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1 About this document 

This report offers a summary of the analysis of novel air quality (AQ) metrics and source contributions at 

selected urban background locations in Europe. This includes emerging AQ metrics such as off-line 

particulate matter (PM) chemistry, equivalent Black Carbon (eBC), Particle Number Size Distribution 

(PNSD), as well as PM’s oxidative potential (OP). Based on the presented work, main conclusions on source 

contributions in urban environments in Europe are drawn. The underlying data is available to the RI-

URBANS partners at https://www.healthpilot-riurbans.eu.  

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

the European Commission as a RI-URBANS Deliverable D30 (D4.9). This document can be downloaded at 

https://riurbans.eu/work-package-4/#deliverables-wp4.  

 

2 Methods 

In RI-URBANS, pilot cities were selected based such that 1) geographical variation in Europe is covered, and 2) large 

populations facilitate the potential use of the generated data in epidemiological assessments. Initially, Athens 

(Greece), Barcelona (Spain), and Zurich (Switzerland) were selected. Later on, Paris (France) - as one of the major 

metropolitan areas - was incorporated (see 2.1) even though not part of this deliverable. Measurement of novel 

metrics, including eBC, PNSD, PM composition and OP were performed following the recommendations of D1 (D1.1) 

generated within the framework of RI-URBANS WP1 and providing guidelines to measure the selected non-

regulated pollutants and perform quality analysis. 

2.1 Sampling sites 

Within this deliverable, scientific work was carried out at four geographical locations (Figure 1): Athens Thissio 

(Greece), Barcelona Palau Reial (Spain), Paris Les Halles (France), and Zurich Kaserne (Switzerland). 

Athens Thissio  

The Athens Thissio Air Monitoring Station is located on the top of the hill of Nymphs at the National Observatory 

of Athens (37.97°N, 23.72° E) around 50 m above the mean city level. It is an urban background station close to the 

city centre, which receives aerosols both from urban and regional sources. Surrounding the area there is a 

pedestrian zone, while there is no major road within a 500 m radius from the station. 

Barcelona Palau Reial 

The Barcelona Palau Reial urban background monitoring site is located within the grounds of the IDAEA - CSIC in 

northwest Barcelona, (41° 23'14.28"N, 2°6'56.34"E, 77 m a.s.l), located 200 m from one of the main traffic avenues 

of the city (Diagonal Avenue, traffic density of 90 000 vehicles per working day). The main source of atmospheric 

PM is road traffic, although contributions from industry, regional secondary atmospheric pollutants, construction, 

and shipping are also relevant. Atmospheric dynamics are driven by the breeze circulation regime, with a NW wind 

component during the night and the development of breezes during the day turning progressively from SE to SW 

direction, with gradually increasing wind speeds reaching maximum values around noon. This supersite is a National 

Facility (NF) for in situ measurements in ACTRIS - ERIC, and forms part of the Catalan Air Quality Monitoring Network 

(AQMN). It is a well-equipped infrastructure for in-situ characterization of aerosols (optical, physical, and chemical 

offline and online) and trace gases (NOx, SO2, O3, CO). 

 

http://www.riurbans.eu/
https://www.healthpilot-riurbans.eu/
https://riurbans.eu/work-package-4/#deliverables-wp4
https://riurbans.eu/wp-content/uploads/2022/10/RI-URBANS_D1_D1_1.pdf
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Paris Les Halles  

The urban background station at Paris-Les Halles is located in the city centre of Paris. It is fully operated by the 

AIRPARIF regional air quality monitoring network. The station is located in a public park (Jardins des Halles) adjacent 

to the infrastructure of the underground local public transportation network Châtelet Les Halles (48° 51' 43.74" N, 

2° 20' 40.71"W). The surrounding area is a typical urban neighbourhood with residential and commercial activities. 

Boulevards and traffic roads are a few hundred meters from the site.  

Zurich Kaserne 

The Zurich Kaserne urban background monitoring site is located in a courtyard park in the city centre of Zurich (47° 

22' 42'' N, 8° 31 '52'' E, 410 m a.s.l.), part of the Swiss National Monitoring Network (NABEL). The surrounding area 

is dominated by residential buildings and small businesses. While the station is not directly affected by major roads, 

local traffic is present. The station receives aerosols both from regional and local/urban sources. 

 

Figure 1. Pilot 4 Monitoring sites: clockwise Athens, Barcelona, Paris and Zurich. 

  

http://www.riurbans.eu/
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2.2 Online measurement of novel metrics 

2.2.1 Measurement of equivalent black carbon (eBC) 

At all sites, eBC concentrations are measured and calculated by filter absorption photometers (FAPs) from 

Aethalometers (AE33) software through two steps here. In the first step (Step 1) the measured attenuation (ATN) 

is converted into absorption coefficient (ABS). For this, two artifacts related to the presence of the filter tape are 

considered. One artifact consists in an increase of the measured ATN due to the scattering of light by the filter tape 

(C0). The other artifact consists in the progressive loss of sensitivity due to the progressive accumulation of particles 

on the filter tape (factor loading effect; FL). In the second step (Step 2) the ABS is converted into eBC mass 

concentrations assuming a specific and constant mass absorption cross section (MAC) of BC particles. 

Step 1: All AE instruments convert ATN to ABS using predefined and constant C0 that depends on the filter tape 

used. For the recent filter tape (M8060) C0 is 1.39. The filter tape M8060 is the recommended one (available since 

October 2017). The C0 values are set in the instrument software and must be changed manually if the filter tape is 

replaced with a different one (Savadkoohi et al., 2023). The AE33 model corrects online for FL by applying the “dual 

spot” method (Drinovec et al., 2015).  

Step 2: The AE33 model calculates eBC from ATN at 880 nm using a MAC of 7.77 m2g-1 at 880 nm and C0=1.39 if the 

recommended filter tape is used. 

Then eBC source apportionment is commonly performed using the Aethalometer (AE) approach (Sandradewi et al., 

2008). This approach uses the seven wavelengths absorption coefficient measurements provided by AE 

instruments. ACTRIS provides the harmonization factors necessary to convert the ATN measured with AE 

instruments into ABS. These harmonization factors are needed because the C0 is different from the one used in the 

AE software (see Savadkoohi et al., 2023, 2024, and ST2 on BC from RI-URBANS for more details). 

2.2.2 Measurement of ultrafine particles (UFP) 

Measurements of Particle Number Concentration (PNC) and Particle Number Size Distribution (PNSD) of UFP are 

conducted at all sites by using Condensation Particle Counters (CPCs) and Mobility particle size spectrometers 

(MPSSs), respectively, in accordance with ACTRIS and CEN guidelines and documents (ACTRIS, 2021; CEN/–

S16976:2016; CEN/TS17434:2020), and ST1 on UFP-PNSD from RI-URBANS. These guidelines recommend a size 

measurement range of 10-800 nm and allow the measurement of particles with diameters below 10 nm if required. 

Data harmonisation is performed according to the methods described by (Trechera et al., 2023) and (Garcia-Marlès 

et al., 2024a). The data is averaged hourly, and the measurement range is limited to 10-800 nm to ensure better 

comparability between the sites. 

2.3 PM composition and OP 

2.3.1 Sampling and analytical strategies 

Given the different chemical composition and sources of fine and coarse PM at each pilot city, PM2.5 and PM10 

were sampled simultaneously for 1 year – 1 full seasonal cycle for subsequent chemical offline analyses. Due to 

constraints defined by the elaborate chemical characterization, not every day of the year was characterized but 

instead every 2nd day (Barcelona, Athens, Paris). Zurich was used as a frontrunner (sampled every 4th day) based on 

which the analytical strategy was defined, e.g. increased sampling frequency. This is more than for Zurich (every 

4th) to allow for better data coverage, while keeping the analytical load under control.  

To obtain large enough PM samples to perform all the analyses planned, PM sampling was performed by using high-

volume samplers (HiVol, 30 m3 h-1; DH80 DIGITEL, Switzerland/Austria; and CAVA/MSb - MCV, Spain), equipped 

http://www.riurbans.eu/
https://riurbans.eu/project/#service-tools
https://riurbans.eu/project/#service-tools
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with PM10 and PM2.5 inlets. The samples were collected on 15-cm diameter ultrapure quartz microfiber filters 

(Pall). Sampling period and number of samples collected at each site are shown in Table 1.  

