Lanzani, A. Alastuey, Querol, X. (2024). Aerosol source apportionment uncertainty linked to the choice 

of input chemical components. Environment International, 108441–108441. 

https://doi.org/10.1016/j.envint.2024.108441 

Amato, F., Alastuey, A., Karanasiou, A., Lucarelli, F., Nava, S., Calzolai, G., Severi, M., Becagli, S., Gianelle, 

V., Colombi, C., Alves, C., Custódio, D., Nunes, T., Cerqueira, M., Pio, C., Eleftheriadis, K., Diapouli, E., 

Reche, C., Minguillón, M. C., . . . Querol, X. (2016). AIRUSE-LIFE+: a harmonized PM speciation and 

source apportionment in five Southern European cities. Atmospheric Chemistry and Physics, 16(5), 

3289-3309. https://doi.org/10.5194/acp-16-3289-2016 

Backman, J., Schmeisser, L., Virkkula, A., Ogren, J.A., Asmi, E., Starkweather, S., Sharma, S., Eleftheriadis, 

K., Uttal, T., Jefferson, A., Bergin, M., Makshtas, A., Tunved, P., Fiebig, M., 2017. On Aethalometer 

measurement uncertainties and an instrument correction factor for the Arctic. Atmos. Meas. Tech. 

10, 5039–5062. https://doi.org/10.5194/amt-10-5039-2017 

Baldasano, J.M., 2020. COVID-19 lockdown effects on air quality by NO2 in the cities of Barcelona and 

Madrid (Spain). Sci. Total Environ. 741. https://doi.org/10.1016/j.scitotenv.2020.140353 

Baudic, A., Gros, V., Sauvage, S., Locoge, N., Sanchez, O., Sarda-Estève, R., Kalogridis, C., Petit, J. E., 

Bonnaire, N., Baisnée, D., Favez, O., Albinet, A., Sciare, J., & Bonsang, B. (2016). Seasonal variability 

and source apportionment of volatile organic compounds (VOCs) in the Paris megacity (France). 

Atmospheric Chemistry and Physics, 16(18), 11961–11989. https://doi.org/10.5194/acp-16-11961-

2016 

Becerril-Valle, M., Coz, E., Prévôt, A.S.H., Močnik, G., Pandis, S.N., Sánchez de la Campa, A.M., Alastuey, 

A., Díaz, E., Pérez, R.M., Artíñano, B., 2017. Characterization of atmospheric black carbon and co-

pollutants in urban and rural areas of Spain. Atmos. Environ. 169, 36–53. 

https://doi.org/10.1016/j.atmosenv.2017.09.014 

Beddows, D.C., Dall'Osto, M., Harrison, R.M., 2009. Cluster analysis of rural, urban, and curbside 

atmospheric particle size data. Environ. Sci. Technol. 43 (13), 4694-700. doi: 10.1021/es803121t 

Belis, C.A., Karagulian, F., Larsen, B.R., Hopke, P.K., 2013. Critical review and meta-analysis of ambient 

particulate matter source apportionment using receptor models in Europe. Atmos. Environ. 69, 94–

108. https://doi.org/10.1016/j.atmosenv.2012.11.009 

Bibi, Z., Coe, H., Brooks, J., Williams, P.I., Reyes-Villegas, E., Priestley, M., Percival, C.J., Allan, J.D., 2021. 

Technical note: A new approach to discriminate different black carbon sources by utilising fullerene 

http://www.riurbans.eu/


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
20 

and metals in positive matrix factorisation analysis of high-resolution soot particle aerosol mass 

spectrometer data. Atmos. Chem. Phys. 21, 10763–10777. https://doi.org/10.5194/acp-21-10763-

2021 

Blanco-Donado, E.P., Schneider, I.L., Artaxo, P., Lozano-Osorio, J., Portz, L., Oliveira, M.L.S., 2022. Source 

identification and global implications of black carbon. Geosci. Front. 13, 101149. 

https://doi.org/10.1016/j.gsf.2021.101149 

Briggs, N.L., Long, C.M., 2016. Critical review of black carbon and elemental carbon source apportionment 

in Europe and the United States. Atmos. Environ. 144, 409–427. 

https://doi.org/10.1016/j.atmosenv.2016.09.002 

Brines, M., Dall'Osto, M., Beddows, D. C. S., Harrison, R. M., Querol, X., 2014. Simplifying aerosol size 

distribution modes simultaneously detected at four monitoring sites during SAPUSS. Atmos. Chem. 

Phys. 14, 2973–2986, https://doi.org/10.5194/acp-14-2973-2014 

Brines, M., Dall’Osto, M., Beddows, D.C.S., Harrison, R.M., Gómez-Moreno, F., Núñez, L., Artíñano, B., 

Costabile, F., Gobbi, G.P., Salimi, F., Morawska, L., Sioutas, C., Querol, X., 2015. Traffic and nucleation 

events as main sources of ultrafine particles in high-insolation developed world cities. Atmos. Chem. 

Phys. 15, 5929–5945. https://doi.org/10.5194/acp-15-5929-2015 

Brown, S. G., Frankel, A., & Hafner, H. R. (2007). Source apportionment of VOCs in the Los Angeles area 

using positive matrix factorization. Atmospheric Environment, 41(2), 227–237. 

https://doi.org/10.1016/j.atmosenv.2006.08.021 

Chan, T.W., Mozurkewich, M., 2007. Simplified representation of atmospheric aerosol size distributions 

using absolute principal component analysis. Atmos. Chem. Phys. 7, 875–886. 

https://doi.org/10.5194/acp-7-875-2007 

Chazeau, B., El Haddad, I., Canonaco, F., Temime-Roussel, B., D’Anna, B., Gille, G., Mesbah, B., Prévôt, 

A.S.H., Wortham, H., Marchand, N., 2022. Organic aerosol source apportionment by using rolling 

positive matrix factorization: Application to a Mediterranean coastal city. Atmos. Environ. X 14. 

https://doi.org/10.1016/j.aeaoa.2022.100176 

Chebaicheb, H., Brito, J.F. De, Chen, G., Tison, E., Favez, O., Marchand, C., Pr, S.H., 2023. Investigation of 

four-year chemical composition and organic aerosol sources of submicron particles at the ATOLL site 

in northern France ☆ 330. https://doi.org/10.1016/j.envpol.2023.121805 

Chen, G., Canonaco, F., Tobler, A., Aas, W., Alastuey, A., Allan, J., Atabakhsh, S., Aurela, M., Baltensperger, 

U., Bougiatioti, A., De Brito, J. F., Ceburnis, D., Chazeau, B., Chebaicheb, H., Daellenbach, K. R., Ehn, 

M., El Haddad, I., Eleftheriadis, K., Favez, O., Flentje, H., Font, A., Fossum, K., Freney, E., Gini, M., 

Green, D. C., Heikkinen, L., Herrmann, H., Kalogridis, A.-C., Keernik, H., Lhotka, R., Lin, C., Lunder, C., 

Maasikmets, M., Manousakas, M. I., Marchand, N., Marin, C., Marmureanu, L., Mihalopoulos, N., 

