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1. ABOUT THIS DOCUMENT 

RI-URBAN’s WP4 focuses on implementing 5 pilots in different European cities. Pilot 4 corresponds to 

Novel health indicators, aiming at validating measurement techniques and approaches to assess health 

effects by complementing existing air quality policies with measures directly targeting novel air quality 

metrics and health-relevant emission sources.  

This deliverable addresses T4.4 on Novel health indicators of nanoparticles and PM components and 

source contributions. The focus of this deliverable is on providing the results of health associations for 

multiple pollutants collected using a common protocol in the pilot cities. We investigated the short-term 

effects on mortality of ultrafine particle number size distribution and its sources as well as PM2.5 and PM10 

chemical composition and sources, and novel metrics such as equivalent black carbon (eBC), as well as 

oxidative potential (OP) . 

This document contains results from an epidemiological study in which a random effect meta-analysis was 

conducted to summarise the short-term associations between ultrafine particles and its sources, PM 

chemical composition and sources, equivalent black carbon (eBC), as well as oxidative potential (OP), and 

daily mortality counts in the four European pilot cities, namely Athens (GR), Barcelona (ES), Paris (FR), and 

Zurich (CH) using data collected between 2018 and 2023.  

This document is delivered to the European Commission as RI-URBANS deliverable D29 (D4.8) and shared 

with all RI-URBANS partners for their use. It will also be made available in the public domain, 

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

 

2. INTRODUCTION 

Air pollution is a major threat to human health and is estimated to cause 7 million premature deaths per year 

worldwide (WHO, 2023). Particulate matter (PM) are solid or liquid particles suspended in the air. These particles 

are abundant in the air pollution mixture and are classified as carcinogenic by the World Health Organization 

(WHO)(IARC, 2013). Even though evidence on the associations between PM and mortality is well established, it 

remains unclear, which characteristics or components of PM drive its adverse health effects. Potential candidates 

for causing the harmful health effects of PM are particle size, chemistry and oxidative potential (OP), characteristics 

that will vary depending on the particle source contributions. Ultrafine particles (UFP) are particles smaller than or 

equal to 100 nm in diameter present in the air. They originate mostly from combustion sources, such as vehicular 

emissions (Garcia-Marlès et al., 2024). According to WHO (2021) there are inconsistent results on the health effects 

associated with exposure to UFP, although there are bodies of evidence that these might have them (Morawska et 

al., 2019). Unlike coarser particles, UFPs account for a low aerosol mass concentration proportion and a large 

number one. That is why PM10 and PM2.5 (and PM components) are measured in mass concentrations and UFP in 

number concentrations. These fine size patterns of  allow these to enter sensitive areas of the body like the alveoli 

region of the lungs, and even reach the bloodstream reaching from there other vital organs, which may lead to 

morbidity and premature death (Moreno-Ríos et al., 2022; Schraufnagel, 2020).  

Several studies reported short and long-term effects of UFP on health, including on diseases such as diabetes (Yang 

et al., 2025), cardiovascular diseases (Downward et al., 2018) and hypertension (Lin et al., 2021). Time-series studies 

on the short-term effects of UFP on health reported increased risk for natural and cardiovascular mortality (Hennig 

et al., 2018), respiratory mortality (Schwarz et al., 2023) and myocardial infarction (Chen et al., 2020). However, 

http://www.riurbans.eu/
https://riurbans.eu/work-package-4/#deliverables-wp4
https://www.zotero.org/google-docs/?x236tO
https://www.zotero.org/google-docs/?RypYpC
https://www.zotero.org/google-docs/?qJdlBc
https://www.zotero.org/google-docs/?ba8Rto
https://www.zotero.org/google-docs/?ba8Rto
https://www.zotero.org/google-docs/?ba8Rto
https://www.zotero.org/google-docs/?UHzNhr
https://www.zotero.org/google-docs/?UHzNhr
https://www.zotero.org/google-docs/?gmB5R8
https://www.zotero.org/google-docs/?KbI4Kw
https://www.zotero.org/google-docs/?KbI4Kw
https://www.zotero.org/google-docs/?1DWl8H
https://www.zotero.org/google-docs/?2BBvdZ
https://www.zotero.org/google-docs/?yVluLJ
https://www.zotero.org/google-docs/?yVluLJ
https://www.zotero.org/google-docs/?0zH5XO
https://www.zotero.org/google-docs/?fsuzti
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weak evidence of adverse effects have also been reported (e.g., Lanzinger et al., 2016), suggesting that more studies 

are needed to understand the effects of these small particles on health. 

Chemical constituents of PM have also been associated with increased mortality risk at both short-term and long-

term assessments. A systematic review on the effects of PM2.5 on mortality reported that several PM2.5 constituents 

were associated with increased mortality, especially those arising, totally or partially, combustion byproducts like 

organic carbon (OC) and potassium (K), and that the effect size vary from one city to another (Achilleos et al., 2017). 

Other studies also reported associations between PM constituents and adverse health outcomes (Basagaña et al., 

2015; Bell et al., 2014; Yang et al., 2019). Elemental carbon (EC), if measured by thermo-optical methods, or Black 

carbon (BC) if estimated from absorption measurements, originates from incomplete combustion of fossil fuel and 

biomass. EC and BC, are considered pollutants of emerging concern and their monitoring has been demanded by 

the WHO and by the new air quality directive (EC, 2024). 

 A recent review reported that exposure to BC and elemental carbon (EC) particles was associated with a 6.8% (95% 

CI 0.4% to 13.5%) increase in risk of cardiovascular diseases for long-term exposures, and 1.6% (95% CI 0.4% to 

2.8%) for short-term on the elderly population (Song et al., 2022). Long term exposure to BC and other PM 

constituents was also associated with dementia (Shi et al., 2022) 

In addition to PM chemistry, another metric that may influence the adverse health effects is the OP of PM. The new 

Ambient Air Quality Directive (EU) 2024/2881 defines OP as “a measure of the capacity of particulate matter to 

oxidise potential target molecules” (EC, 2024). OP is closely related to PM chemical composition, especially metals 

and organic PM contents (Gao et al., 2020), and was suggested by some studies to have more importance in terms 

of toxicity than PM mass (e.g: Strak et al. (2017), Yang et al. (2016), Marsal et al. (2024, 2023)). This metric has been 

associated with adverse health effects including increased risk of hospitalizations by cardiovascular and respiratory 

diseases (Bates et al., 2015; Qin et al., 2024), diabetes (Strak et al., 2017), increased oxidative stress in pregnant 

women (Marsal et al., 2024), reduced lung function in neonates (Marsal et al., 2023), asthma and rhinitis in children 

(Yang et al., 2016), and airway inflammation in asthmatic children (Delfino et al., 2013).  