The PM mass on the filter was determined at some sites using the EN12341:2023 gravimetric procedures at each 

sampling location by the collecting institution. In short, gravimetric concentration of PM was obtained by weighing 

the filter samples before and after sampling, after 48 h stabilization at 20 °C and 50 % RH. For Paris, PMx 

measurements are achieved using automatic systems in agreement with EN16450:2017. 

A very large and comprehensive chemical characterization was performed based on the PM2.5 and PM10 Quartz 

fiber filters (Pall). For optimal comparability of the results, each type of analysis was performed centrally in 1 lab, 

except for specific analysis in Paris that decided to join the activities later (and is not part of the deliverable). In 

these cases, an intercomparison with Pilot central labs was carried out. After gravimetric analysis, punches of filters 

were distributed to each laboratory for centralized analysis (Figure 2). Table 2 summarizes the analyses performed 

and the laboratory responsible for each analytical task. 

Blank filters from the same filter box underwent the same sample treatment and measurements, and values were 

subtracted from the corresponding samples.  

 

Table 1. Sampling period and number of samples collected and analysed at each site are shown. 

Site Period PM10 samples PM2.5 samples 

Zurich Kaserne 06/2018-05/2019 91 91 

Barcelona Palau Reial  03/2022-02/2023 175 160 

Athens Thissio 03/2022-02/2023 159 155 

Paris Châtelet-Les Halles 04/2022-03/2023 124 169 

 

  

http://www.riurbans.eu/
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Table 2. Laboratory and method for each PM component analysed. 

PM component Responsible Laboratory Method  

Metals:  
total concentration 
soluble fraction 

 
CSIC 
NOA 

 
ICP-OES, ICP-MS 
ICP-MS 

Water soluble ions NOA 
Paris: CNRS 

IC 
IC-MS (ions and organic acids) 

OC/EC CSIC 
Paris: INERIS(PM10),AirParif (PM2.5) 

Thermo-optical analyser (SUNSET) 

Brown carbon  NOA UV–Vis spectrophotometry 

Organic tracers: PAHs, Acids, 
Sugars and polyols 

CSIC 
Paris: CNRS 

GC-MS  
LC-MSMS. Includes tetrols  

WSOC PSI Shimadzu TOC analyzer  

Non-targeted mass spectral 
WSOA characterization  

PSI Aerosol Mass Spectrometer, extractive 
electrospray ionization MS 

Brown Carbon (BrC) at all 4 
sites 

NOA BrC in water- and methanol- extracts: UV–Vis 
spectrophotometry 

Oxidative potential CNRS acellular OPAA and OPDTT assays  

 

 

 

Figure 2. Distribution of punches for analysis.  
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The offline chemical analyses performed at the pilot locations include the components put forward in the new EU 

AQ Directive EU 2024/2881/EC but go further in detail to explore the added value of specific source tracers. In the 

following, the protocols applied for performing the different chemical analyses are described in detail. 

2.3.2 Total concentration of metals 

Determination of concentration of major elements and metals was carried out at the IDAEA-CSIC laboratories 

following the methodology proposed by Querol et al. (2001). This method requires a complete previous dissolution 

of the samples (samples are bulk acidic dissolved using HNO3:HF:HClO4) and has been widely used. This procedure 

allows the complete digestion of silicon-containing compounds, and other specific minerals (e.g. TiO2), which is 

required for source apportionment analyses where road dust, non-exhaust vehicle PM, demolition/construction 

dust or desert dust is intended to be included. Acidic digestion and analysis of all samples collected at all sites 

(including Zurich) was performed at the IDAEA-CSIC Laboratories.  

One punch of 45 mm diameter of each sample underwent acid digestion pre-treatment (HNO3:HF:HClO4), and the 

resulting acidic solutions were subsequently analysed using Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES, ICAP 6500 Radial View, Thermo Fisher Scientific, US) to determine the concentration of 

major elements (Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, and S) and Inductively Coupled Plasma Mass Spectrometry (ICP-

MS, iCAP-RQ, Thermo fisher Scientific, US) to measure the concentration of trace elements (Li, Be, Sc, Ti, V, Cr, Mn, 

Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tv, Dy, Ho, Er, Tm, 

Yb, Lu, Hf, Ta, W, TI, Pb, Bi, Th, and U). The accuracy of the ICP-AES and ICP-MS analyses was investigated by 

analysing 3–10 mg of the National Institute for Standards and Technology-1633b (fly ash) reference material loaded 

on a 150-mm blank filter (Amato et al., 2009). See ST3 on PM speciation from RI-URBANS. 

2.3.3 Water soluble ions 

Analysis of water-soluble ions followed the standard (EN16913:2017). Water extraction was performed at NOA labs 

for samples collected at Athens and Barcelona. The same constituents for Paris and Zurich were analysed by CNRS. 

At first, a piece with 1.5 cm2 surface area was obtained from each filter that collected atmospheric samples and 

from blanks, using appropriate tools. The pieces were then placed inside dry plastic bottles and extracted with 10mL 

of ultrapure water. Then, they were placed inside an ultrasound system for 45 minutes to aid dilution. After the 

extraction, the bottles were left to cool down and a few chloroform (CHCl3) drops were added in order to prevent 

bacterial deterioration and preserve the concentrations while the samples were stored in the fridge until analysis. 

The major aerosol cations (Ca2+, Mg2+, Na+, K+, NH4
+) and anions (SO4

2-, NO3
-, Cl-) were analyzed by Ion 

Chromatography (IC; Dionex-500; Thermo Fisher Scientific) following the methodology described in 

(Paraskevopoulou et al., 2015). All analytical results were blank-corrected. For the anions the mobile phase used 

was a mixture of sodium bicarbonate and sodium carbonate NaHCO3 / NaH2CO3 with an isocratic elution flow rate 

of 1.5 mL/min.  For the cations (NH4
+, Na+, K+, Mg2+, Ca2+ ) the mobile phase used is methanesulfonic acid (MSA), a 

strong acid that dissociates and releases H+ which substitutes the cations inside the column. Isocratic elution with 

a flow rate of 1 mL/min was selected. Before analyzing the extracted samples, each sample was filtered using a 

CHROMAFIL 0.15 μm with 0.45 μm pore size filter and then transferred inside smaller glass vials that were placed 

on the autosampler. This way particles or impurities that could damage the chromatography system were removed. 

See ST3 on PM speciation from RI-URBANS. 

2.3.4 Water soluble concentration of metals 

The water extraction solution (2.3.3) was used for the analysis of water soluble metals by using an Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS, Perkin Elmer, NexION 300X).  Water soluble fractions of trace 

elements (Al, Ca, Mn, Fe, V, Cr, Ni, Cu, Zn, Cd, As and Pb) were determined by following the procedure described in 

http://www.riurbans.eu/
https://riurbans.eu/project/#service-tools
https://riurbans.eu/project/#service-tools
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Theodosi et al. (2018). Yttrium (Y) and Indium (In) were added as internal standards, and all reported concentrations 

were corrected for blanks. This analysis was performed at NOA for Barcelona, Zurich, Paris and Athens samples. 

2.3.5 Organic and elemental carbon 

To determine the concentration of OC and EC collected in quartz fibre filters we follow the EN16909:2017 standard, 

for the measurement of airborne EC and OC in PM2.5 (Karanasiou et al., 2015; Brown et al., 2017). The European 

Committee for Standardisation (CEN) Technical Committee 264 ‘Air Quality’ adopted the thermal-optical offline 

analysis with transmittance correction and the EUSAAR2 thermal protocol (Cavalli et al., 2010) as the reference 

methodology for the determination of EC and OC in ambient PM2.5 (EN16909:2017). All filters were analysed using 

thermal-optical analysis (Sunset analyzer), by Ineris (PM10) and AIRPARIF (PM2.5) for the Paris site and by IDAEA-

CSIC for the other sites. These 3 laboratories regularly participate in the intercomparison exercises organised by 

the JRC (now as part of ACTRIS/CAIS-ECAC activities). See ST3 on PM speciation from RI-URBANS.  