Močnik, G., Nęcki, J., O’Dowd, C., Ovadnevaite, J., Peter, T., Petit, J.-E., Pikridas, M., Matthew Platt, S., 

Pokorná, P., Poulain, L., Priestman, M., Riffault, V., Rinaldi, M., Różański, K., Schwarz, J., Sciare, J., 

Simon, L., Skiba, A., Slowik, J. G., Sosedova, Y., Stavroulas, I., Styszko, K., Teinemaa, E., Timonen, H., 

Tremper, A., Vasilescu, J., Via, M., Vodička, P., Wiedensohler, A., Zografou, O., Cruz Minguillón, M. and 

http://www.riurbans.eu/
https://doi.org/10.5194/acp-14-2973-2014
https://doi.org/10.5194/acp-15-5929-2015
https://doi.org/10.5194/acp-7-875-2007


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
21 

Prévôt, A. S. H.: European aerosol phenomenology − 8: Harmonised source apportionment of organic 

aerosol using 22 Year-long ACSM/AMS datasets, Environ. Int., 166(May), 107325, 

doi:10.1016/j.envint.2022.107325, 2022. 

Chen, L., Qi, X., Nie, W., Wang, J., Xu, Z., Wang, T., Liu Y., Shen, Y., Xu, Z., Kokkonen, T.V., Chi, X., Aalto, 

P.P., Paasonen, P., Kerminen, V.M., Petäjä, T., Kulmala, M., Ding, A., 2021. Cluster analysis of 

submicron particle number size distributions at the SORPES station in the Yangtze River Delta of East 

China. Journal of Geophysical Research: Atmospheres, 126. https://doi.org/10.1029/2020JD034004 

Contini, D., Cesari, D., Conte, M., & Donateo, A. (2016). Application of PMF and CMB receptor models for 

the evaluation of the contribution of a large coal-fired power plant to PM10 concentrations. Science 

of The Total Environment, 560-561, 131-140. https://doi.org/10.1016/j.scitotenv.2016.04.031 

Cordell, R.L., Mazet, M., Dechoux, C., Hama, S.M.L., Staelens, J., Hofman, J., Stroobants, C., Roekens, E., 

Kos, G.P.A., Weijers, E.P., Frumau, K.F.A., Panteliadis, P., Delaunay, T., Wyche, K.P., Monks, P.S., 2016. 

Evaluation of biomass burning across North West Europe and its impact on air quality. Atmos. Environ. 

141, 276–286. https://doi.org/10.1016/j.atmosenv.2016.06.065 

Crilley, L.R., Bloss, W.J., Yin, J., Beddows, D.C.S., Harrison, R.M., Allan, J.D., Young, D.E., Flynn, M., 

Williams, P., Zotter, P., Prevot, A.S.H., Heal, M.R., Barlow, J.F., Halios, C.H., Lee, J.D., Szidat, S., Mohr, 

C., 2015. Sources and contributions of wood smoke during winter in London: Assessing local and 

regional influences. Atmos. Chem. Phys. 15, 3149–3171. https://doi.org/10.5194/acp-15-3149-2015 

Crippa, M., Canonaco, F., Lanz, V. A., Äijälä, M., Allan, J. D., Carbone, S., Capes, G., Ceburnis, D., Dall’Osto, 

M., Day, D. A., DeCarlo, P. F., Ehn, M., Eriksson, A., Freney, E., Ruiz, L. H., Hillamo, R., Jimenez, J. L., 

Junninen, H., Kiendler-Scharr, A., Kortelainen, A. M., Kulmala, M., Laaksonen, A., Mensah, A. A., Mohr, 

C., Nemitz, E., O’Dowd, C., Ovadnevaite, J., Pandis, S. N., Petäjä, T., Poulain, L., Saarikoski, S., Sellegri, 

K., Swietlicki, E., Tiitta, P., Worsnop, D. R., Baltensperger, U. and Prévôt, A. S. H.: Organic aerosol 

components derived from 25 AMS data sets across Europe using a consistent ME-2 based source 

apportionment approach, Atmos. Chem. Phys., 14(12), 6159–6176, doi:10.5194/acp-14-6159-2014, 

2014. 

Cusack, M., Pérez, N., Pey, J., Alastuey, A., Querol, X., 2013. Source apportionment of fine PM and sub-

micron particle number concentrations at a regional background site in the western Mediterranean: 

A 2.5 year study. Atmos. Chem. Phys. 13, 10, 5173-5187. doi:10.5194/acp-13-5173-2013 

Dai, Q., Ding, J., Song, C., Liu, B., Bi, X., Wu, J., Zhang, Y., Feng, Y., Hopke, P.K., 2021.Changes in source 

contributions to particle number concentrations after the COVID-19 outbreak: Insights from a 

dispersion normalized PMF. Science of The Total Environment 759, 143548. 

https://doi.org/10.1016/j.scitotenv.2020.143548. 

Diapouli, E., Manousakas, M., Vratolis, S., Vasilatou, V., Maggos, T., Saraga, D., Grigoratos, T., 

Argyropoulos, G., Voutsa, D., Samara, C., & Eleftheriadis, K. (2017). Evolution of air pollution source 

contributions over one decade, derived by PM10 and PM2.5 source apportionment in two 

metropolitan urban areas in Greece. Atmospheric Environment, 164, 416-430. 

https://doi.org/10.1016/j.atmosenv.2017.06.016 

http://www.riurbans.eu/
https://doi.org/10.1029/2020JD034004
https://doi.org/10.1016/j.scitotenv.2020.143548


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
22 

Dall'Osto, M., Thorpe, A., Beddows, D. C. S., Harrison, R. M., Barlow, J. F., Dunbar, T., Williams, P. I., and 

Coe, H., 2011. Remarkable dynamics of nanoparticles in the urban atmosphere. Atmos. Chem. Phys. 

11, 6623–6637, https://doi.org/10.5194/acp-11-6623-2011 

Dall'Osto, M., Beddows, D.C.S., Tunved, P., Harrison, R.M., Lupi, A., Vitale, V., Becagli, S., Traversi, R., 

Park, K.T., Yoon, Y.J., Massling, A., Skov, H., Lange, R., Strom, J., and Krejci, R., 2019. Simultaneous 

measurements of aerosol size distributions at three sites in the European high Arctic. Atmos. Chem. 

Phys. 19, 7377–7395. https://doi.org/10.5194/acp-19-7377-2019 

El Haddad, I., D’Anna, B., Temime-Roussel, B., Nicolas, M., Boreave, A., Favez, O., Voisin, D., Sciare, J., 

George, C., Jaffrezo, J.L., Wortham, H., Marchand, N., 2013. Towards a better understanding of the 

origins, chemical composition and aging of oxygenated organic aerosols: Case study of a 

Mediterranean industrialized environment, Marseille. Atmos. Chem. Phys. 13, 7875–7894. 

https://doi.org/10.5194/acp-13-7875-2013 

Favez, O., Cachier, H., Sciare, J., Sarda-Estève, R., Martinon, L., 2009. Evidence for a significant 

contribution of wood burning aerosols to PM2.5 during the winter season in Paris, France. Atmos. 