Particle size, composition and OP are metrics that are affected by emission sources and might help to identify source 

contributions to PM2.5, UFP and OP (Garcia-Marlès et al., 2024; Harni et al., 2023; Li et al., 2025). Specific source 

contributions to both PM2.5 and UFP ambient concentrations  have been associated with adverse health outcomes 

(Huang et al., 2019; Krall et al., 2017; Pennington et al., 2019), but epidemiological evidence on the health effects 

of these source contributions is still scarce and sometimes inconsistent (Basagaña et al., 2016; Hime et al., 2018; 

Bell et al., 2014; Piper et al., 2024; Rivas et al., 2021; Sørensen et al., 2022; Tobias et al., 2024).  

Understanding the underlying factors that drive the adverse health effects of PM (their components and source 

contributions), UFP, BC and OP is crucial to the establishment of air quality regulations that effectively protect 

public health. The body of evidence on the negative health effects of UFP has been growing, and for this reason the 

WHO and the European Commission (EC) now consider UFP as pollutants of emerging concern (EC, 2024; WHO, 

2021). The new Ambient Air Quality Directive (EU) 2024/2881 requires European countries to routinely monitor 

UFP-PNSD, BC and EC and other specific components of PM, and ammonia (NH3) in air quality supersites, and 

recommends the measurement of OP of PM.  

With new air quality regulations in place, more efforts will be placed on understanding how novel PM metrics may 

independently associate with negative health outcomes. Currently, epidemiological evidence that associate novel 

PM unregulated metrics with health outcomes are still limited. Although several recent multicity epidemiological 

time-series studies evaluated short-term effects of unregulated PM metrics on health (e.g.:, Basagaña et al. 2015; 

Bell et al. 2014; Hennig et al. 2018; Rivas et al. 2021; Schwarz et al. 2023), to our knowledge this is the first time-

series study evaluating the short-term effects of different PM metrics (PM chemical constituents and sources, UFP-

http://www.riurbans.eu/
https://www.zotero.org/google-docs/?AgnOw3
https://www.zotero.org/google-docs/?17E1nj
https://www.zotero.org/google-docs/?8ydX6i
https://www.zotero.org/google-docs/?8ydX6i
https://www.zotero.org/google-docs/?Zb4ze0
https://www.zotero.org/google-docs/?U2leyy
https://www.zotero.org/google-docs/?CMkfFK
https://www.zotero.org/google-docs/?wEmCCe
https://www.zotero.org/google-docs/?JQYgiu
https://www.zotero.org/google-docs/?dFu7jL
https://www.zotero.org/google-docs/?dFu7jL
https://www.zotero.org/google-docs/?dFu7jL
https://www.zotero.org/google-docs/?aCKJGr
https://www.zotero.org/google-docs/?aCKJGr
https://www.zotero.org/google-docs/?aCKJGr
https://www.zotero.org/google-docs/?QE2Cbt
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https://www.zotero.org/google-docs/?Z1yTt8
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PNSD and UFP-PNSD sources, OP, BC and BC sources) on health outcomes using a harmonized multicity meta-

analysis approach (including in the air pollutants data collection and in the statistical methods).   

This study aimed to estimate the short-term effects of unregulated PM metrics (including UFP-PNSD, UFP-PNSD 

sources, OP, and BC) as well as the chemical composition and sources of PM2.5 and PM10, on mortality by conducting 

a meta-analysis that summarized associations from four European cities: Athens (GR), Barcelona (ES), Paris (FR) and 

Zurich (CH). This study attempted to address issues cited by the WHO (2021) as problems that hinder the creation 

of air quality guidelines for UFP. For instance, this study used UFP-PNSD that were measured in a similar size range 

in most cities, including particles with a lower cut-off limit of 10 nm, as instructed by the new EU air quality 

regulations (EC, 2024). Moreover, the data used in this study was measured using similar (but not the same) 

protocols in all cities to minimize technical inconsistencies, and the data was processed and analyzed by the same 

laboratory. This study provides valuable insights on which PM properties/constituents should be tackled by future 

air quality regulations. 

 

3. METHODOLOGY 

3.1 Participating cities 

We investigated the effects of novel PM metrics on mortality in four European cities: Athens (GR), Barcelona (ES), 

Paris (FR) and Zurich (CH), as an attempt to represent the different climates and urban characteristics present in 

Europe. The study evaluated one urban background station in each city, and the analysis was based on the period 

2018 - 2023, depending on the data availability in each city (Table 2). This study excluded the year 2020 to minimize 

the effects of the COVID-19 pandemic, which affected both air quality and mortality.  

 

Figure 1. Pilot cities evaluated: Athens (GR), Barcelona (ES), Paris (FR) and Zurich (CH). 

 

 

http://www.riurbans.eu/
https://www.zotero.org/google-docs/?VHEBHj
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3.2 Health data 

This study evaluated the effects of novel particulate metrics (UFP-PNSD, UFP-PNSD sources, OP) and chemical 

composition and sources of PM2.5 and PM10 on natural and/or all cause mortality of residents of Athens, Barcelona, 

Paris, and Zurich. We investigated natural (chapters A-R from the International Classification of Diseases (ICD-10)) 

and all causes of mortality (all ICD-10 chapters). Population size, region, type of mortality outcome and health data 

providers are shown on table 1 for each city.  

 

Table 1: Details on the evaluated cities and mortality data. 

City  Region included Mortality Population 
Mortality data 

provider 

Athens City of Athens 
All cause  

(2021-2023) 

917.960a 
 (Athens Central 

Sector) 

Hellenic Statistical 

Authority (ELSTAT)d 

Barcelona City of Barcelona 
 

All cause  
(2021-2023) 

1.650.358b 
Burials from 

Barcelona Public 
Health Agency 

Paris City of Paris  
All cause  

(2021-2023) 
2.165.423a 

French National 
Institute of Statistics 

and Economic Studies 

(INSEE)d  

Zurich City of Zurich 
Natural (2018-2019) 

All cause (2021 - 
2022) 

686.121c 
Swiss Federal 

Statistical Office 
(BFS) 

a Eurostat 2019, DOI: https://doi.org/10.2908/demo_r_pjanaggr3 . 
b Ajuntament de Barcelona. Oficina Municipal de Dades (OMD), year 2019, identification: http://hdl.handle.net/11703/135562;  
c Eurostat 2019, DOI: https://doi.org/10.2908/urb_cpop1 
d https://www.insee.fr/en/statistiques/7076004?sommaire=4493845#consulter-sommaire  
 

3.3 Air quality data 

A total of 97 PM-related variables were evaluated in this study. These variables include novel PM metrics like UFP 

concentrations, different size fractions of UFP obtained from PNSD and their sources (see Deliverables D22 and 

D25, and  Service Tool ST11 for further details), equivalent black carbon (eBC) and two of its sources (see ST11), OP 

(D11, D30 and ST11), PM chemical constituents, and PM10 source contributions (D3 and D30). Table 2 shows the 

city-specific periods available for each of the variable groups analyzed. 