2.3.6 Brown carbon  

Brown carbon (BrC) measurements in water- and methanol-extracts were performed by UV–Vis spectrophotometry 

(Hecobian et al., 2010; Srinivas et al., 2016). A 1 cm2 punch was placed in 15 mL of ultrapure water. The water-

soluble fraction was extracted by ultrasonication for 30 min (Paraskevopoulou et al., 2023).  The absorption of 

water-soluble fraction was determined at 365 and 590 nm, allowing for the calculation of Absorption Ångström 

Exponent (AAE) in the range of 365-590 nm, as described in detail by Paraskevopoulou et al., 2023.  

2.3.7 Organic tracers 

The analysis of molecular organic compounds involved solvent extraction followed by gas chromatography-mass 

spectrometry (GC-MS), enabling the detection and quantification of a wide range of organic compounds with 

varying polarities. Up to seventy-two compounds were detected in ambient air and emission sources, many of 

which serve as molecular tracers of sources and atmospheric processes (Alier et al., 2013). Modifications of the 

extraction method described by Fontal et al (2015) were implemented and described by Van Drooge et al. (2023) 

A filter punch (3.4 mm diameter) was taken from whole filter samples and placed in a conical vial, and 25 µL of 

deuterated PAH standard (50 ppb) in cyclo-hexane was added for PAH analysis. Another punch sample was taken 

from the whole PM filter to be analysed for acids and sugars, and 25 µL methanol containing deuterated succinic 

acid-D4 and levoglucosan-D7 (3 ppm) was added to this vial. Extraction took place in an ultrasonic bath for 15 

minutes. Then, the filter punches were removed from the vials, and the PAHs extracts were directly injected into 

GC-MS. The acid and sugar extracts were evaporated to dryness under gentle nitrogen gas stream and 25 µL 

bis(trimethylsilyl)trifluoroacetamide (BSFTA)+ 1% TMCS and 10 µL pyridine was added to vial to facilitate the 

formation of trimethylsilyl (TMS) derivatives of polar compounds for 30 minutes at 70ºC in oven before injection 

into GC-MS. Instrumental analysis was conducted using a GC-MS (Agilent 7890 GC with 5975 MSD), operating in full 

scan mode with electron impact ionization for polar compounds and in SIM mode for PAHs. Compound 

quantification utilized an internal standard method and corrections were made for procedural losses using 

surrogate standards. Field and analytical blanks were performed during sample analysis. Identified organics were 

confirmed by retention time, characteristic mass fragments, and comparison with spectral libraries. Organic 

compounds were analysed and identified based on their mass spectra and retention times. See ST3 on PM 

speciation from RI-URBANS. 

 

 

 

http://www.riurbans.eu/
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2.3.8 Non-targeted chemical characterization of water-soluble OA 

As explorative addition, the water-soluble organic PM fraction was characterized based on aqueous extractions of 

a filter portion in milliQ water, following the protocols presented in Daellenbach et al. (2016, 2020) and Cui et al. 

(2024). In a first step, the bulk quantities water-soluble organic carbon and water-soluble inorganic carbon were 

quantified with a Shimadzu TOC analyzer. In a next step, the same extracts were used for non-targeted chemical 

characterisation. For Zurich, such analyses were performed using an Aerosol Mass Spectrometer following the 

approaches presented in Cui et al (2024). The results showed a good chemical resolution while still limited by the 

hard ionization in the mass spectrometer leading to excessive fragmentation of the analyses. This resulted in a loss 

of chemical information. For that reason, we used a soft-ionization mass spectrometer (Extractive Electrospray 

Ionization Mass Spectrometer: EESI-MS) for Athens, Barcelona, and Paris following Cui et al. (2024). 

2.3.9 Oxidative potential 

PM’s oxidative potential was measured with two complementary assays relying on Ascorbic Acid (AA) and 

dithiothreitol (DTT). The PM collected on quartz fibre filters was extracted in simulated lung fluid (no filtration step 

to keep the insoluble parts) at iso-concentrations of 25 μg/ml. The protocols followed Calas et al. (2017, 2018, 

2019). See ST4 on OP of PM from RI-URBANS. 

2.3.10 Mass closure / data treatment 

PM components determined have been grouped into: organic matter (OM) derived from OC, elemental carbon 

(EC), secondary inorganic aerosols (SIA) including SO4
2-, NO3

- and NH4
+, mineral dust, and sea-salt.  

The methodology for estimating the sea-salt and mineral dust fraction is the one proposed by Alastuey et al. (2016). 

Some elements such as Na, Mg, Ca and K are associated with both mineral dust and sea-salt aerosol. The sea-salt 

contribution was estimated for each element before estimating the mineral load. The concentrations of these 

elements in seawater are well known and therefore it is possible to estimate the marine contribution to PM mass 

once we know the concentration of one of these elements. Due to the potential volatilization of Cl by the interaction 

between NaCl with acidic species, the sea salt fraction of each species was estimated based on the concentration 

of marine Na. Thus, given that Na can be partially related to mineral dust, first, we calculated the mineral fraction 

of Na from the content of Al by using the ratio determined by (Moreno et al., 2006) for soils and dust in North Africa 

(the major source of dust in Southern Europe). Thus, the mineral sodium (non-sea-salt sodium, Nadust) was obtained 

by multiplying Al concentration by 0.12, and the sea-salt fraction of Na (Nass) can be estimated by subtracting Nadust 

from the total Na. The sea-salt fraction of calcium, magnesium, potassium and sulphate was estimated by using 

their seawater ratios concerning Nass (Nozaki, 1997). Finally, the total sea-salt load was determined by the sum of 

Cl-, Nass, Cass, Mgss, Kss and SO4
2-

ss. The non-sea-salt (nss) fractions of Ca, Mg, Mn, Na, K and SO4
2- were obtained by 

subtracting the previously calculated sea-salt fraction from their bulk concentration.  In addition to the sea salt 

fraction, K can be related to mineral (Kdust) and biomass burning (Kbb). The mineral fraction is estimated from Al 

(Kdust = 0.31 ∙ Al, (Moreno et al., 2006), and the biomass fraction by the difference: Kbb = K - Kss - Kdust. Finally, the 

total mineral dust concentration was determined by addition of the concentrations of all mineral related elements 

expressed as oxides, such as Al2O3, SiO2, Fe2O3, TiO2, P2O5, CaOdust, MgOdust, Na2Odust, and K2Odust. Assuming the major 

presence of CaOdust as CaCO3, the CaCO3 was estimated from CaOdust by multiplying by 1.274. This methodology can 

be only applied when the bulk concentrations of major elements (Al, Si, Ca, Mg, Fe, Na, K) is determined. Since the 

elemental concentration was determined from acidic digestion of the quartz filter by ICP methods Si was not 

determined and we estimated it from Al content by multiplying Al content by 3 (Alastuey et al., 2016). Organic 

matter (OM) or organic aerosol (OA) has been estimated from organic carbon (OC), applying a OM:OC factor of 1.8, 

a common practice with this coefficient generally deduced from AMS on line measurements.   
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2.4 Source apportionment analysis  

2.4.1 Particulate Matter chemistry 

Positive Matrix Factorization (PMF, Paatero and Tapper, 1994) is the most common receptor model used for source 

apportionment and it is based on the mass conservation principle: 

 

where xij is the concentration of the species j in the ith sample, gik is the concentration of the kth source in the ith 

sample, fjk is the contribution of the species j in source k and eij is the residual concentration. PMF can be solved 

with the Multilinear Engine (ME-2) developed by (Paatero, 1999) and implemented in the US EPA PMF v5. In this 

study, the US EPA PMF v5 (Norris et al., 2014) was applied to the three datasets independently. A harmonization 

method is applied to each dataset, including input chemical species, uncertainty calculation, result validation 

criteria, and implementation steps to ensure the homogeneity of PM source apportionment results. Input chemical 

species are chosen based on the well-known source tracers, as presented in various studies (Weber et al., 2019; 

Waked et al., 2014). In addition, organic species are added to identify sources of organic aerosols and elucidate the 

fate of these organics in the atmosphere (Borlaza et al., 2021; Glojek et al., 2024). The PMF input data for PM10 

and PM2.5 source apportionment analysis are summarized in Table 3 and 4. The measurement uncertainty is 

important in the PMF model as its algorithm is based on the weighted least squares method, where uncertainty is 

considered as the weighting. Uncertainty is calculated using concentration and analysis error (Gianini et al., 2013), 

denoting that a species with higher uncertainty has less influence in the PMF model. See ST10 on PM source 

apportionment from RI-URBANS. 