Environ. 43, 3640–3644. https://doi.org/10.1016/j.atmosenv.2009.04.035 

Favez, O., El Haddad, I., Piot, C., Boréave, A., Abidi, E., Marchand, N., Jaffrezo, J.L., Besombes, J.L., 

Personnaz, M.B., Sciare, J., Wortham, H., George, C., D’Anna, B., 2010. Inter-comparison of source 

apportionment models for the estimation of wood burning aerosols during wintertime in an Alpine 

city (Grenoble, France). Atmos. Chem. Phys. 10, 5295–5314. https://doi.org/10.5194/acp-10-5295-

2010 

Ferrero, L., Bernardoni, V., Santagostini, L., Cogliati, S., Soldan, F., Valentini, S., Massabò, D., Močnik, G., 

Gregorič, A., Rigler, M., Prati, P., Bigogno, A., Losi, N., Valli, G., Vecchi, R., Bolzacchini, E., 2021. 

Consistent determination of the heating rate of light-absorbing aerosol using wavelength- and time-

dependent Aethalometer multiple-scattering correction. Sci. Total Environ. 791. 

https://doi.org/10.1016/j.scitotenv.2021.148277 

Fourtziou, L., Liakakou, E., Stavroulas, I., Theodosi, C., Zarmpas, P., Psiloglou, B., Sciare, J., Maggos, T., 

Bairachtari, K., Bougiatioti, A., Gerasopoulos, E., Sarda-Estève, R., Bonnaire, N., Mihalopoulos, N., 

2017. Multi-tracer approach to characterize domestic wood burning in Athens (Greece) during 

wintertime. Atmos. Environ. 148, 89–101. https://doi.org/10.1016/j.atmosenv.2016.10.011 

Fung, P.L., Sillanpää, S., Niemi, J. V., Kousa, A., Timonen, H., Zaidan, M.A., Saukko, E., Kulmala, M., Petäjä, 

T., Hussein, T., 2022. Improving the current air quality index with new particulate indicators using a 

robust statistical approach. Sci. Total Environ. 844. https://doi.org/10.1016/j.scitotenv.2022.157099 

Gaimoz, Ć., Sauvage, S., Gros, V., Herrmann, F., Williams, J., Locoge, N., Perrussel, O., Bonsang, B., 

D’Argouges, O., Sarda-Estv̀e, R., & Sciare, J. (2011). Volatile organic compounds sources in Paris in 

spring 2007. Part II: Source apportionment using positive matrix factorisation. Environmental 

Chemistry, 8(1), 91–103. https://doi.org/10.1071/EN10067 

Garg, S., Chandra, B.P., Sinha, V., Sarda-Esteve, R., Gros, V., Sinha, B., 2016. Limitation of the Use of the 

Absorption Angstrom Exponent for Source Apportionment of Equivalent Black Carbon: A Case Study 

http://www.riurbans.eu/
https://doi.org/10.5194/acp-11-6623-2011
https://doi.org/10.5194/acp-19-7377-2019


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
23 

from the North West Indo-Gangetic Plain. Environ. Sci. Technol. 50, 814–824. 

https://doi.org/10.1021/acs.est.5b03868 

Grange K, S., Lötscher, H., Fischer, A., Emmenegger, L., Hueglin, C., 2020. Evaluation of equivalent black 

carbon source apportionment using observations from Switzerland between 2008 and 2018. Atmos. 

Meas. Tech. 13, 1867–1885. https://doi.org/10.5194/amt-13-1867-2020 

Gregorič, A., Drinovec, L., JeÅ3/4ek, I., Vaupotič, J., Grauf, D., Wang, L., Stanič, S., 2020. The 

determination of highly time-resolved and source-separated black carbon emission rates using radon 

as a tracer of atmospheric dynamics. Atmos. Chem. Phys. 20, 14139–14162. 

https://doi.org/10.5194/acp-20-14139-2020 

Gu, J., Pitz, M., Schnelle-Kreis, J., Diemer, J., Reller, A., Zimmermann, R., Soentgen, J., Stoelzel, M., 

Wichmann, H.E., Peters, A., Cyrys, J., 2011. Source apportionment of ambient particles: Comparison 

of positive matrix factorization analysis applied to particle size distribution and chemical composition 

data. Atmospheric Environment 45, 10, 1849-1857. https://doi.org/10.1016/j.atmosenv.2011.01.009 

Hamilton, S.D., Harley, R.A., 2021. High-Resolution Modeling and Apportionment of Diesel-Related 

Contributions to Black Carbon Concentrations. Environ. Sci. Technol. 55, 12250–12260. 

https://doi.org/10.1021/acs.est.1c03913 

Harrison, R.M., Beddows, D.C.S., Jones, A.M., Calvo, A., Alves, C., Pio, C., 2013. An evaluation of some 

issues regarding the use of aethalometers to measure woodsmoke concentrations. Atmos. Environ. 

80, 540–548. https://doi.org/10.1016/j.atmosenv.2013.08.026 

Healy, R. M., Sofowote, U. M., Wang, J. M., Chen, Q., & Todd, A. (2022). Spatially Resolved Source 

Apportionment of Industrial VOCs Using a Mobile Monitoring Platform. Atmosphere, 13(10). 

https://doi.org/10.3390/atmos13101722 

Helin, A., Niemi, J. V., Virkkula, A., Pirjola, L., Teinilä, K., Backman, J., Aurela, M., Saarikoski, S., Rönkkö, 

T., Asmi, E., Timonen, H., 2018. Characteristics and source apportionment of black carbon in the 

Helsinki metropolitan area, Finland. Atmos. Environ. 190, 87–98. 

https://doi.org/10.1016/j.atmosenv.2018.07.022 

Helin, A., Virkkula, A., Backman, J., Pirjola, L., Sippula, O., Aakko-Saksa, P., Väätäinen, S., Mylläri, F., 

Järvinen, A., Bloss, M., Aurela, M., Jakobi, G., Karjalainen, P., Zimmermann, R., Jokiniemi, J., Saarikoski, 

S., Tissari, J., Rönkkö, T., Niemi, J. V., Timonen, H., 2021. Variation of Absorption Ångström Exponent 

in Aerosols From Different Emission Sources. J. Geophys. Res. Atmos. 126, 1–21. 

https://doi.org/10.1029/2020JD034094 

Herich, H., Hueglin, C., Buchmann, B., 2011. A 2.5 year’s source apportionment study of black carbon 

from wood burning and fossil fuel combustion at urban and rural sites in Switzerland. Atmos. Meas. 

Tech. 4, 1409–1420. https://doi.org/10.5194/amt-4-1409-2011 

Hopke, P.K., 2016. Review of receptor modeling methods for source apportionment. J. Air Waste Manag. 