PNSD 

PNSD was measured at all sites following RI-URBANS recommendations (ST1). PNSD models were divided as 

concentrations of Nucleation (10-25 nm), Aitken (25-100 nm), UFP (10-100 nm), Accumulation (>100 nm), N25_800 

(> 25 nm) and Ntotal (> 10 nm). PMcoarse was calculated as the difference between PM10 and PM2.5. 

We used data from 2018-2023, however, each city contributed differently for the analysis depending on data 

availability. The instrumentation and the cutoff diameter used to measure PNSD in each city are described in 

Table 3. 

http://www.riurbans.eu/
http://hdl.handle.net/11703/135562
https://doi.org/10.2908/urb_cpop1
https://www.insee.fr/en/statistiques/7076004?sommaire=4493845#consulter-sommaire
https://riurbans.eu/wp-content/uploads/2024/04/RI-URBANS_D22_D4_1.pdf
https://riurbans.eu/wp-content/uploads/2024/01/RI-URBANS_D25_D4_4.pdf
https://riurbans.eu/wp-content/uploads/2024/11/ENV_GUIDANCE-DOCUMENT_ST11_SA_BC_UFP_OP_VOCs_Definitive.pdf
https://riurbans.eu/wp-content/uploads/2024/11/ENV_GUIDANCE-DOCUMENT_ST11_SA_BC_UFP_OP_VOCs_Definitive.pdf
https://riurbans.eu/wp-content/uploads/2024/11/ENV_GUIDANCE-DOCUMENT_ST11_SA_BC_UFP_OP_VOCs_Definitive.pdf
https://riurbans.eu/wp-content/uploads/2023/03/RI-URBANS_D11_D2_3.pdf
https://riurbans.eu/wp-content/uploads/2025/01/RI-URBANS_D30_D4_9.pdf
https://riurbans.eu/wp-content/uploads/2024/11/ENV_GUIDANCE-DOCUMENT_ST11_SA_BC_UFP_OP_VOCs_Definitive.pdf
https://riurbans.eu/wp-content/uploads/2024/07/RI-URBANS_D3_D1_3.pdf
https://riurbans.eu/wp-content/uploads/2024/07/RI-URBANS_D3_D1_3.pdf
https://riurbans.eu/wp-content/uploads/2025/01/RI-URBANS_D30_D4_9.pdf
https://riurbans.eu/wp-content/uploads/2025/02/ST1.pdf
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Table 2. Description of stations, and measurement period in each city. Abbreviations: UB: urban background; PNSD: Particle 

Number Size Distribution, PM: Particulate Matter, eBC: equivalent black carbon, OP: oxidative potential. 

Variables 
Athens  

(Thissio) 
Barcelona  

(Palau Reial) 
Paris2 

(Les Halles) 
Zurich_2018 

(Kaserne) 
Zurich_2021 

(Kaserne) 

PNSD 
2021-01-01 to 

2023-12-31  
2021-01-01 to 

2023-12-31 
2021-01-01 to 

2023-12-31 
2018-01-04 to 

2018-07-01 
- 

PNSD sources 
2021-01-01 to 

2022-10-12  
2021-01-01 to 

2023-12-14 
2021-01-01 to 

2023-12-31 
2018-01-03 to 

2018-07-01 
- 

PM2.5, PM10 
and 
PMcoarse 

2021-01-01 to 
2023-12-311  

2021-01-01 to 
2023-12-31 

2021-01-01 to 
2023-12-31 

2018-01-01 to 
2019-12-31 

2021-01-01 to 
2022-12-31 

PM10 sources 
2022-06-29 to 

2023-06-28 
2022-03-02 to 

2023-02-28 
2022-04-07 to 

2023-03-28 
2018-06-03 to 

2019-05-29 
- 

eBC and eBC 
sources 

2021-01-01 to 
2023-12-30 

2021-01-14 to 
2023-12-31 

2021-01-01 to 
2023-12-31 

2018-01-01 to 
2019-12-31 

2021-01-01 to 
2022-12-31 

PM2.5 OP and 
PM10 OP 

2022-06-29 to 
2023-06-28 

2022-03-02 to 
2023-12-31 

2022-04-07 to 
2023-09-26 

2018-06-03 to 
2019-05-29 

- 

PM10 OP 
sources 

2022-06-29 to 
2023-06-28 

2022-03-02 to 
2023-02-28 

2022-04-07 to 
2023-03-28 

2018-06-03 to 
2019-05-29 

- 

PM2.5 and 
PM10 
chemistry 

2022-06-29 
(PM10: 2022-

06-23)  to 
2023-06-28 

2022-03-02 to 
2023-02-28 

2022-04-07 to 
2023-03-28 

2018-06-03 to 
2019-05-29 

- 

1Daily PM10 unavailable for Athens, therefore PMcoarse was not calculated for this city. 
2 Air quality data from Paris was provided by the air quality observatory in Île-de-France (Airparif). 

 

Table 3: Instrumentation used to measure PNSD in the different cities (further details in Deliverable D26). 

 Athens (Thissio) Barcelona  
(Palau Reial) 

Paris  
(Les Halles) 

Zurich  
(Kaserne) 

PNSD  SMPS TSI model 3034 (2020 
- 2022);  
Range: 10 - 470nm 
 
SMPS/TSI 3080 Electrostatic 
Classifier, TSI DMA 3081, TSI 
CPC 3775 (2023);  
Range: 14- 
711 nm 

SMPS 3082 + CPC 
3750  
Ranges: 10 - 480 nm 
(01.01.2020 -
17.03.2021) ; 
10 - 532 nm 
(21.07.2021 - 
21.12.2021) 
10 - 780nm 
(21.01.2022 - 
31.12.2023) 

Mobility Particle Size 
Spectrometer (U-
SMPS, PALAS GmbH, 
Karlsruhe, 
Germany);  
Range: 8 - 386 nm 
 
 

 SMPS TSI 
model 3034 + 
(period 2018-
2019) 
Range: 17 - 480 
nm 

http://www.riurbans.eu/
https://riurbans.eu/wp-content/uploads/2025/01/RI-URBANS_D26_D4_5.pdf
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This study also evaluates the health effects of PNSD source contributions. PNSD source contributions were 

identified and classified following the methodology described in ST11 and by Garcia-Marlès et al. (2024), using the 

Positive Matrix Factorization (PMF) receptor model, which is the most common receptor model used for source 

apportionment (Paatero and Tapper, 1994). Only sources that were present in at least two cities were evaluated in 

the meta-analysis. These sources were: photonucleation, traffic-1, traffic-2, mixed traffic, regional-1, regional-2 and 

domestic heating (Table 4). All these sources are described in detail by Garcia-Marlès et al. (2024). Briefly, 

photonucleation was dominated by particles photochemically generated during new particle formation (NPF) 

events, which are enhanced by solar radiation and cleaner environments (less condensation sinks), peaking from 

12 - 20 nm (Table 4). Traffic-1 was dominated by fresh traffic emissions from gasoline vehicles but also includes 

particles nucleated from diesel exhaust semi-volatile organic compounds (SVOCs) during dilution into the 

atmosphere (peak at 22 - 31 nm). Traffic-2 was dominated by primary diesel emissions and aged aerosols (peak at 

55 - 91 nm). Mixed traffic is a mix of traffic-1 and traffic-2 and originates from a traffic-influenced urban background 

that also receives contributions from other background sources (peak at 46 - 48 nm). Regional-1 is dominated by 

winter regional sources, such as  nitrate PM mass, and domestic/residential emissions. This source is observed in 

times of low solar radiation and had only one mode in most cities (peaked from 241 to 300 nm), except for the city 

of Athens.  