Criteria for validation were chosen based on European recommendations for using the receptor model (Mircea et 

al., 2020). These are: (1) low influence of data outliers based on the ratio of Qtrue/Qrobust < 1.5. (2) The presence of 

trace species in the profile and the temporal evolution are clear enough to identify a source. (3) All factors should 

have a contribution > 1% to the total variable PM10. (4) The distribution of residuals from -3 to 3 indicates the 

absence of outliers and the feasibility of reconstruction. (5) The correlation coefficient between species 

concentration measured and predicted by PMF must be greater than 0.5. (6) Good bootstrap value: represents the 

stability of the solution: at least 70 runs per 100 runs, where the correlation between the base run and boot runs 

is greater than 0.6. For each data set, the PMF is run from 4 to 12 factors to observe the evolution of the chemical 

profile and contribution over the number of factors. For each run, the solution is attentively evaluated using the 

validation criteria. The results of the different inputs/number of factors are compared to determine the most 

appropriate solution.  
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Table 3. PMF input variables for the PM10 analyses. 

Athens Barcelona Paris Zurich 

PM10 (total variable) PM10 (total variable) PM10 (total variable) PM10 (total variable) 

OC*, EC OC*, EC OC*, EC OC*, EC 

Cl-, NO3
-, SO4

2-, Na+, NH4
+ Cl-, NO3

-, SO4
2-, Na+, NH4

+, K+ Cl-, NO3
-, SO4

2-, Na+, NH4
+, K+ Cl-, NO3

-, SO4
2-, Na+, NH4

+, 
Mg2+, Ca2+ 

K, Mg, Ca, Al, Fe, Ti, V, Mn, 
Ni, Cu, Zn, Rb, Sn, Pb 

Mg, Ca, Al, Fe, Ti, V, Cr, Mn, Ni, 
Cu, Zn, As, Rb, Sn, Sb, Pb 

Mg, Ca, Al, Fe, Ti, V, Cr, Mn, Cu, 
Zn, As, Se, Rb, Sn, Sb, Ba, Pb 

Al, Fe, Ti, V, Mn, Cu, As, 
Rb, Cd, Sn, Sb, Pb 

Levoglucosan,  
Mannitol, 3-
methylbutanetricarboxylic 
acid (3-MBTCA) 
 

Levoglucosan, 
Arabitol+Mannitol, 
3-MBTCA, 

levoglucosan,  
Arabitol+Mannitol, 
methanesulfonic acid (MSA), 
3-MBTCA, 2-Methylthreitol 

levoglucosan, mannosan,  
Arabitol+Mannitol, 3-
MBTCA, 2-
Methylthreitol, 
Phthalic acid 

OC* refers to the amount of measured OC minus the amount of equivalent OC from organic markers also included in the PMF.  PM mass concentrations are 

from TEOM/FIDAS. 

Elements with charges represent the water-soluble concentration measured by ion chromatography and elements without charges represent the total 

concentration measured by ICP. 

 

Table 4.PMF input variables for PM2.5 analyses. 

Barcelona Paris Zurich 

PM2.5 (Total variable) PM2.5 (Total variable) PM2.5 (Total variable) 

OC*, EC OC*, EC OC*, EC 

Cl-, NO3
-, SO4

2-, NH4
+, Na+ Cl-, NO3

-, SO4
2-, NH4

+, Na+, K+, Ca2+ Cl-, NO3
-, SO4

2-, NH4
+, Na+ 

K, Mg, Ca, Al, Fe, Ti, V, Mn, Ni, Cu, Rb, 

Sn, Sb, Pb 

Mg, Al, Fe, Ti, V, Mn, Cu, Sn, Pb K, Ca, Al, Fe, Ti, V, Mn, Cu, Zn, Rb, Sn, 

Sb, Pb 

Polyols, Levoglucosan, 3-MBTCA Polyols, Levoglucosan, 3-MBTCA, 

Phthalic acid 

Levoglucosan, 3-MBTCA 

OC* refers to the amount of measured OC minus the amount of equivalent OC from organic markers also included in the PMF.  PM mass concentrations 

are from TEOM/FIDAS. 

Elements with charges represent the water-soluble concentration measured by ion chromatography and elements without charges represent the total 

concentration measured by ICP. 

 

2.4.2 Non-targeted mass spectral analyses of water-soluble organic carbon 

Source apportionment based on the non-targeted mass spectral analyses was performed following the 

methodology proposed by Cui et al. (2024) relying on PMF - the same receptor model as for the source 

apportionment using the PM chemistry (section 2.4.1). From this analysis, we obtained chemical fingerprints and 

time series of water-soluble organic aerosol sources. The sources’ contribution to organic carbon was determined 

in a second step via a multilinear regression.  
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2.4.3 Particle Number Size Distribution of ultrafine particles 

Source apportionment of PNSD was performed following the methodology proposed by Garcia-Marlès et al. 

(2024b) relying on PMF - the same receptor model as for the source apportionment using the PM chemistry (section 

2.4.1). Given the large datasets that cannot be handled by US EPA PMF, source apportionment was performed using 

the tool developed by Hopke et al. (2023) using ME-2. The datasets included hourly averaged PNSD data combined 

with hourly concentrations of the ancillary co-pollutants (eBC, PMX, NO2, NO, SO2, O3 and CO, when available), to 

help the identification of the sources. PMF requires individual uncertainty estimates for each data value. Detailed 

information about the estimation of uncertainties in the PNC and PNSD values is available in Garcia-Marlès et al. 

(2024b). See ST11 on UFP-PNSD source apportionment from RI-URBANS. 

The datasets for each site were independently analysed by PMF. PMF was run multiple times for different numbers 

of factors (sources). Factor profiles and contributions that were obtained were plotted to explore their physical 

interpretability. If the results were not consistent, PMF was run again with a different number of factors. Then, the 

number of sources was finally determined, examining the results and choosing the best solution. The solutions were 

selected according to the accepted criteria and guidelines (Hopke et al., 2023; Belis et al., 2019), as described above 

for the chemistry PMF, considering: (i) scaled residuals approximately randomly distributed between -3 and 3, (ii) 

a Qtrue/Qexp ratio close to 1, (iii) profile uncertainties determined by the displacement (DISP) method, and (iv) the 

provision of the most physically meaningful profiles and temporal behaviours. To support the identification of the 

sources, the contributions of each factor to the variance of the co-located ancillary pollutants, daily patterns, 

seasonality, and polar plots were evaluated, and sources were identified using existing literature. The data analysis 

and plots were performed with the R statistical software (v4.2.3) and the package Openair (Carslaw and Ropkins, 

2012). Source apportionment results from this study from 2020-2023 will be presented for Athens, Barcelona and 

Paris. Zurich was excluded from the study due to issues with data quality. 

2.4.4 eBC 

Aethalometer source apportionment analysis was performed between 2020 and 2023 to estimate the contributions 

of eBC emitted by combustion of liquid fuel (eBCLF), mainly related to traffic exhaust emissions,  and solid fuel 

(eBCSF), mainly from residential and commercial wood burning, at four pilot sites using the Aethalometer model 

(Sandradewi et al., 2008). This model uses the 7- babs measurements provided by AE instruments and it is based 

on the fact that solid fuel sources emit eBC together with specific organic aerosols (OA) that can absorb in the UV-

VIS spectral range (the so-called Brown Carbon, BrC) thus causing an increase of AAE. The model permits quantifying 

the contribution of BC emitted by combustion of liquid fuel (eBCLF) and by combustion of solid fuel (eBCSF). The 

results of the Aethalometer source apportionment model depend on the chosen Absorption Angstrom Exponent 

(AAE). Usually, two pairs of values are used: 1 and 2 for AAELF and AAESF, respectively (Sandradewi et al., 2008), and 

0.90 and 1.68, respectively (Zotter et al., 2017). An alternative method involves using the frequency distribution of 

AAE to estimate site-specific values (Tobler et al., 2021). According to the GUIDANCE DOCUMENTS ON 

MEASUREMENTS & MODELLING OF NOVEL AIR QUALITY POLLUTANTS: Source apportionment of eBC, UFP, OP and 

VOCs (ST11), source-specific absorption AAEs for liquid (AAELF) and solid (AAESF) fuel combustion have been selected 

as the linear fit in a log-log space between the seven harmonized absorptions from AE instruments and the 

corresponding wavelengths. To do this, the 1st and 99th percentiles of the experimental AAELF and AAESF values were 

obtained respectively, for BC source apportionment. Only AAE values obtained from fits with R2>0.99 were used to 

calculate the 1st percentile, whereas unfiltered AAE values were used to calculate the 99th percentile. Moreover, in 

order to minimize the contribution to absorption from BrC sources, the 1st percentile was calculated using summer 

absorption data. Conversely, and in order to maximize the contribution from BrC sources, winter data should be 

used to calculate the 99th percentile. For a detailed description of the eBC source apportionment, the related 

sensitivity study, and the recommendations, please refer to the RI-URBANS service tool document for eBC source 
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apportionment (https://riurbans.eu/wp-content/uploads/2024/07/ST2_BC.pdf). See ST11 on BC source 

apportionment from RI-URBANS. 