Assoc. 66, 237–259. https://doi.org/10.1080/10962247.2016.1140693 

http://www.riurbans.eu/
https://doi.org/10.1016/j.atmosenv.2011.01.009


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
24 

Hopke, P.K., Feng, Y., Dai, Q., 2022. Source apportionment of particle number concentrations: A global 

review. Sci. Total Environ. 819, 153104. https://doi.org/10.1016/j.scitotenv.2022.153104 

Hopke, P.K., Chen, Y., Rich, D.Q., Mooibroek, D., Sofowote, U.M., 2023. The application of positive matrix 

factorization with diagnostics to BIG DATA. Chemom. Intell. Lab. Syst. 240, 104885. 

https://doi.org/10.1016/j.chemolab.2023.104885 

Hopke, P.K., Chen, Y., Rich, D.Q., Mooibroek, D., Sofowote, U.M., 2023. Chemometrics and Intelligent 

Laboratory Systems The application of positive matrix factorization with diagnostics to BIG DATA. 

Chemom. Intell. Lab. Syst. 240, 104885. https://doi.org/10.1016/j.chemolab.2023.104885 

Hopke, P. K., Dai, Q., Li, L., Feng, Y. (2020). Global review of recent source apportionments for airborne 

particulate matter. Science of the Total Environment, 740, 140091. 

https://doi.org/10.1016/j.scitotenv.2020.140091 

Hyvärinen, A.P., Kolmonen, P., Kerminen, V.M., Virkkula, A., Leskinen, A., Komppula, M., Hatakka, J., 

Burkhart, J., Stohl, A., Aalto, P., Kulmala, M., Lehtinen, K.E.J., Viisanen, Y., Lihavainen, H., 2011. Aerosol 

black carbon at five background measurement sites over Finland, a gateway to the Arctic. Atmos. 

Environ. 45, 4042–4050. https://doi.org/10.1016/j.atmosenv.2011.04.026 

Jafar, H.A., Harrison, R.M., 2021. Spatial and temporal trends in carbonaceous aerosols in the United 

Kingdom. Atmos. Pollut. Res. 12, 295–305. https://doi.org/10.1016/j.apr.2020.09.009 

Kaskaoutis, D.G., Grivas, G., Stavroulas, I., Bougiatioti, A., Liakakou, E., Dumka, U.C., Gerasopoulos, E., 

Mihalopoulos, N., 2021. Apportionment of black and brown carbon spectral absorption sources in the 

urban environment of Athens, Greece, during winter. Sci. Total Environ. 801, 149739. 

https://doi.org/10.1016/j.scitotenv.2021.149739 

Kfoury, A., Ledoux, F., Roche, C., Delmaire, G., Roussel, G., & Courcot, D. (2016). PM2.5 source 

apportionment in a French urban coastal site under steelworks emission influences using constrained 

non-negative matrix factorization receptor model. Journal of Environmental Sciences, 40, 114-

128. https://doi.org/10.1016/j.jes.2015.10.025 

Khan, M.F., Latif, M.T., Amil, N., Juneng, L., Mohamad, N., Nadzir, M.S., Hoque, H.M., 2015. 

Characterization and source apportionment of particle number concentration at a semi-urban tropical 

environment. Environ. Sci. Pollut. Res. Int. 22 (17), 13111-26. doi: 10.1007/s11356-015-4541-4 

Koukoulakis, K., Chrysohou, E., Kanellopoulos, P. G., Karavoltsos, S., Katsouras, G., Dassenakis, M., 

Nikolelis, D. P., & Bakeas, E. (2019). Trace elements bound to airborne PM10 in a heavily industrialized 

site nearby Athens: seasonal patterns, emission sources, health implications. Atmospheric Pollution 

Research, 10(4), 1347-1356. https://doi.org/10.1016/j.apr.2019.03.007 

Krecl, P., Johansson, C., Targino, A.C., Ström, J., Burman, L., 2017. Trends in black carbon and size-resolved 

particle number concentrations and vehicle emission factors under real-world conditions. Atmos. 

Environ. 165, 155–168. https://doi.org/10.1016/j.atmosenv.2017.06.036 

http://www.riurbans.eu/
https://doi.org/10.1016/j.scitotenv.2022.153104
https://doi.org/10.1016/j.chemolab.2023.104885


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
25 

Krecl, P., Targino, A.C., Johansson, C., 2011. Spatiotemporal distribution of light-absorbing carbon and its 

relationship to other atmospheric pollutants in Stockholm. Atmos. Chem. Phys. 11, 11553–11567. 

https://doi.org/10.5194/acp-11-11553-2011 

Kumar, S., Wang, S., Lin, N., Chantara, S., Lee, C., Thepnuan, D., 2020. Black carbon over an urban 

atmosphere in northern peninsular Southeast Asia : Characteristics , source apportionment , and 

associated health risks *. Environ. Pollut. 259, 113871. https://doi.org/10.1016/j.envpol.2019.113871 

Kuo, C. P., Liao, H. T., Chou, C. C. K., & Wu, C. F. (2014). Source apportionment of particulate matter and 

selected volatile organic compounds with multiple time resolution data. Sci. Total Environ., 472, 880–

887. https://doi.org/10.1016/j.scitotenv.2013.11.114 

Kutzner, R.D., von Schneidemesser, E., Kuik, F., Quedenau, J., Weatherhead, E.C., Schmale, J., 2018. Long-

term monitoring of black carbon across Germany. Atmos. Environ. 185, 41–52. 

https://doi.org/10.1016/j.atmosenv.2018.04.039 

Laborde, M., Crippa, M., Tritscher, T., Jurányi, Z., Decarlo, P.F., Temime-Roussel, B., Marchand, N., 

Eckhardt, S., Stohl, A., Baltensperger, U., Prévôt, A.S.H., Weingartner, E., Gysel, M., 2013. Black carbon 

physical properties and mixing state in the European megacity Paris. Atmos. Chem. Phys. 13, 5831–

5856. https://doi.org/10.5194/acp-13-5831-2013 

Lanz, V. A., Hueglin, C., Buchmann, B., Hill, M., Locher, R., Staehelin, J., & Reimann, S. (2008). Receptor 

modeling of C2–C7 hydrocarbon sources at an urban background site in Zurich, Switzerland: changes 

between 1993–1994 and 2005–2006. Atmospheric Chemistry and Physics, 8(9), 2313–2332. 

https://doi.org/10.5194/acp-8-2313-2008 

Leuchner, M., Gubo, S., Schunk, C., Wastl, C., Kirchner, M., Menzel, A., & Plass-Dülmer, C. (2015). Can 

positive matrix factorization help to understand patterns of organic trace gases at the continental 

Global Atmosphere Watch site Hohenpeissenberg? Atmospheric Chemistry and Physics, 15(3), 1221–

1236. https://doi.org/10.5194/acp-15-1221-2015 

Li, J., Liu, C., Yin, Y., Kumar, K.R., 2016. Numerical investigation on the Ångström exponent of black carbon 

aerosol. J. Geophys. Res. Atmos. 121, 3506–3518. https://doi.org/10.1002/2015jd024718 

Liakakou, E., Stavroulas, I., Kaskaoutis, D.G., Grivas, G., Paraskevopoulou, D., Dumka, U.C., Tsagkaraki, 