Unlike Regional-1, Regional-2 (summer regional) is enhanced by solar radiation and is affected by PM mass 

concentration, O3 and SO2 emissions and is characterized by NPF of ammonium sulfate and organic aerosols. This 

source was unimodal in the city of Paris (peak at 36 nm) and multimodal in the city of Barcelona (peak at  43 nm 

and 175 nm). Domestic heating is dominated by the incomplete combustion of fossil fuels like coal and wood from 

heating or cooking activities (peak at 102 - 106 nm). The contribution of PNSD sources to Ntotal in each of the 

evaluated cities is shown on Table 4. In Athens mixed traffic sources were the largest contributors to Ntotal (24.9%). 

In Barcelona, the largest contributors to Ntotal were also traffic-1 + traffic-2 followed by photonucleation (in this 

case mostly from shipping emissions). The sum of the traffic contributions was also the largest one, in both Paris 

and Zurich, but in Zurich, domestic heating was also an important one contributing 26.4% to Ntotal.  

Table 4. Contribution and size mode of the different sources present in each city. The values correspond to the percentage of 

contribution to the average annual total PNSD (%) and, in brackets, the size (nm) in the peak of the source profile. In bold,  

sources that contribute > 20% to the average annual PNSD.  

Source 
Athens 

(Thissio) 
Barcelona 

(Palau reial) 
Paris 

(Les Halles) 
Zurich (Kasserne) 

Photonucleation 
10.9%  

[17 nm] 

28.4%  
[12 nm] 

- 
5.1%  

[20 nm] 

Traffic-1 
21.1% 

[28 nm] 
26.2%  

[27 nm] 
30% 

[22 nm] 
20.2% 

[31 nm] 

 Traffic-2 - 
16.2%  

[91 nm] 
- 

36.8%  
[55 nm] 

Mixed Traffic 
24.9%  

[47 nm] 

22.2%  
[48 nm] 

23% 
[46 nm] 

- 

Regional-1 
4%  

[264 & 72 nm] 

2.3% 
[241 nm] 

2%  
[241 nm] 

4.2% 
[300 nm] 

Regional-2 - 
4.5%  

[175 & 43 nm] 

11% 
[36 nm] 

- 

Domestic heating - - 
12%  

[102 nm] 
 26.4%  

[106 nm] 

 

http://www.riurbans.eu/
https://riurbans.eu/wp-content/uploads/2025/02/ST11.pdf
https://www.zotero.org/google-docs/?Cbkd7Z
https://www.zotero.org/google-docs/?Cbkd7Z
https://www.zotero.org/google-docs/?Cbkd7Z
https://www.zotero.org/google-docs/?EnCd8T
https://www.zotero.org/google-docs/?lnDMy4
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BC 

The effects of BC and BC source contributions on mortality were also evaluated. BC is defined by the new EU 

Directive 2024 as “carbonaceous aerosol measured by light absorption”. At all sites, BC was measured following 

the same protocol, as defined in ST2, by using Aethalometers (AE33 Magee Scientific). In this study, we are 

evaluating eBC as supplied from the instrument, and eBC corrected by comparing colocated absorption coefficient 

with EC measurements as indicated in ST2. eBC source contributions were calculated using linear regression models 

as described by Savadkoohi et al. (2023) and references therein (ST11). Two eBC sources were evaluated, eBC 

released from burning of fossil fuels in vehicular emissions (eBCT), and eBC from coal and wood burning mostly 

originated from residential and commercial activities (eBCRC).   

OP 

The OP of PM was evaluated from two PM fractions, PM2.5 and PM10, in all cities. OP measurements were done 

following the protocol by Calas et al. (2017, 2018) and it was estimated via two different assays, one using 

dithiothreitol (DTT) and the other using ascorbic acid (AA) as antioxidant agents. A detailed description of the OP 

determinations is offered in (ST5).  OP was calculated with the slope of DTT and AA consumption (nmol/min) and 

was then normalised by PM mass (OPm, nmol min-1 µg-1), representing the intrinsic PM reactivity, and by the 

sampled air volume (OPv, nmol min-1 m-3), to represent the exposure by inhalation of 1 m3 of air. OP variables were 

labelled according to the assay type, normalization unit and originating PM fraction in the following order: 

OP_assay_metric_PMfraction. 

Please note that OP sources were not evaluated in this work because they were estimated from PM10 sources, and 

are perfectly correlated with their corresponding PM10 sources. In this case, the significance of the associations 

between OP sources and mortality should be the same as the significance between PM10 sources and mortality, 

which is why in this document we are evaluating only PM10 sources. 

PM composition and sources 

This study also evaluated the associations between PM2.5 and PM10 constituents on mortality. A very large and 

comprehensive chemical characterization was performed following ST3 recommendations. For optimal 

comparability of the results, each type of analysis was performed centrally in the same lab (see D30). After 

gravimetric analysis, punches of filters were distributed to each laboratory for centralized analysis (Table 5).  

The major elements and metals were analysed at IDAEA-CSIC laboratories following the methodology proposed by 

Querol et al. (2001). In brief, the samples were completely acid-digested (HNO3:HF:HClO4). Finally, the 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 and 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS, iCAP-RQ, Thermo fisher Scientific, US) to measure the 

concentration of trace elements. 

  

http://www.riurbans.eu/
https://riurbans.eu/wp-content/uploads/2025/02/ST2.pdf
https://riurbans.eu/wp-content/uploads/2025/02/ST2.pdf
https://www.zotero.org/google-docs/?Z2LuEF
https://riurbans.eu/wp-content/uploads/2025/02/ST11.pdf
https://www.zotero.org/google-docs/?cWC6Z4
https://riurbans.eu/wp-content/uploads/2025/02/ST4.pdf
https://riurbans.eu/wp-content/uploads/2025/02/ST3.pdf
https://riurbans.eu/wp-content/uploads/2025/01/RI-URBANS_D30_D4_9.pdf
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Table 5.  Laboratory and method for each PM component analysed (adopted from WP4 Milestone M24 report).See more at 

ST3 on PM speciation from RI-URBANS. 