2.4.5 Oxidative potential 

The methodology for source apportionment of OP is also reported in ST11 on OP source apportionment from RI-

URBANS. In brief,  OP is apportioned to PM sources (post-PMF analysis) via a multilinear framework using the OP 

time series data as target and the PM sources concentration time series as predictors. 

 

3 Results 

All the analysis is completed, and the results are shared with the RI-URBANS partners at https://www.healthpilot-

riurbans.eu/. 

3.1 PM composition 

Yearly mean PM10 concentrations were higher in Athens (32 µg m-3), lower in Paris (23 µg m-3) and Barcelona (22 

µg m-3), and lowest in Zurich (16 µg m-3). PM2.5 concentrations were substantially lower but otherwise showed a 

similar spatial behaviour: Athens (24 µg m-3), Barcelona (15 µg m-3), Paris (11 µg m-3), Zurich (11 µg m-3). These 

values meet the requirements for the annual mean value set by the EU 2008/50/EC Directive for PM10 (40 µg m-3) 

and PM2.5 (25 µg m-3), but do not comply with the new directive EU 2024/2881/EC for 2030, (20 µgPM10 m-3 and 

10 µgPM2.5 m-3) except for PM10 in Zurich. The PM2.5 and PM10 chemical analyses of trace elements, water-

soluble inorganic ions, organic and elemental carbon are used for reconstructing the gravimetrically determined 

mass concentration (Figure 3). The chemically reconstructed mass accounts for 75% in Barcelona, 86% in Paris, 91% 

in Athens, and 96% in Zurich. The lowest chemically reconstructed PM mass fraction in Barcelona can be related to 

higher humidity (and then to highest aerosol liquid water content) and/or to a higher contribution of secondary 

organic aerosols (SOA; with higher OM-to-OC ratio than expected) and/or loss of semi-volatile species (such as 

ammonium nitrate) during sampling. However, there is a good correlation between PM10 daily concentrations and 

total mass determined at all sites (Figure 4).  

The main PM10 constituents are displayed in Figure 3. In Athens, with a drier climate and a more pronounced desert 

influence, dust is a larger contributor to PM10 than at the other locations. Secondary inorganic aerosol (SIA: 

sulphate, nitrate, ammonium) as well as Organic Matter (OM) are other substantial contributors to PM at all 

locations. We found that the organic carbon is to a substantial amount water-soluble without much variation 

between the pilot cities (Athens: 38%, Barcelona 43%, Paris 42%, Zurich 43%).   

http://www.riurbans.eu/
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Figure 3. Average contribution of major groups of elements (Mineral dust; Marine aerosol; Organic matter, and SIA) for 4 pilot 

cities for PM10 (left column) and PM2.5 (right column). Results in µg m-3. 
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Figure 4. Scatter-plots showing correlations between daily PM10 concentrations and total mass determined per each filter 

(dust+marine aerosol+OM+EC+SIA) for 4 pilot cities for PM2.5 (right column) and PM10 (left column). 
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3.2 Brown carbon 

The sites of Athens, Paris and Barcelona presented a yearly average BrC absorption coefficient (AbsWS_BrC_365) of 

2.04, 1.16, and 0.88 Mm-1, respectively for fine aerosol (PM2.5); while the corresponding values for PM10 fractions 

were 2.59, 1.65, 0.99 Mm-1, respectively. The city of Athens reveals the highest water-soluble BrC values, followed 

by Paris; while the city of Barcelona demonstrates the lowest values on a yearly basis. In the city of Zurich, an 

absorption coefficient of 0.90 Mm-1 was measured for fine aerosol fraction, while the respective water-soluble BrC 

absorption coefficient for PM10 was estimated at 1.03 Mm-1; the latter values appear to be similar to the levels 

recorded in the city of Barcelona. It is worth noting that Athens and Paris have strong seasonal variations, 

presenting much higher values during winter, which is not the case for the other 2 studied cities of Barcelona and 

Zurich. The latter observation highlights some essential differences in the composition of OM in these former cities 

on a seasonal basis.  

 

Figure 5. Time-series (Feb 2022 – Jun 2023) of water-soluble brown carbon (BrC) analyses displayed as BrC absorption 

coefficient (AbsWS_BrC_365) for all 4 pilot cities for PM2.5 (left column) and PM10 (right column). 
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Figure 6 shows the respective BrC AAE365-590 values on a seasonal basis, for all studied cities. With regards to fine 

aerosol fraction (PM2.5), in Zurich the mean seasonal BrC AAE ranged between 6.73 ± 1.1 (in spring) and 7.40 ± 

0.81/1.20 (in summer / winter, respectively), presenting the highest values between the studied cities. Athens and 

Paris followed with mean values of 6.64 ± 0.51 and 6.63 ± 0.56, respectively; while Barcelona demonstrated slightly 

lower values, with an average AAE of 6.03 ± 0.37. Similar variance is observed between the 4 studied cities for PM10 

aerosol fraction, as well. Zurich presented the highest mean value (7.02 ± 0.40), followed by Paris and Athens (6.49 

± 0.53 & 6.09 ± 0.77, respectively), and finally in Barcelona, the mean BrC AAE value was calculated at 5.94 ± 0.54. 

All estimated values appear to be higher than 4 during the whole year, indicating that water-soluble BrC in the four 

studied cities is variably impacted by both local combustion sources and secondary aerosol processing 

(Paraskevopoulou et al., 2023).  

 

Figure 6. Whisker plots summarizing data of water-soluble brown carbon (BrC) analyses on a seasonal basis, displayed as 

absorption Ångström exponent (AAE), for all 4 pilot cities for PM2.5 (top plot) and PM10 (bottom plot). 
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3.3 Source apportionment analyses based on PM chemistry 

A unified source apportionment analysis has been performed for each of the pilot cities. In order to devise this PMF 

strategy, we performed a sensitivity assessment using two contrasting environments (Barcelona, Spain vs. Paris, 

France). Based on that, we performed source apportionment of PM10 in Athens, Barcelona, Paris, and Zurich and 

for PM2.5 for all cities but Athens. In brief, the PMF input includes the PM mass concentration, trace elements, 

water-soluble ions, elemental carbon and organic carbon, as well as organic marker compounds for primary wood 

burning PM (levoglucosan), primary biological PM (polyols), and secondary biogenic PM (e.g. 3-MBTCA) (Table 3). 

For all pilot sites, similar sets of PM sources were identified. Overall, we were able to quantify the following 

identified 11 PM sources: dust, primary biological, biomass burning, nitrate-rich, sulfate-rich, traffic, heavy fuel oil 

(HFO), secondary biogenic, MSA-rich, sea salt, aged sea salt. Most of these PM sources represent a mixture of 

primary and secondary constituents. The source contributions to PM are shown  in Figure 7.  