M., Bougiatioti, A., Oikonomou, K., Sciare, J., Gerasopoulos, E., Mihalopoulos, N., 2020. Long-term 

variability, source apportionment and spectral properties of black carbon at an urban background site 

in Athens, Greece. Atmos. Environ. 222, 117137. https://doi.org/10.1016/j.atmosenv.2019.117137 

Liu, C., Chung, C.E., Yin, Y., Schnaiter, M., 2018. The absorption Ångström exponent of black carbon: From 

numerical aspects. Atmos. Chem. Phys. 18, 6259–6273. https://doi.org/10.5194/acp-18-6259-2018 

Liu, X., Zheng, M., Liu, Y., Jin, Y., Liu, J., Zhang, B., Yang, X., Wu, Y., Zhang, T., Xiang, Y., Liu, B., Yan, C., 

2022. Intercomparison of equivalent black carbon (eBC) and elemental carbon (EC) concentrations 

with three-year continuous measurement in Beijing, China. Environ. Res. 209, 112791. 

https://doi.org/10.1016/j.envres.2022.112791 

http://www.riurbans.eu/


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
26 

Liu, B., Yang, Y., Yang, T., Dai, Q., Zhang, Y., Feng, Y., & Hopke, P. K. (2023). Effect of photochemical losses 

of ambient volatile organic compounds on their source apportionment. Environment International, 

172. https://doi.org/10.1016/j.envint.2023.107766 

Liu, Z.R., Hu, B., Liu, Q., Sun, Y., Wang, Y.S., 2014. Source apportionment of urban fine particle number 

concentration during summertime in Beijing. Atmospheric Environment 96, 359-369. 

https://doi.org/10.1016/j.atmosenv.2014.06.055 

Luo, J., Li, Z., Qiu, J., Zhang, Y., Fan, C., Li, L., Wu, H., Zhou, P., Li, K., Zhang, Q., 2023. The Simulated Source 

Apportionment of Light Absorbing Aerosols: Effects of Microphysical Properties of Partially-Coated 

Black Carbon. J. Geophys. Res. Atmos. 128. https://doi.org/10.1029/2022JD037291 

Luoma, K., Niemi, J. V., Aurela, M., Lun Fung, P., Helin, A., Hussein, T., Kangas, L., Kousa, A., Rönkkö, T., 

Timonen, H., Virkkula, A., Petäjä, T., 2021. Spatiotemporal variation and trends in equivalent black 

carbon in the Helsinki metropolitan area in Finland. Atmos. Chem. Phys. 21, 1173–1189. 

https://doi.org/10.5194/acp-21-1173-2021 

Lyamani, H., Olmo, F.J., Foyo, I., Alados-Arboledas, L., 2011. Black carbon aerosols over an urban area in 

south-eastern Spain: Changes detected after the 2008 economic crisis. Atmos. Environ. 45, 6423–

6432. https://doi.org/10.1016/j.atmosenv.2011.07.063 

Maenhaut, W., Vermeylen, R., Claeys, M., Vercauteren, J., & Roekens, E. (2016). Sources of the PM10 

aerosol in Flanders, Belgium, and re-assessment of the contribution from wood burning. Science of 

The Total Environment, 562, 550-560. https://doi.org/10.1016/j.scitotenv.2016.04.074 

Manousakas, M., Diapouli, E., Papaefthymiou, H., Kantarelou, V., Zarkadas, C., Kalogridis, C., Karydas, A. 

G., & Eleftheriadis, K. (2017). XRF characterization and source apportionment of PM10 samples 

collected in a coastal city. X-Ray Spectrometry, 47(3), 190-200. https://doi.org/10.1002/xrs.2817 

Masiol, M., Squizzato, S., Rich, D.Q., Hopke, P.K., 2019. Long-term trends (2005–2016) of source 

apportioned PM2.5 across New York State. Atmos. Environ. 201, 110–120. 

https://doi.org/10.1016/j.atmosenv.2018.12.038 

Massabò, D., Prati, P., 2021. An overview of optical and thermal methods for the characterization of 

carbonaceous aerosol, Rivista del Nuovo Cimento. Springer Berlin Heidelberg. 

https://doi.org/10.1007/s40766-021-00017-8 

Mbengue, S., Serfozo, N., Schwarz, J., Holoubek, I., Ziková, N., Šmejkalová, A.H., Holoubek, I., 2020. 

Characterization of Equivalent Black Carbon at a regional background site in Central Europe: Variability 

and source apportionment☆. Environ. Pollut. 260. https://doi.org/10.1016/j.envpol.2019.113771 

Medeiros, P. M., & Simoneit, B. R. (2007). Analysis of sugars in environmental samples by gas 

chromatography–mass spectrometry. Journal Of Chromatography A, 1141(2), 271-278. 

https://doi.org/10.1016/j.chroma.2006.12.017 

Merabet, H., Kerbachi, R., Mihalopoulos, N., Stavroulas, I., Kanakidou, M., Yassaa, N., 2019. Measurement 

of atmospheric black carbon in some south mediterranean cities: Seasonal variations and source 

apportionment. Clean Air J. 29, 1–19. https://doi.org/10.17159/caj/2019/29/2.7500 

http://www.riurbans.eu/
https://doi.org/10.1016/j.atmosenv.2014.06.055


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
27 

Milinković, A., Gregorič, A., Grgičin, V.D., Vidič, S., Penezić, A., Kušan, A.C., Alempijević, S.B., Kasper-Giebl, 

A., Frka, S., 2021. Variability of black carbon aerosol concentrations and sources at a Mediterranean 

coastal region. Atmos. Pollut. Res. 12. https://doi.org/10.1016/j.apr.2021.101221 

Minderytė, A., Pauraite, J., Dudoitis, V., Plauškaitė, K., Kilikevičius, A., Matijošius, J., Rimkus, A., 

Kilikevičienė, K., Vainorius, D., Byčenkienė, S., 2022. Carbonaceous aerosol source apportionment and 

assessment of transport-related pollution. Atmos. Environ. 279. 

https://doi.org/10.1016/j.atmosenv.2022.119043 

Mousavi, A., Sowlat, M.H., Hasheminassab, S., Polidori, A., Sioutas, C., 2018. Spatio-temporal trends and 

source apportionment of fossil fuel and biomass burning black carbon (BC) in the Los Angeles Basin. 