PM component Responsible Laboratory Method 

Metals CSIC  ICP-OES ICP MS 

Water soluble ions 
NOA 

Paris (UGA) 

IC 

IC-MS 

OC/EC 
CSIC 

Paris: INERIS (PM10),  
AirParif (PM2.5) 

Thermo-optical analyser (SUNSET) 

Organic tracers: Polycyclic Aromatic 
Hydrocarbons (PAHs), Acids, Sugars 
and polyols 

CSIC 
Paris: UGA 

GC-MS 
LC-MSMS. Includes tetrols 

 

Water-soluble ions analysis was carried out following the standard EN16913:2017. First, the filter samples were 

punched to get a 1.5 cm2 surface area, then placed inside a bottle, extracted with 10mL of ultrapure water and 

finally placed inside an ultrasound system for 45 minutes to aid dilution. The major cations (Ca2+, Mg2+, Na+, K+, 

NH4
+) and anions (SO4

2-, NO3
-, Cl-) concentration were determined using Ion Chromatography (IC; Dionex-500; 

Thermo Fischer Scientific). 

The carbonaceous fraction, OC and EC are performed on the collected in quartz fibre filters, based on the 

En16909:2017 standard, which adopted the EUSAAR2 thermal protocol (Cavalli et al., 2010) as the reference 

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

Molecular organic compounds were analysed using solvent extraction followed by gas chromatography-mass 

spectrometry (GC-MS). A filter punch of 3.4 mm diameter underwent different extraction methods to analyse 

Polycyclic Aromatic Hydrocarbons (PAHs), sugar and organic acids, as reported in (Van Drooge et al., 2023). 

Molecular organic compounds were analysed and identified based on their mass spectra and retention times, which 

was conducted using a GC-MS (Agilent 7890 GC with 5975 MSD). 

PM sources were identified and quantified using also PMF (Paatero and Tapper, 1994). A harmonization 

implementation was applied to perform the PM source apportionment of the four cities independently, including 

input chemical species, uncertainty calculation, and result validation criteria. More detail on the method of PM 

source apportionment could be found elsewhere at ST10,  D3, and D30. For the four cities, the PMF input includes 

the PM mass concentration, trace elements, water-soluble ions, EC and OC, and organic marker compounds for 

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

By incorporating these well-known tracers, 10 sources were identified in the PM10 fraction in Athens, Barcelona, 

and Zurich and 11 sources were identified for Paris.  

Mean IQR concentrations 

The results of this study are expressed as percentage relative risk increase in mortality per 1 mean interquartile 

range (IQR) increase in pollutant concentration. Table 6 shows the mean IQR concentration used for each pollutant, 

particle sizes and source contributions evaluated. Please note that by mean IQR we mean the mean IQR in pollutant 

concentration across all cities.  The suffixes used for each variable are described as follows: PM10_sa refers to PM10 

sources; pnsdsa refers to UFP-PNSD sources; PM2.5 or PM10 indicate the PM fraction from which the variable was 

estimated; PMcoarse indicate the fraction of PM between 2.5 and 10 µm; OP_DTT and OP_AA correspond to the 

OP from the DTT and AA assay, respectively. In addition, the following abbreviations were used: eBC (total), eBCT= 

eBC from liquid fuels, mostly traffic, eBCRC= eBC from wood burning mostly used for residential and commercial 

uses.  

http://www.riurbans.eu/
https://riurbans.eu/wp-content/uploads/2025/02/ST10.pdf
https://riurbans.eu/wp-content/uploads/2024/07/RI-URBANS_D3_D1_3.pdf
https://riurbans.eu/wp-content/uploads/2025/01/RI-URBANS_D30_D4_9.pdf
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Table 6. Mean IQR across city for each variable. Variables that were measured daily are shown in gray, PM2.5 non-daily 

variables are shown in blue, and PM10 non-daily variables are shown in green. 

Daily variables 
Mean IQR daily 

variables 

PM2.5 Non-daily 

variables 

Mean IQR  

PM2.5 non-daily 

PM10 non-daily 

variables 

Mean IQR  

PM10  

non-daily 

PM2.5 7.4 µg/m3 OC_PM2.5 1.69 µg/m3 OC_PM10 1.93 µg/m3 

PM10 11.0 µg/m3 EC_PM2.5 0.35 µg/m3 EC_PM10 0.44 µg/m3 

PMcoarse 3.9 µg/m3 TC_PM2.5 1.94 µg/m3 TC_PM10 2.27 µg/m3 

Nucleation  1200 particles/cm3 PAHS_PM2.5 538 pg/m3 PAHS_PM10 816 pg/m3 

Aitken 
2283 
particles/cm3 POA_PM2.5 143 ng/m3 POA_PM10 151 ng/m3 

UFP 
3173 
particles/cm3 

NO3-_PM2.5 1020 ng/m3 NO3-_PM10 1523 ng/m3 

Accumulation 
907 
particles/cm3 

SO42-_PM2.5 1168 ng/m3 SO42-_PM10 1250 ng/m3 

N25_800 
2960 
particles/cm3 

NH4+_PM2.5 445 ng/m3 NH4+_PM10 434 ng/m3 

Ntotal 
3727 
particles/cm3 

Ca2+_PM2.5 377 ng/m3 - - 

NO2 15.2 µg/m3 Cl-_PM2.5 201 ng/m3 - - 

SO2 0.67 µg/m3 Ca_PM2.5 339 ng/m3 - - 

O3 27.4 µg/m3 Arabitol_PM2.5 6.4 ng/m3 Arabitol_PM10 18.42 ng/m3 

Photonucl_pnsdsa 681 particles/cm3 Mannitol_PM2.5 3.4 ng/m3 Mannitol_PM10 17.61 ng/m3 