While most sources are present at all pilot cities, certain source categories are only identified in some of the pilot 

cities, e.g. HFO only in Athens and Barcelona likely due to the close proximity of major ports or MSA-rich only in 

Paris since the main marker MSA is not available at other pilots. Similarly, the impact of sea salt and aged sea salt 

together shows a clearly lower contribution in Zurich compared to the other pilot cities that are more strongly 

affected by marine air masses. On the other hand, the relative contribution of dust shows considerable variability 

between the pilots, which appears though not directly linked to the proximity of transported dust sources. Traffic 

is a major contributor to PM at all pilot cities and encompasses both the exhaust emissions (primary and formed 

secondary) as well as non-exhaust emissions. Overall, the impact of biomass burning on PM is smaller on a yearly 

basis than that of traffic at all pilots, but it can be dominant during the winter season. Nitrate-rich and sulfate-rich 

factors represent for the most part secondary inorganic PM but also include secondary organic carbon and some 

transported trace elements. Both of these factors are important contributors to PM at all pilots. In Paris and Zurich, 

there is more nitrate-rich per sulfate-rich PM than in Athens and Barcelona. This is likely related to thermodynamics 

favoring nitrate and similarly volatile constituents to reside in the particle phase in the more temperate climate in 

Paris and Zurich. Secondary biogenic organic aerosol is an important contributor in the mediterranean cities 

probably related to higher temperature favouring biogenic emissions of precursors. This factor also shows a strong 

seasonal variation.    
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Figure 7: Particulate Matter sources in pilot cities (Athens, Barcelona, Paris, Zurich) for the two size fraction of the PM. 
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3.4 Source apportionment of organic carbon via non-targeted mass spectral analyses  

A source apportionment analysis has been performed for the organic carbon contained in particulate matter at all 

pilots based on the non-targeted mass spectral analyses of water-soluble carbon (see 2.3.8.). The source 

contributions to OC are shown in Figure 8 for Athens, Barcelona, Paris, and Zurich.  

Since hydrocarbon-like organic carbon related to the combustion of liquid fossil fuels (e.g. road traffic) are largely 

water-insoluble their concentration was estimated based on collocated online eBClf analyses (see methods). All 

other identified OC types were measured as water-soluble fractions for which the water-solubility was determined 

empirically via a multilinear regression (see methods), while the unexplained OC fraction is termed “other OC”. 

As a frontrunner, samples from Zurich were analysed with an Aerosol Mass Spectrometer that measures the organic 

molecules as fragment ions given the hard ionization pathway. Nevertheless, different types of OC could be 

quantified. Given the limited chemical information from the AMS, the samples from all other cities (Athens, 

Barcelona, Paris) were analyzed with a non-targeted extractive electrospray ionization mass spectrometer (EESI-

MS). Water-soluble OC types were quantified with regard to their organic carbon concentration via a multilinear 

regression approach (see methods). With this approach, groups of largely similar OC quasi molecular types were 

identified, though with added chemical information obtained from tracer measurements on the same samples, 

facilitating relating the OC types to sources.  

We find that emissions of the biosphere are represented in the 4 pilot cities by coarse primary biological OC (PBOC), 

related to pollen and spores, and secondary biogenic OC (much more in the PM2.5 fraction), related to oxidation 

products of biogenic volatile organic compounds such as alpha-pinene. In Athens, Barcelona, and Zurich biogenic 

SOC contribute roughly equally to OC, while in Paris the contribution is somewhat reduced. Given the local nature 

of coarse PBOC, a larger variability in the contribution of PBOC is observed, yet showing that PBOC is also a 

considerable contributor to coarse OC in urban areas. The impact of biomass burning emissions is in Athens and 

Paris larger than in Barcelona (and explain the variability in BrC properties in these 2 pilots). At first sight, the impact 

of such emissions in Zurich is comparable to Barcelona. However, anthropogenic SOC (aSOC) likely contains a 

contribution of SOC from biomass burning vapours that are represented at the other locations by a separate specific 

aged biomass burning OC or biomass burning SOC factor. In all pilots, a nitrogen-containing organic factor 

contributes to OC (NOC). While NOC shows chemical characteristics that could be consistent with cigarette smoke 

(e.g. C10H14N2 could be nicotine), the temporal variation (e.g. correlation with eBClf) suggests a major contribution 

from liquid fossil fuel combustion sources. In Paris, an additional OC type is identified that is correlated with water-

soluble calcium. Likely, this OC type is related to local dust emissions close to the sampling location.  
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Figure 8. Sources of organic carbon. Results are based on non-targeted mass spectral analyses of water-soluble organic 

carbon (EESI-MS for Barcelona, Athens, Paris, AMS for Zurich). 
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3.5 Source apportionment based on eBC data  

Data on the eBC mass concentrations as well as the contribution of liquid (eBCLF) and solid fuels (eBCSF) are available 

at the RI-URBANS shared folder AE33. In this section, we present a summary of the eBC data collected at 4 pilot 

cities over the period from 2020 to 2023. eBC mass concentrations were overall highest in Athens, followed by 

Barcelona and Zurich, and lowest in Paris. As described in the methodology section, and following ST11 

recommendations we estimated AAELF and solid AAESF from the 1st and 99th percentiles of the experimental AAELF 

and AAESF values. Figure 9 shows the calculated AAELF and AAESF values effectively differentiating emission sources, 

with regional factors influencing their distributions. 

 

Figure 9. Frequency distribution of absorption Ångström exponent (AAE) values calculated from Aethalometer data (370–950 

nm) for pilot sites. The distributions are differentiated into unfiltered AAE values and filtered AAE values with R2> 0.99. Credit 

to Savadkoohi et al. (2025, manuscript under review). 

 

Figure 10 shows variability in the relative contributions of eBC sources among the sites. The results indicate that 

fossil fuel combustion is the dominant source of eBC emissions in all four sites, with contributions ranging from 

54.5% (Paris) to 67.0% (Barcelona). Solid fuel combustion varies significantly, with Paris exhibiting the highest 

contribution (45.5%), Athens (39.5%), Zurich (38.4%), and Barcelona the lowest (33.0%). The observed source 

variability highlights the influence of site-specific sources and regional atmospheric conditions. For instance, the 

relatively higher contribution of solid fuel combustion in Paris may reflect increased biomass burning activities (with 

log wood still being more used than pellets in France, especially compared to Switzerland, for instance), particularly 

during colder months, whereas the dominance of fossil fuel combustion in Barcelona aligns with traffic emissions. 
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Figure 10. Relative contribution of sources to total eBC at four pilot sites.  

As shown in Figure 11, at ATHN-UB and BCN-UB, eBCLF shows pronounced peaks during the morning and evening 

rush hours, indicative of traffic emissions. BCN-UB shows relatively stable patterns with lower solid fuel 

contributions compared to ATHN-UB where the evening peak in eBCSF suggests BB contributions or residential 

heating, common during evening hours. PAR-UB shows a more uniform diurnal variability for both sources. ZUR-UB 

shows a different pattern with a higher evening peak for eBCSF, driven by residential heating and BB activities. 

Overall, the contribution of eBCSF varies across the sites but is generally lower than that of eBCLF. 

 

Figure 11. Diurnal variations in liquid fuel combustion and solid fuel combustion for the four pilot monitoring sites. 
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3.6 OP and its sources 

A summary of the  OPDTT analysis is presented in this section for Athens, Barcelona, Paris, and Zurich (Figure 12). The 

yearly average oxidative potential of PM10 is the highest in Athens (2.6 nmol min-1m-3), followed by Paris (1.9 nmol 

min-1 m-3) and Barcelona (1.8 nmol min-1m-3), and the lowest in Zurich (1.3 nmol min-1m-3). While for Athens a strong 

seasonal variation is apparent, this is not the case for other sites. On the other hand, in all pilot cities the oxidative 

potential is substantially higher in PM10 than in PM2.5, highlighting the importance of coarse particles for OP. The 

OP data generated here are discussed within the context of the largest database in Europe (Tassel et al., in review). 

 

Figure 12.  OPDTT (nmol/min/m3) for the 4 cities separated by size fraction and season (DJF: December-January-February, 

MAM: March-April-May, JJA: June-July-August, SON: September-October-November): median, 1st and 3rd quartile as well as 

the upper and lower fence. This Figure is generated by https://www.healthpilot-riurbans.eu. 

 

For each pilot city, an OP source apportionment analysis was conducted for the two OP assays measured (OPDTT and 

OPAA). Where PM10 and PM2.5 source analyses are presented (only PM2.5 in progress for Athens), the OP source 

apportionment was performed independently for each PM size fraction. The findings reveal consistent intrinsic OP 

coefficients (ie OP per mass unit of PM, indicative of the nature of the PM) across all locations, falling largely within 

the variability observed in a previous analysis for France (Figure 13). Across all pilot cities, traffic emerges as the 

largest contributor to OPDTTof PM10. Additionally, biomass burning, secondary PM linked to biogenic VOCs, and 

nitrate- and sulfate-rich PM are significant contributors. Dust also plays a key role in  OPDTT of PM10, but its 

contribution diminishes substantially in  OPDTT of PM2.5 due to the predominantly coarse nature of dust particles. 