Sci. Total Environ. 640–641, 1231–1240. https://doi.org/10.1016/j.scitotenv.2018.06.022 

Mousavi, A., Sowlat, M.H., Lovett, C., Rauber, M., Szidat, S., Bo, R., Borgini, A., Marco, C. De, Ruprecht, 

A.A., Sioutas, C., Boffi, R., Borgini, A., De Marco, C., Ruprecht, A.A., Sioutas, C., Bo, R., Borgini, A., 

Marco, C. De, Ruprecht, A.A., Sioutas, C., 2019. Source apportionment of black carbon (BC) from fossil 

fuel and biomass burning in metropolitan Milan, Italy. Atmos. Environ. 203, 252–261. 

https://doi.org/10.1016/j.atmosenv.2019.02.009 

Oliveira, C., Alves, c., Pio, C.A., 2009. Aerosol particle size distributions at a traffic exposed site and an 

urban background location in Oporto, Portugal. Quim. Nova 32, 4, 928-933. 

https://doi.org/10.1590/S0100-40422009000400019 

Paatero, P., 1999. The Multilinear Engine: A Table-Driven, Least Squares Program for Solving Multilinear 

Problems, including the n-Way Parallel Factor Analysis Model. Journal of Computational and Graphical 

Statistics, 8 (4), 854–888. https://doi.org/10.2307/1390831 

Pallavi, Sinha, B., & Sinha, V. (2019). Source apportionment of volatile organic compounds in the 

northwest Indo-Gangetic Plain using a positive matrix factorization model. Atmospheric Chemistry and 

Physics, 19(24), 15467–15482. https://doi.org/10.5194/acp-19-15467-2019 

Pandolfi, M., Ripoll, A., Querol, X., Alastuey, A., 2014. Climatology of aerosol optical properties and black 

carbon mass absorption cross section at a remote high-altitude site in the western Mediterranean 

Basin. Atmos. Chem. Phys. 14, 6443–6460. https://doi.org/10.5194/acp-14-6443-2014 

Pandolfi, M., Mooibroek, D., Hopke, P. K., Van Pinxteren, D., Querol, X., Herrmann, H., Alastuey, A., Favez, 

O., Hüglin, C., Perdrix, E., Riffault, V., Sauvage, S., Van Der Swaluw, E., Tarasova, O., & Colette, A. 

(2020). Long-range and local air pollution: What can we learn from chemical speciation of particulate 

matter at paired sites? Atmospheric Chemistry and Physics, 20(1), 409-

429. https://doi.org/10.5194/acp-20-409-2020 

Pey, J., Querol, X., Alastuey, A., Rodríguez, S., Putaud, J.P., Van Dingenen, R., 2009. Source Apportionment 

of urban fine and ultrafine particle number concentration in a Western Mediterranean city. Atmos. 

Environ. 43, 4407–4415. https://doi.org/10.1016/j.atmosenv.2009.05.024 

Pokorná, P., Leoni, C., Schwarz, J., Ondráček, J., Ondráčková, L., Vodička, P., Zíková, N., Moravec, P., Bendl, 

J., Klán, M., Hovorka, J., Zhao, Y., Cliff, S.S., Ždímal, V., Hopke, P.K., 2020. Spatial-temporal variability 

of aerosol sources based on chemical composition and particle number size distributions in an urban 

http://www.riurbans.eu/
https://doi.org/10.1590/S0100-40422009000400019
https://doi.org/10.2307/1390831
https://doi.org/10.1016/j.atmosenv.2009.05.024


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
28 

settlement influenced by metallurgical industry. Environ. Sci. Pollut. Res. 27, 38631–38643. 

https://doi.org/10.1007/s11356-020-09694-0 

Rivas, I., Beddows, D.C.S., Amato, F., Green, D.C., Järvi, L., Hueglin, C., Reche, C., Timonen, H., Fuller, G.W., 

Niemi, J. V., Pérez, N., Aurela, M., Hopke, P.K., Alastuey, A., Kulmala, M., Harrison, R.M., Querol, X., 

Kelly, F.J., 2020. Source apportionment of particle number size distribution in urban background and 

traffic stations in four European cities. Environ. Int. 135, 105345. 

https://doi.org/10.1016/j.envint.2019.105345 

Salameh, D., Pey, J., Bozzetti, C., Haddad, I. E., Detournay, A., Sylvestre, A., Canonaco, F., Armengaud, A., 

Piga, D., Robin, D., Prévôt, A. S. H., Jaffrezo, J., Wortham, H., & Marchand, N. (2018). Sources of PM2.5 

at an urban-industrial Mediterranean city, Marseille (France): Application of the ME-2 solver to 

inorganic and organic markers. Atmospheric Research, 214, 263-

274. https://doi.org/10.1016/j.atmosres.2018.08.005 

Samek, L., Stęgowski, Z., Styszko, K., Furman, L., & Fiedor, J. (2018). Seasonal contribution of assessed 

sources to submicron and fine particulate matter in a central European urban area. Environmental 

Pollution, 241, 406-411. https://doi.org/10.1016/j.envpol.2018.05.082 

Samek, L., Stęgowski, Z., Styszko, K., Furman, L., Zimnoch, M., Skiba, A., Kistler, M., Kasper-Giebl, A., 

Różański, K., & Konduracka, E. (2019). Seasonal variations of chemical composition of PM2.5 fraction 

in the urban area of Krakow, Poland: PMF source attribution. Air quality, Atmospheric & Health, 13(1), 

89-96. https://doi.org/10.1007/s11869-019-00773-x 

Sandradewi, Jisca, Prévôt, A.S.H., Szidat, S., Perron, N., Alfarra, M.R., Lanz, V.A., Weingartner, E., 

Baltensperger, U.R.S., 2008. Using aerosol light abosrption measurements for the quantitative 

determination of wood burning and traffic emission contribution to particulate matter. Environ. Sci. 

Technol. 42, 3316–3323. https://doi.org/10.1021/es702253m 

Sandradewi, J., Prévôt, A.S.H., Weingartner, E., Schmidhauser, R., Gysel, M., Baltensperger, U., 2008. A 

study of wood burning and traffic aerosols in an Alpine valley using a multi-wavelength Aethalometer. 

Atmos. Environ. 42, 101–112. https://doi.org/10.1016/j.atmosenv.2007.09.034 

Saraga, D., Tolis, E. I., Maggos, T., Vasilakos, C., & Bartzis, J. G. (2019). PM2.5 source apportionment for 

the port city of Thessaloniki, Greece. Science of The Total Environment, 650, 2337-2354. 

https://doi.org/10.1016/j.scitotenv.2018.09.250 

Savadkoohi, M., Pandolfi, M., Reche, C., Niemi, J. V, Mooibroek, D., Titos, G., Green, D.C., Tremper, A.H., 

Hueglin, C., Coz, E., Liakakou, E., Mihalopoulos, N., Stavroulas, I., Alados-arboledas, L., Beddows, D., 

Brito, J.F. De, Bastian, S., Baudic, A., Colombi, C., Costabile, F., Estell, V., Matos, V., Gaag, E. Van Der, 

Norman, M., Silvergren, S., Petit, J., Putaud, J., Rattigan, O. V, Timonen, H., Tuch, T., Merkel, M., 

Weinhold, K., Vratolis, S., Vasilescu, J., Favez, O., Harrison, R.M., Laj, P., Wiedensohler, A., Hopke, P.K., 

Pet, T., Querol, X., 2023. The variability of mass concentrations and source apportionment analysis of 

equivalent black carbon across urban Europe 178. https://doi.org/10.1016/j.envint.2023.108081 

http://www.riurbans.eu/
https://doi.org/10.1007/s11356-020-09694-0


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
29 

Schaap, M., Denier van der Gon, H.A.C., 2007. On the variability of Black Smoke and carbonaceous 

aerosols in the Netherlands. Atmos. Environ. 41, 5908–5920. 

https://doi.org/10.1016/j.atmosenv.2007.03.042 

Segersson, D., Eneroth, K., Gidhagen, L., Johansson, C., Omstedt, G., Nylén, A.E., Forsberg, B., 2017. 