Traffic_1_pnsdsa 1227 particles/cm3 
Levoglucosan_PM2.
5  

130 ng/m3 Levoglucosan_PM10 136 ng/m3 

Traffic_2_pnsdsa 1043 particles/cm3 
Phthalic_acid_PM2.
5 

1.06 ng/m3 Phthalic_acid_PM10 1.61 ng/m3 

Mixed_traf_pnsdsa 1256 particles/cm3 Al_PM2.5 113 ng/m3 Al_PM10 238 ng/m3 

Regional_1_pnsdsa 218 particles/cm3 As_PM2.5 0.17 ng/m3 As_PM10 0.24 ng/m3 

Regional_2_pnsdsa 397 particles/cm3 Cu_PM2.5 3.5 ng/m3 Cu_PM10 8.69 ng/m3 

Domestic_heat_pnsdsa
  

941 particles/cm3 Fe_PM2.5 123 ng/m3 Fe_PM10 336 ng/m3 

eBC 0.63 µg/m3 K_PM2.5 115 ng/m3 K_PM10 149 ng/m3 

eBC corrected 0.37 µg/m3 Mg_PM2.5 36.8 ng/m3 Mg_PM10 95.4 ng/m3 

eBCT 0.40 µg/m3 Mn_PM2.5 2.43 ng/m3 Mn_PM10 5.63 ng/m3 

eBCRC 0.20 µg/m3 Ni_PM2.5 0.98 ng/m3 Ni_PM10 1.10 ng/m3 

  Pb_PM2.5 2.52 ng/m3 Pb_PM10 3.05 ng/m3 

  Sb_PM2.5 0.82 ng/m3 Sb_PM10 1.50 ng/m3 

  Sn_PM2.5 0.85 ng/m3 Sn_PM10 1.86 ng/m3 

  Ti_PM2.5 6.43 ng/m3 Ti_PM10 15.30 ng/m3 

  V_PM2.5 1.04 ng/m3 V_PM10 1.33 ng/m3 

  Zn_PM2.5 12.76 ng/m3 Zn_PM10 17.58 ng/m3 

    OP_DTT_µg_PM2.5 0.024 nmol/ min/µg OP_DTT_µg_PM10 0.024 nmol/ min/µg 

    OP_DTT_m3_PM2.5 0.744 nmol/min/ m3 OP_DTT_m3_PM10 1.23 nmol/min/ m3 

    OP_AA_µg_PM2.5 0.038 nmol/ min/µg OP_AA_µg_PM10 0.042 nmol/ min/µg 

    OP_AA_m3_PM2.5 0.668 nmol/min/ m3 OP_AA_m3_PM10 1.09 nmol/min/ m3 

    Aged_sea_salt_PM10_sa 2.41 µg/m3 
    Biomass_burning_PM10_sa 2.1672 µg/m3 
    Dust_PM10_sa 4.19 µg/m3 
    HFO_PM10_sa 1.56 µg/m3 
    Nitrate_rich_PM10_sa 2.73 µg/m3 

    
Primary_biogenic_PM10_s
a 

1.46 µg/m3 

    SOA1_PM10_sa 1.99 µg/m3 
    Sea_salt_PM10_sa 1.21 µg/m3 
    Sulfate_rich_PM10_sa 2.55 µg/m3 

http://www.riurbans.eu/
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Daily variables 
Mean IQR daily 

variables 

PM2.5 Non-daily 

variables 

Mean IQR  

PM2.5 non-daily 

PM10 non-daily 

variables 

Mean IQR  

PM10  

non-daily 

    Traffic_PM10_sa 3.14 µg/m3 

    
Secondary_oxidation_PM1
0_sa 

2.01 µg/m3 

Total carbon= OC + EC; PMcoarse= PM10-PM2.5; PAHs= benz[a]anthracene + benzo[b+j+k]fluoranthene + benzo[a]pyrene + 

benzo[ghi]perylene + (chrysene+triphenylene) +  indeno[123cd]pyrene;  

POA= levoglucosan + mannosan + galactosan; SOA1 = Secondary Organic Aerosol from α-pinene, HFO= heavy Fuel Oil. 

 

3.4 Statistical methods 

The time-series epidemiological analysis was carried out in two phases. In the first phase, quasi-Poisson general 

non-linear regression models, single and multi-pollutant, were created for each city individually. In the second 

phase of the analysis, the overall associations were computed for each pollutant by combining the results of the 

different cities using random effect meta-analysis. 

In the first phase, the pollutants were divided into daily and non-daily according to their frequency of measurement. 

Because this study associated daily variations in pollutant concentrations with daily variations in total mortality 

counts, when calculating daily averages from higher-resolution data (e.g., hourly or minute data), a 75% threshold 

of data availability was used, that is, only time-series that had more than 75% of data available in a given day were 

included in the calculations.  

For pollutants that had daily data available, single and two-pollutant models were adjusted for long-term trends 

and seasonality using the time-stratified case-crossover method, where event days were compared with non-event 

control days occurring at the same year, month, and day of the week of the events. The models were also adjusted 

for the effects of temperature and relative humidity, bank holidays and day of the week. Warm days were defined 

as days in which temperatures were above or equal to the median temperature of the period. In contrast, cold days 

were defined as days in which temperatures were below the median temperature of the period. The mean 

temperature from lags 0 and 1, and from lags 1 to 6 were inserted in the model to account for the delayed effects 

of warm and cold temperatures, respectively. Warm days were modelled using a natural spline with knots on 75th 

and 90th percentiles of the mean temperature across lags 0 and 1.  Cold days were modelled using a natural spline 

with a knot on 25th percentiles of the mean temperature across lags 1 to 6.  Relative humidity (RH) was fit using a 

natural spline with 3 degrees of freedom. Associations were assessed on the same day of death (lag 0), and up to 

one week prior (lag 7), using one model for each lag. In addition to the 1-day lag, the cumulative effects of exposure 

were also evaluated in separate models using running means of lag days 0 and 1 [0-1], 0 to 2 [0-2], 2 to 3 [2-3] and 

4 to 7 [4-7], respectively.   

For pollutants that were not measured daily, evaluations were conducted on the same day (lag 0) of the event of 

death and up to seven days (lag 7) prior. Here the models were also adjusted for warm and cold temperature (2 

splines), RH, bank holidays and day of the week as described above, however, long term trends and seasonality 

were accounted for using a simplified version of the time-stratified case crossover study design, described by (Levy 

et al., 2001), and also used in D12 (D2.4). In the simplified time-stratified case crossover, pollutant concentrations 

on the day of the event of death were compared to pollutant concentrations of the same month and year of the 

event of death by including a strata of time (combination of year and month) in the model. Additionally, we adjusted 

the model for weekday variations by including a variable that contained day of the week. The only exception for 

the adjustments described above was the city of Zurich. In this city, non-daily models were not adjusted for bank 

holidays, because these variables were measured mostly on working weekdays. 

http://www.riurbans.eu/
https://www.zotero.org/google-docs/?V0tDTR
https://www.zotero.org/google-docs/?V0tDTR
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The two-pollutant models were adjusted the same way as described above, for daily and non-daily variables, 

respectively, in addition to the adjustment for a co-pollutant. All the two-pollutant models from daily variables were 

adjusted either for NO2 or PM2.5. All the two-pollutant models from non-daily variables were adjusted for NO2 or 

for the originating PM fraction. For example, if an OP variable originated from PM2.5, the model was adjusted for 

PM2.5. In contrast, if an OP variable originated from PM10, the model was adjusted for PM10. This approach has been 

previously used in the literature (e.g., Atkinson et al., 2016).  

The effects of daily variations in pollutant concentrations on daily mortality were estimated per 1 mean IQR increase 

in pollutant concentrations. 