A similar pattern of PM sources driving OPAA is observed. For OPAA of PM10, traffic is the dominant contributor in 

Barcelona, Paris, and Zurich, while biomass burning leads in Athens, with traffic being the second-largest 

contributor. 

When examining the PM sources responsible for at least 80% of OPDTT of PM10, traffic and dust are consistently 

identified in all four pilot cities (Figure 14). Biomass burning, aged sea salt, and sulfate-rich PM are present in two 

cities each, while nitrate-rich and bioSOA are identified in one city each. For OPAA of PM10, traffic remains the only 

persistent source identified across all four locations, followed by sulfate-rich PM in three cities, heavy fuel oil (HFO) 

and biomass burning in two, and bioSOA, aged sea salt, and dust in one city each. 

This analysis underscores the significant role of traffic emissions in driving OP for both DTT and AA assays. However, 

the relative importance of traffic exhaust and non-exhaust emissions remains unclear due to the inability to 

distinguish them in this analysis. Previous studies (Daellenbach et al., 2020) suggest that both exhaust and non-

http://www.riurbans.eu/
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exhaust emissions substantially influence OP. With non exhaust emissions being largely in the coarse mode PM, 

this is in line with a quite higher OP related to traffic in PM10 than PM2.5 for all pilots where both PM2.5 and PM10 

OP source analyses are available. Similarly, the contribution of biomass burning PM likely encompasses both 

primary emissions and secondary PM, with prior research indicating that secondary biomass burning aerosols 

exhibit higher intrinsic OP than primary emissions. For nitrate-rich and sulfate-rich PM, the negligible intrinsic OP 

of pure ammonium nitrate (NH₄NO₃) and ammonium sulfate ((NH₄)₂SO₄) (already published in Daellenbach et al. 

2020 for pure components) suggests that their contribution to OP is likely driven by other associated constituents, 

such as trace elements or secondary organic carbon. These findings highlight the complexity of PM composition 

and its influence on oxidative potential, emphasizing the need for further research to elucidate the specific drivers 

behind these factors. 

 
Figure 13. Intrinsic OP coefficients (OPm, nmol/min/ug PM source) of all PM sources identified for PM10. Results from all 

pilots are compared to source-specific intrinsic OP coefficients from a previous study in France(indicated in grey)  (Weber et 

al., 2021). 
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Figure 14. PM sources’ contribution to oxidative potential (OPv, nmol min-1m-3) measured by the DTT and AA assay. 

 

3.7 Source apportionment of UFP-PNSD  

From the four pilot cities we report data and source apportionment for three of them (Athens, Barcelona and Paris). 

Source apportionment was not performed for Zurich due to dataset inconsistencies. The pilot measurements 

yielded results very similar to those from the 2017-2019 data compilation presented in previous reports (D2 (D1.2), 

García-Marlès et al., 2024a and b). 

In Barcelona, the average concentrations of PNC were much lower for 2020-2023 (8355 # cm-3) compared to 2017-

2019 (11185 # cm-3). However, the percentages of the Nucleation, Aitken, and Accumulation mode size fractions 

remained similar in both periods (38%, 50%, and 12% from 2017-2019, respectively; and 42%, 46%, and 12% from 

2020-2023, respectively). In Athens, average PNC concentrations also decreased, from 8552 # cm-3 in 2017-2019 to 

6908 # cm-3 in 2020-2022. The percentages of the Nucleation, Aitken, and Accumulation mode size fractions were 

also very similar in both periods (18%, 62%, and 20% from 2017-2019, respectively; and 18%, 60%, and 22% from 

2020-2022, respectively). In Paris, the average concentrations of PNC from 2020-2023 were 9039 # cm-3 and the 

percentages of the Nucleation, Aitken, and Accumulation mode size fractions were 41%, 49%, and 10%, 

respectively. These cannot be compared to 2017-2019 because PNSD was not measured for this period. 

Figure 15 shows that Barcelona continues to record high UFP in the Nucleation mode fractions, while Athens has 

higher concentrations in the Aitken mode, as reported in previous reports, probably due to the low NH3 

http://www.riurbans.eu/
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concentrations in the Athens region (Garcia-Marlès et al., 2024b). Paris has higher concentrations in the range 

between the Nucleation and the Aitken modes. Figure 16 shows the marked seasonal pattern of UFP in Athens and 

the parallelism with that of BC, with the highest concentrations occurring during traffic rush hours and lower values 

for both PNC and BC in summer. However, Barcelona exhibited a midday PNC peak in addition to rush hour peaks, 

with no clear seasonal patterns observed for either BC or PNC. Decreasing concentrations of both PNC and BC were 

recorded during weekends in Barcelona, but this was not seen in Athens. The results from 2020-2023 at both sites 

were consistent with those from the 2017-2019 period. Paris exhibited the highest PNC concentrations during 

traffic rush hours, similar to BC, and lower PNC concentration in summer, although BC does not display a seasonal 

pattern. 

 

Figure 15: Averaged Particle Number Size Distributions for Athens (ATH), Barcelona (BCN) and Paris (PAR) from 2020 to 2023. 
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Figure 16. Averaged hourly concentrations of Particle Number Concentration (Ntotal) and Black Carbon (BC) for Barcelona 

(BCN), Athens (ATH) and Paris (PAR) from 2020 to 2023. Particle Number Concentration is expressed in # cm-3, and BC in μg m-

3. 

Figure 17, 18, and 19 show the source apportionment results for Barcelona, Athens, and Paris, respectively, 

where six sources were identified at all three sites. 

In Barcelona, three traffic-related factors were identified, characterised by high PNC concentrations during traffic 

rush hours and lower values on weekends. Traffic-1, with a primary size mode at 25-30 nm, contributed 26% to the 

total PNC. It is associated with gasoline emissions (Ogulei et al., 2007; Liu et al., 2014; Hopke et al., 2022, 2024) and 

the nucleation of particles generated during the dilution of diesel exhaust semi-volatile organic compounds (SVOCs) 

(Harrison et al., 2011, Damayanti et al., 2023). This factor also exhibited a peak at midday, linked to the 

photonucleation of particles. Traffic-2, with a primary size mode at 80 nm, accounted for 16% of the total PNC and 

showed high contributions to the variance of NO2. It is associated with primary diesel vehicle emissions (Ogulei et 

al., 2007; Liu et al., 2014; Hopke et al., 2022). Mixed traffic is characterised by size mode peaks between those of 

Traffic-1 and Traffic-2, representing a combination of traffic sources along with other emissions. Photonucleation 

exhibited a primary size mode at 15 nm, contributing to 28% of the total PNC. It displayed a pronounced midday 
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peak, linked to photochemically induced new particle formation (NPF) events, which are enhanced by strong solar 

radiation (Kulmala and Kerminen, 2008; Brines et al., 2015). Two regional sources were also identified at this site, 

both with peaks in the accumulation mode. Regional-1 contributed 2% of the total PNC and is associated with 

nitrates formed primarily through atmospheric oxidation of NOX, predominantly during winter and at night 

(Dall’Osto et al., 2009; Masiol et al., 2016; Seinfeld and Pandis, 2016). Regional-2 accounted for 5% of the PNC and 

is associated with secondary ammonium sulphate and organic aerosols, which are enhanced during summer and at 

midday, due to higher levels of solar radiation and ozone (Ehn et al., 2014). 

 

 

Figure 17. Source apportionment results of Barcelona: daily, monthly and weekly patterns of the sources (top), particle 

number size distribution profiles (bottom left) and relative contributions (%) of particle number concentration (bottom right). 

 

In Athens, Traffic-1 and Mixed traffic displayed similar profiles and patterns to those observed in Barcelona, with 

peaks during traffic rush hours and lower values during summer and on weekends. Traffic-1, with a primary size 

mode at 25-30 nm, contributed 21% to the total PNC and is associated with gasoline emissions and the nucleation 

of particles generated during the dilution of diesel exhaust SVOCs. Mixed traffic accounted for 25% of the total PNC. 