Health impact of PM10, PM2.5 and black carbon exposure due to different source sectors in 

Stockholm, Gothenburg and Umea, Sweden. Int. J. Environ. Res. Public Health 14, 11–14. 

https://doi.org/10.3390/ijerph14070742 

Singh, V., Ravindra, K., Sahu, L., Sokhi, R., 2018. Trends of atmospheric black carbon concentration over 

United Kingdom. Atmos. Environ. 178, 148–157. https://doi.org/10.1016/j.atmosenv.2018.01.030 

Song, S. K., Shon, Z. H., Kang, Y. H., Kim, K. H., Han, S. B., Kang, M., Bang, J. H., & Oh, I. (2019). Source 

apportionment of VOCs and their impact on air quality and health in the megacity of Seoul. Environ. 

Pollut. , 247, 763–774. https://doi.org/10.1016/j.envpol.2019.01.102 

Squizzato, S., Masiol, M., Rich, D.Q., Hopke, P.K., 2018. A long-term source apportionment of PM2.5 in 

New York State during 2005–2016. Atmos. Environ. 192, 35–47. 

https://doi.org/10.1016/j.atmosenv.2018.08.044 

Squizzato, S., Masiol, M., Emami, F., Chalupa, D.C., Utell, M.J., Rich, D.Q., Hopke, P.K., 2019. Long-Term 

Changes of Source Apportioned Particle Number Concentrations in a Metropolitan Area of the North-

eastern United States. Atmosphere 10, 1, 27. https://doi.org/10.3390/atmos10010027 

Srivastava, D., Tomaz, S., Favez, O., Lanzafame, G. M., Golly, B., Besombes, J., Alleman, L., Jaffrezo, J., 

Jacob, V., Perraudin, É., Villenave, É., & Albinet, A. (2018). Speciation of organic fraction does matter 

for source apportionment. Part 1: A one-year campaign in Grenoble (France). Science of The Total 

Environment, 624, 1598-1611. https://doi.org/10.1016/j.scitotenv.2017.12.135 

Tobiszewski, M., & Namieśnik, J. (2012). PAH diagnostic ratios for the identification of pollution emission 

sources. Environmental Pollution, 162, 110-119. https://doi.org/10.1016/j.envpol.2011.10.025 

Tan, Y., Han, S., Chen, Y., Zhang, Z., Li, H., Li, W., Yuan, Q., Li, X., Wang, T., & Lee, S. cheng. (2021). 

Characteristics and source apportionment of volatile organic compounds (VOCs) at a coastal site in 

Hong Kong. Sci. Total Environ., 777. https://doi.org/10.1016/j.scitotenv.2021.146241 

Titos, G., del Águila, A., Cazorla, A., Lyamani, H., Casquero-Vera, J.A., Colombi, C., Cuccia, E., Gianelle, V., 

Močnik, G., Alastuey, A., Olmo, F.J., Alados-Arboledas, L., 2017. Spatial and temporal variability of 

carbonaceous aerosols: Assessing the impact of biomass burning in the urban environment. Sci. Total 

Environ. 578, 613–625. https://doi.org/10.1016/j.scitotenv.2016.11.007 

Tobler, A.K., Skiba, A., Canonaco, F., Močnik, G., Rai, P., Chen, G., Bartyzel, J., Zimnoch, M., Styszko, K., 

Nȩcki, J., Furger, M., Rózański, K., Baltensperger, U., Slowik, J.G., Prevot, A.S.H., 2021. Characterization 

of non-refractory (NR) PM1and source apportionment of organic aerosol in Kraków, Poland. Atmos. 

Chem. Phys. 21, 14893–14906. https://doi.org/10.5194/acp-21-14893-2021 

http://www.riurbans.eu/
https://doi.org/10.3390/atmos10010027


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
30 

Thurston, G.D., Spengler, J.D., 1985. A Multivariate Assessment of Meteorological Influences on Inhalable 

Particle Source Impacts. Journal of Climate and Applied Meteorology, 24 (11), 1245–1256. 

http://www.jstor.org/stable/26182616 

Vanderstraeten, P., Forton, M., Brasseur, O., Offer, Z.Y., 2011. Black Carbon Instead of Particle Mass 

Concentration as an Indicator for the Traffic Related Particles in the Brussels Capital Region. J. Environ. 

Prot. (Irvine,. Calif). 02, 525–532. https://doi.org/10.4236/jep.2011.25060 

Van Drooge, B. L., Fontal, M., Fernández, P., Fernández, M. A., Moreira, J., Jiménez, B., & Grimalt, J. O. 

(2018). Organic molecular tracers in atmospheric PM1 at urban intensive traffic and background sites 

in two high-insolation European cities. Atmospheric Environment, 188, 71-81. 

https://doi.org/10.1016/j.atmosenv.2018.06.02 

van Pinxteren, D., Fomba, K. W., Spindler, G., Müller, K., Poulain, L., Iinuma, Y., Löschau, G., Hausmann, 

A., & Herrmann, H. (2016). Regional air quality in Leipzig, Germany: detailed source apportionment of 

size-resolved aerosol particles and comparison with the year 2000. Faraday Discussions, 189, 291-315. 

https://doi.org/10.1039/c5fd00228a 

Via, M., Minguillón, M.C., Reche, C., Querol, X., Alastuey, A., 2021. Increase in secondary organic aerosol 

in an urban environment. Atmos. Chem. Phys. 21, 8323–8339. https://doi.org/10.5194/acp-21-8323-

2021 

Viana, M., Kuhlbusch, T.A.J., Querol, X., Alastuey, A., Harrison, R.M., Hopke, P.K., Winiwarter, W., Vallius, 

M., Szidat, S., Prévôt, A.S.H., Hueglin, C., Bloemen, H., Wåhlin, P., Vecchi, R., Miranda, A.I., Kasper-

Giebl, A., Maenhaut, W., Hitzenberger, R., 2008. Source apportionment of particulate matter in 

Europe: A review of methods and results. J. Aerosol Sci. 39, 827–849. 

https://doi.org/10.1016/j.jaerosci.2008.05.007 

Viana, M., Kuhlbusch, T. A. J., Querol, X., Alastuey, A., Harrison, R. M., Hopke, P. K., Winiwarter, W., 

Vallius, M., Szidat, S., Prévôt, A. S. H., Hueglin, C., Bloemen, H., Wåhlin, P., Vecchi, R., Miranda, A. I., 

Kasper‐Giebl, A., Maenhaut, W., Hitzenberger, R. (2008). Source apportionment of particulate matter 

in Europe: A review of methods and results. Journal of Aerosol Science, 39(10), 827-849. 