 

4. RESULTS 

4.1 Correlation between pollutant concentrations 

A correlation table was created by calculating the city-specific Pearson correlation coefficient between original 

concentrations of each pollutant pair, and then taking the average of these coefficients across all the cities. Given 

the large amount of variables, the coefficients were filtered out so that only the strongest correlations remained in 

the table (r >= 0.65 or r <= -0.65; Table 1A in the Appendix). Please note that only variables used in the meta-

analysis were included in the table. 

OP sources were either highly or perfectly correlated with PM10 sources, as OP sources were calculated from PM10 

sources by multiplying by a factor. Similarly, high correlations were observed between POA and levoglucosan, 

mannosan and galactosan as POA is the result of the addition of these three components. OC, EC and TC were highly 

correlated as TC was calculated as the sum of EC and OC. 

The analysis of the average correlation coefficients showed weak correlation between mass normalized OP 

variables (µg labels) and NO2 (range 0.14 to 0.31) and moderately between volume normalized OP variables (m3 

labels) and  NO2 (range: 0.51 to 0.61, data not shown). Mass normalized OP variables were negatively correlated 

with their originating fraction. For example, the correlation coefficient between OP_DTT_µg_PM10 and PM10 was 

-0.09, and between OP_DTT_µg_PM2.5 and PM2.5 was -0.07. Mass normalized OP variables correlated weakly to 

moderately with other PM metrics. The strongest correlation was between OP_AA_µg_PM2.5 and the Aitken mode 

(r = 0.45), and OP_AA_PM10 and Cu_PM10 (r = 0.43).  

In contrast, volume normalized OP variables were moderately to strongly correlated with their original PM 

fractions, with correlations ranging from 0.59 between OP_AA_m3_PM2.5 and PM2.5, and 0.81 between 

OP_DTT_m3_PM10 and PM10. The strong correlation between volume normalized variables and conventional 

pollutants such as NO2 and PM2.5 or PM10 indicates that it might be more challenging to separate the effects of these 

variables from those of conventional pollutants in two-pollutant models. Moreover, volume normalized PM2.5 OP 

was moderately to highly correlated with carbonaceous particles (TC, OC, EC, eBC), copper (Cu) and tin (Sn) (r = 

0.62 to 0.75), while volume normalized PM10 OP was moderately to highly correlated with copper (Cu), 

carbonaceous particles (TC, OC, EC, eBC),  tin (Sn), iron (Fe) and potassium (K) (r = 0.65 to 0.80). In addition to PM 

constituents, volume normalized PM2.5 and PM10 OP also correlated well with black carbon from wood burning 

sources, and black carbon from traffic sources (e.g., OP_AA_m3_PM2.5 vs eBCRC r= 0.70; OP_AA_m3_PM10 vs 

eBCT r= 0.69, respectively). This correlation between OP and traffic and biomass burning sources was previously 

reported for OP DTT (Bates et al., 2015). 

PM2.5 OC was highly correlated with PM10 OC and PM10 total carbon (r = 0.91 and 0.90, respectively), suggesting 

that PM2.5 OC may account for most of the OC observed in PM10. In addition, PM2.5 OC was highly correlated with 

http://www.riurbans.eu/
https://www.zotero.org/google-docs/?TBWLIE
https://www.zotero.org/google-docs/?Mwq3ae
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the PNSD source of domestic heating, the accumulation mode, PM10 and PM2.5 mass, OP_AA_m3_PM2.5, 

OP_DTT_m3_PM2.5, eBC, tin (Sb), phthalic_acid_PM2.5, Fe_PM2.5, black carbon from wood burning (eBCRC) and 

traffic (eBCT), OP_DTT_m3_PM10, PM2.5 copper and lead (r range from 0.65 for eBCT to 0.78 for domestic heating).  

PM2.5 EC was highly correlated with EC from PM10 (r = 0.94) and eBC, eBC wood burning and traffic sources, and 

total carbon (r = 0.77 to 0.86). PM2.5 EC was highly correlated with NO2 (r= 0.80), PM10 copper (r =  0.81), tin (r = 

0.74 to 0.77), and with Sb, Fe, OC, OP_AA_m3_PM2.5, OP_DTT_m3_PM10, OP_DTT_m3_PM2.5, PNSD traffic_2 

source, PM10 traffic source and Pb (r = 0.65 to 0.74).  

Regarding PNSD sources, the source regional_2_pnsd, which relates to particles from secondary formation, was 

moderately correlated with PM10 SO4
2- (r = 0.45, data not shown) and negatively correlated with SOA1 from PM10 

sources (r = -0.50). 

4.2. Meta-analysis: Associations between air pollutants and mortality 

In this section, we present the results obtained using different pollutant metrics. Each subsection presents the 

results for different groups of chemicals. Note that results from some pollutants may appear in multiple 

subsections, as they belong to multiple groups. In each subsection, we present the results from single-pollutant 

models and from two-pollutant models adjusting for PM or NO2. 

4.2.1. PNSD  

When fitting single-pollutant models, we found associations with mortality for most fractions, except for 

Nucleation (Figure 2). In general, the rest of the fractions show increased mortality risks associated with increased 

exposure levels and for lags 1 and 6, where several statistically significant associations were found. When adjusting 

for PM2.5 in two-pollutant models, again several associations were statistically significant, except for nucleation, 

with the most significant associations found at lags 2-3 and 4-6 (Figure 3). However, most associations were 

attenuated when adjusting for NO2 in two-pollutant models, and no statistically significant associations remained 

(Figure 4). Only the association for N25_800 at lag 6 remained close to significance. Figure 5 displays how the 

associations changed when adjusting for PM2.5 or NO2 for the case of nucleation and N25_800.     

 

 

 

 

 

 

 

 

 

 

 

http://www.riurbans.eu/
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Single-pollutant model 

 

Figure 2. Pooled associations between PNSD and mortality, at the day of death and up to 7 days prior and cumulative lags (0-

1, 0-2 and 4-7), in single-pollutant models. Associations expressed as percentage change in relative risk (RR) per 1 IQR change 

in pollutant concentrations. 
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Two-pollutant models 

 

Figure 3. Pooled associations between PNSD and mortality adjusted for PM2.5, at the day of death and up to 7 days prior and 

cumulative lags (0-1, 0-2 and 4-7). Associations expressed as percentage change in relative risk (RR) per 1 IQR change in 

pollutant concentrations.  
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Figure 4. Pooled associations between PNSD and mortality adjusted for NO2, at the day of death and up to 7 days prior and 

cumulative lags (0-1, 0-2 and 4-7). Associations expressed as percentage change in relative risk (RR) per 1 IQR change in 

pollutant concentrations.  
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Figure 5. Pooled associations between PNSD and mortality in single and multi-pollutant models adjusted for PM2.5 and NO2 

(independently).  Evaluated on the day of death and up to 7 days prior, and cumulatively (0-1, 0-2 and 4-7). Associations 

expressed as percentage change in relative risk (RR) per 1 IQR change in pollutant concentrations.  