At this site, Traffic-2 was not identified as a separate source but was combined with significant contributions from 
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Domestic heating. This Traffic-2 + Domestic heating source contributed 29% to the total PNC and is characterized 

by a primary size mode at 80 nm. It exhibited high PNC concentrations during traffic rush hours, as well as elevated 

levels at night, on weekends, and particularly during winter, when domestic burning is more frequent (Kleeman et 

al., 2009; Gu et al., 2011; Corsini et al., 2019). This source also showed high contributions to the variance of BC. 

Photonucleation, with a primary size mode at 17 nm, contributed 28% to the total PNC and exhibited a pronounced 

peak at midday. Urban background, characterised by a primary size mode at 160 nm, contributed 9% to the total 

PNC. This source can be described as a heavily traffic-influenced urban background, following similar traffic profiles 

and patterns but with a coarser mode, representing aged traffic particles that had grown after their initial emission. 

Regional background, in the accumulation mode, accounted for 4% of the total PNC and represents a mix of the 

two regional sources described before. 

 

 

Figure 18. Source apportionment results of Athens: daily, monthly and weekly patterns of the sources (top), particle number 

size distribution profiles (bottom left) and relative contributions (%) of particle number concentration (bottom right). 
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In Paris, Traffic-1 and Mixed traffic displayed profiles and patterns similar to those observed in Barcelona and 

Athens. Traffic-1, with a primary size mode at 22 nm, contributed 30% to the total PNC, while Mixed traffic, with a 

primary size mode at 46 nm, accounted for 23% of the total PNC. Domestic heating, characterised by a primary size 

mode at 102 nm, contributed 12% to the total PNC. This source exhibited higher levels at night and significant 

contributions to the variance of BC. It may also include particles from Traffic-2, albeit to a lesser extent, due to the 

absence of pronounced traffic rush hour patterns. Nucleation, with a primary size mode at 13 nm, accounted for 

23% of the total PNC. This source represents a mix of Photonucleation and the nucleation of particles immediately 

after the emission of SVOCs from diesel vehicles. as these compounds dilute and cool in the atmosphere, leading 

to NPF (Harrison et al., 2011; Mamakos and Martini, 2011; Trechera et al., 2023; Saarikoski et al., 2024), due to the 

marked traffic rush hour patterns. As in Barcelona, two regional sources were identified at this site, both with peaks 

in the accumulation mode. Regional-1, contributing 2% of the total PNC, is associated with nitrates formed during 

winter and at night. Regional-2, accounting for 11% of the PNC, is linked to secondary ammonium sulphate and 

organic aerosols, with high contributions to the variance of ozone. 

 

 

Figure 19. Source apportionment results of Paris: daily, monthly and weekly patterns of the sources (top), particle number size 

distribution profiles (bottom left) and relative contributions (%) of particle number concentration (bottom right). 
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The source apportionment results for Barcelona and Athens from this study (2020-2023) are consistent with those 

reported by Garcia-Marlès et al. (2024b) for the period 2009-2019. 

 

4 Summary and Recommendations 

The presented work leveraged Service Tools (STs) developed within other work packages of RI-URBANS to achieve 

significant progress in characterization of particulate matter (PM) and source apportionment (SA), including 

equivalent black carbon (eBC) and particle number size distribution (PNSD). Tools designed for online and offline 

chemical speciation (e.g., ST2, ST3) were successfully applied to generate input datasets for source apportionment 

purposes (e.g., ST10, ST11), providing valuable insights into the contributions of various PM sources. Additionally, 

the use of non-targeted mass spectral analyses showed promise in further identifying the organic composition of 

PM, particularly for advancing the understanding of organic aerosol (OA) sources. STs for oxidative potential (OP) 

measurement (e.g., ST4) and source apportionment (e.g., ST11) were also successfully implemented, 

demonstrating their ability to link temporal variations in PM sources to OP and to target specific local sources for 

each pilot city. These tools highlighted the potential for more robust assessments of health-relevant PM 

characteristics. Similarly, STs for ultrafine particle (UFP)-PNSD measurement and source apportionment (e.g., ST1 

and ST11, respectively) proved effective in improving understanding of UFP sources. We recommend following the 

STs used within this document. Implementing the full scale of UFP characterization and aerosol chemistry 

measurements of the new air quality directive with a harmonized approach described in RI-URBANS STs will provide 

critical new information on the connection between air quality and health impacts.  

A key accomplishment of this whole work package (WP4) was the generation of yearlong datasets of PM 

constituents and types. These datasets are invaluable for epidemiological studies, enabling assessments of the 

harmfulness of specific PM components and their broader implications for human health. This contribution 

provides a robust foundation for evaluating PM impacts and informing targeted air quality management strategies. 

Such datasets are also of utmost importance for modelling purposes and cross-validation for CTM results.  

Despite the advancements achieved, further research is required to address several critical challenges. A major area 

for improvement lies in differentiating closely related PM sources, such as exhaust versus non-exhaust traffic 

emissions and primary versus secondary biomass burning particles. These distinctions are vital for refining OP 

source apportionment and interpreting PM characteristics more accurately. There is also a need to improve 

understanding of the origins and formation processes of nitrate-rich and sulfate-rich PM, which are currently 

broadly categorized as secondary PM (including also e.g., secondary organic aerosols, SOA, of unclear origin). The 

environmental significance and origins of these PM types remain unclear, limiting their interpretation. Similarly, 

some organic carbon (OC) types identified through non-targeted analyses lack sufficient environmental context, 

posing challenges for attributing OP contributions to specific PM sources. It is also recommended for the SIA and 

SOA to couple receptor modelling with chemical transport models. For example, to elucidate the origin of 

ammonium sulphate and nitrate sources from the receptor modelling. 

Another key area requiring attention is the optimal use of size-segregated PM information. While size-resolved data 

offer significant potential for source attribution and health effect assessments, current methodologies do not fully 

leverage this dimension. Future research should focus on integrating size-segregated data into source 

apportionment frameworks to maximize its utility. Finally, the reliance on temporal variations in existing 

methodologies, such as multilinear regression, highlights the need for new approaches that incorporate spatial and 

size-segregated data. Addressing this limitation could enhance the robustness and sensitivity of OP source 

apportionment results, making them more applicable to a wider range of air quality and health studies. 
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Overall, this deliverable underscores the effective application of STs to address key challenges in PM 

characterization and source apportionment. The outcomes demonstrate significant progress in understanding PM 

sources, equivalent black carbon (eBC), and UFP-PNSD as well as their potential health-relevance based on their OP 

while also identifying areas for future research. Further efforts to refine source distinctions, interpret complex PM 

compositions, and utilize size-segregated information will be essential for advancing PM health impact assessments 

and guiding targeted mitigation strategies. 

To improve the understanding of M)sources, combining chemical speciation with statistical receptor models has 

proven to be a powerful approach. However, this method requires the measurement of a wide range of chemical 

constituents over a minimum duration of one year, which can entail substantial costs. To optimize source 

apportionment of PM10, it is recommended to include measurements of key components such as elemental carbon 

(EC), organic carbon (OC), as well as organic marker compounds arabitol and/or mannitol, levoglucosan, 3-MBTCA, 

2-methlythreitol, methanesulfonic acid (MSA), and water-soluble inorganic constituents such as chloride (Cl-), 

nitrate (NO3-), sulfate (SO42-), ammonium (NH4+), and total element concentrations of sodium (Na),  magnesium 

(Mg), potassium (K), calcium (Ca), iron (Fe), titanium (Ti), vanadium (V), copper (Cu), rubidium (Rb), tin (Sn), lead 

(Pb), aluminum (Al), manganese (Mn), nickel (Ni), and zinc (Zn), chromium (Cr), cadmium (Cd), arsenic (As), barium 

(Ba), antimony (Sb), selenium (Se), and other emerging tracers. Additionally, for oxidative potential (OP) source 

apportionment, which currently relies on temporal variations of PM sources, we recommend compiling datasets 

spanning at least one year, with samples collected at the very least every fourth day for 24 hours (preferably 3rd 

day), though for epidemiological assessments a higher frequency might be needed. This temporal resolution is 

critical for robust analyses. For UFPs, similar long-term datasets should be compiled, ensuring consistency and 

comparability across studies to enhance our understanding of these particle sources and their health impacts. 
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