https://doi.org/10.1016/j.jaerosci.2008.05.007 

Virkkula, A., 2021. Modeled source apportionment of black carbon particles coated with a light-scattering 

shell. Atmos. Meas. Tech. 14, 3707–3719. https://doi.org/10.5194/amt-14-3707-2021 

Visser, S., Slowik, J. G., Furger, M., Zotter, P., Bukowiecki, N., Canonaco, F., Flechsig, U., Appel, K., Green, 

D., Tremper, A. H., Young, D. R., Williams, P., Allan, J., Coe, H., L. Keoki Williams, Mohr, C., Xu, L., Ng, 

N. L., Nemitz, E., Barlow, J. F. (2015). Advanced source apportionment of size-resolved trace elements 

at multiple sites in London during winter. Atmospheric Chemistry and Physics, 15(19), 11291–11309. 

https://doi.org/10.5194/acp-15-11291-2015 

Wang, Q., Liu, H., Ye, J., Tian, J., Zhang, T., Zhang, Y., Liu, S., Cao, J., 2021. Estimating Absorption Ångström 

Exponent of Black Carbon Aerosol by Coupling Multiwavelength Absorption with Chemical 

Composition. Environ. Sci. Technol. Lett. 8, 121–127. https://doi.org/10.1021/acs.estlett.0c00829 

http://www.riurbans.eu/
http://www.jstor.org/stable/26182616


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
31 

Wang, Z.B., Hu, M., Wu, Z.J., Yue, D.L., He, L.Y., Huang, X. F., Liu, X.G., and Wiedensohler, A., 2013. Long-

term measurements of particle number size distributions and the relationships with air mass history 

and source apportionment in the summer of Beijing. Atmos. Chem. Phys. 13, 10159–10170. 

https://doi.org/10.5194/acp-13-10159-2013 

Weber, S., Salameh, D., Albinet, A., Alleman, L., Waked, A., Besombes, J., Jacob, V., Guillaud, G., Meshbah, 

B., Rocq, B., Hulin, A., Dominik-Sègue, M., Chrétien, E., Jaffrezo, J., Favez, O. (2019). Comparison of 

PM10 sources profiles at 15 French sites using a harmonized constrained positive matrix factorization 

approach. Atmosphere, 10(6), 310. https://doi.org/10.3390/atmos10060310 

Wegner, T., Hussein, T., Hämeri, K., Vesala, T., Kulmala, M., Weber, S., 2012. Properties of aerosol 

signature size distributions in the urban environment as derived by cluster analysis. Atmos. Environ. 

61, 350–360. https://doi.org/10.1016/j.atmosenv.2012.07.048 

Wehner, B., Wiedensohler, A., 2003. Long term measurements of submicrometer urban aerosols: 

statistical analysis for correlations with meteorological conditions and trace gases. Atmos. Chem. Phys. 

3, 867–879. https://doi.org/10.5194/acp-3-867-2003 

Yáñez-Serrano, A. M., Bach, A., Bartolomé-Català, D., Matthaios, V., Seco, R., Llusià, J., Filella, I., & 

Peñuelas, J. (2021). Dynamics of volatile organic compounds in a western Mediterranean oak forest. 

Atmospheric Environment, 257. https://doi.org/10.1016/j.atmosenv.2021.118447 

Yin, J., Cumberland, S., Harrison, R. M., Allan, J. D., Young, D. E., Williams, P. I., Coe, H. (2015). Receptor 

modelling of fine particles in southern England using CMB including comparison with AMS-PMF 

factors. Atmospheric Chemistry And Physics, 15(4), 2139-2158. https://doi.org/10.5194/acp-15-2139-

2015 

Yttri, K.E., Simpson, D., Nojgaard, J.K., Kristensen, K., Genberg, J., Stenström, K., Swietlicki, E., Hillamo, R., 

Aurela, M., Bauer, H., Offenberg, J.H., Jaoui, M., Dye, C., Eckhardt, S., Burkhart, J.F., Stohl, A., Glasius, 

M., 2011. Source apportionment of the summer time carbonaceous aerosol at Nordic rural 

background sites. Atmos. Chem. Phys. 11, 13339–13357. https://doi.org/10.5194/acp-11-13339-2011 

Zhang, G., Peng, L., Lian, X., Lin, Q., Bi, X., Chen, D., Li, M., Li, L., Wang, X., Sheng, G., 2019. An improved 

absorption Ångström exponent (AAE)-based method for evaluating the contribution of light 

absorption from brown carbon with a high-time resolution. Aerosol Air Qual. Res. 19, 15–24. 

https://doi.org/10.4209/aaqr.2017.12.0566 

Zhang, X., Mao, M., Chen, H., Tang, S., 2020a. The Angstrom exponents of black carbon aerosols with 

non-absorptive coating: A numerical investigation. J. Quant. Spectrosc. Radiat. Transf. 257, 107362. 

https://doi.org/10.1016/j.jqsrt.2020.107362 

Zhang, X., Mao, M., Yin, Y., Tang, S., 2020b. The absorption Ångstrom exponent of black carbon with 

brown coatings: Effects of aerosol microphysics and parameterization. Atmos. Chem. Phys. 20, 9701–

9711. https://doi.org/10.5194/acp-20-9701-2020 

Zhang, Y., Albinet, A., Petit, J.E., Jacob, V., Chevrier, F., Gille, G., Pontet, S., Chrétien, E., Dominik-Sègue, 

M., Levigoureux, G., Močnik, G., Gros, V., Jaffrezo, J.L., Favez, O., 2020. Substantial brown carbon 

http://www.riurbans.eu/
https://doi.org/10.5194/acp-13-10159-2013
https://doi.org/10.1016/j.atmosenv.2012.07.048
https://doi.org/10.5194/acp-3-867-2003


 RI-URBANS 

WP1 Milestone M4 (M1.4) 

 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

 
32 

emissions from wintertime residential wood burning over France. Sci. Total Environ. 743. 

https://doi.org/10.1016/j.scitotenv.2020.140752 

Zheng, H., Kong, S., Chen, N., Fan, Z., Zhang, Y., Yao, L., Cheng, Y., Zheng, S., Yan, Y., Liu, D., Zhao, D., Liu, 

C., Zhao, T., Guo, J., Qi, S., 2021. A method to dynamically constrain black carbon aerosol sources with 

online monitored potassium. npj Clim. Atmos. Sci. 4. https://doi.org/10.1038/s41612-021-00200-y 

Zotter, P., Herich, H., Gysel, M., El-Haddad, I., Zhang, Y., Mocnik, G., Hüglin, C., Baltensperger, U., Szidat, 

S., Prévôt, A.S.H., 2017. Evaluation of the absorption Ångström exponents for traffic and wood burning 

in the Aethalometer-based source apportionment using radiocarbon measurements of ambient 

aerosol. Atmos. Chem. Phys. 17, 4229–4249. https://doi.org/10.5194/acp-17-4229-2017 

 

 

http://www.riurbans.eu/
https://doi.org/10.5194/acp-17-4229-2017