4.2.2. PNSD Sources 

When fitting single-pollutant models, we only observed statistically significant associations for the source mixed 

traffic, with a positive association at lags 4-7, but a negative association at lag 0; and positive associations with the 

source Regional_2, with associations detected at lags 0 and 2, and when grouping lags 0-2 and 2-3 (Figure 6). Two-

pollutant models adjusting for PM2.5  detected an association for photonucleation at lags 0-2, not detected in 

single-pollution models; a negative association with the source Regional_1 at lags 0-1, not detected in single-

pollutant models; an association detected for domestic heating at lag 3, not detected in single pollutant model; 

and the associations for the source Regional_2 at lags 0, 2, 0-2 and 2-3, which were also detected in single-pollutant 

models (Figure 7). When adjusting for NO2 in two-pollutant models, the associations previously found for the 

source Regional_2 remained statistically significant; a negative association was found for mixed traffic at lag 0; and 

a negative and a positive association were found for photonucleation at lags 4 and 2-3, respectively (Figure 8). 

Figure 9 displays how the associations changed when adjusting for PM2.5 or NO2 for the case of the source 

Regional_2. 
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Single-pollutant model 

 

Figure 6. Associations (percent change and 95% confidence intervals) between mortality and PNSD sources, according to lag, 

in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant models 

 

Figure 7. Associations (percent change and 95% confidence intervals) between mortality and PNSD sources adjusted for PM2.5, 

according to lag. Results obtained via meta-analysis of the city-specific results. 
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Figure 8. Associations (percent change and 95% confidence intervals) between mortality and PNSD sources adjusted for NO2, 

according to lag. Results obtained via meta-analysis of the city-specific results. 
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Figure 9. Associations (percent change and 95% confidence intervals) between mortality and Regional background 2 

(Regional_2_pnsdsa) in single and multi-pollutant models adjusted for PM2.5 and NO2 (independently), according to lag. Results 

obtained via meta-analysis of the city-specific results.  

4.2.3. eBC and eBC sources 

Single-pollutant models showed a similar pattern of association across all the eBC related sources, indicating larger 

associations at shorter lags. Statistically significant associations with mortality for both eBC and eBC corrected were 

obtained at lags 1, 2 and the combined 2-3 and 4-7; for eBC from traffic (eBCT) at lags 2, 0-2 and 4-7; and for eBCRC 

at 1,2,0-2, 2-3, and 4-7 (Figure 10). In the two-pollutant models adjusting for PM2.5, only the associations at lag 

2 for eBC and lags 1 and 2 for eBCRC remained (Figure 11). When adjusting for NO2, associations were only found 

for the eBCRC sources, with lags 0-1 and 4-7 remaining consistent (Figure 12).  

The results show that the correction of eBC with co-located EC measurements does not improve or reduce the 

associations found, however the concentration 95 percentile values of the corrected eBC are reduced by a factor 

close to 2. 
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Single-pollutant model 

 

Figure 10. Associations (percent change and 95% confidence intervals) between mortality and eBC and eBC sources, according 

to lag, in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant model 

 

Figure 11. Associations (percent change and 95% confidence intervals) between mortality and eBC and eBC sources adjusted 

for PM2.5, according to lag. Results obtained via meta-analysis of the city-specific results. 
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Figure 12. Associations (percent change and 95% confidence intervals) between mortality and eBC and eBC sources adjusted 

for NO2, according to lag. Results obtained via meta-analysis of the city-specific results. 
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4.2.4. Oxidative Potential  

In single-pollutant models for the associations between OP and mortality, no clear patterns could be observed 

among the different variables. We observed significant associations only at lags 4 and 5, but they showed 

protective effects of the OP DTT assay normalised by mass (Figure 13). After adjusting for PM2.5 in the two-pollutant 

models, the associations remained at lags 4 and 5 for OP_DTT. Additionally, new protective associations became 

significant at lags 4 and 5 for the same metric but normalised by volume (OP_DTT_m3_PM10) as well as in the PM2.5 

OP (DTT m3; Figure 14). Similarly, in the two-pollutant models adjusting for NO2, we found protective associations 

at lags 4 and 5 for OP_DTT_μg_PM10 and OP_DTT_m3_PM2.5 at lag 1 (Figure 15). In a prior analysis of available 

data (larger datasets from more sites) we found associations with mortality mostly with the OP AA rather than with 

the OP DTT (D12). Please note that because OP m3 is calculated as OP mass*PM mass, the results of the two-

pollutant models of volume normalized OP adjusted for PM mass concentration should be seen with caution due 

to given potential collinearity. 

Single-pollutant model 

 

Figure 13. Associations (percent change and 95% confidence intervals) between mortality and OP according to lag, in single-

pollutant models. Results obtained via meta-analysis of the city-specific results.  OP was evaluated by DTT and AA assays, and 

normalized by mass and volume. 
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Two-pollutant models 

 

Figure 14. Associations (percent change and 95% confidence intervals) between mortality and OP adjusted for PM2.5 according 

to lag. Results obtained via meta-analysis of the city-specific results.  OP was evaluated by DTT and AA assays, and normalized 

by mass and volume. 
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Figure 15. Associations (percent change and 95% confidence intervals) between mortality and OP adjusted for NO2 according 

to lag. Results obtained via meta-analysis of the city-specific results.  OP was evaluated by DTT and AA assays, and normalized 

by mass and volume. 
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4.2.5. PM fractions 

When fitting single-pollutant models for the PM fractions, we found associations statistically significant for PM2.5 

at the late lags of 5, 6, and 7, as well as the 4-7. A similar tendency was observed for PM10, in which later lags 

(particularly lag 7) were very close to being statistically significant (Figure 16). Although after adding NO2 for the 

two-pollutant models the associations for PM2.5 were no longer significant, they were similar to the ones in single 

pollutant models  and the general pattern of associations remained quite constant (Figure 17). Moreover, a new 

significant and protective association appeared in the two-pollutant models for PM10 at lag 3.  

 

Single-pollutant model 

 

Figure 16. Associations (percent change and 95% confidence intervals) between mortality and PM fractions according to lag, 

in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant models 

 

Figure 17. Associations (percent change and 95% confidence intervals) between mortality and PM fractions adjusted for NO2 

according to lag. Results obtained via meta-analysis of the city-specific results. 

4.2.6. PM10 sources 

The single-source model only indicates two statistically significant associations with mortality, namely with the 

source primary biogenic (protective effect at lag 4) and the source secondary organic aerosol 1 (SOA1, at lag 6; 

Figure 18). However, SOA1 also showed a non-significant protective effect at lag 1. Both associations mentioned 

for SOA1 (protective at lag 1 and negative at lag 6) were significant when adjusting for total PM10 in the two-

pollutant model (Figure 19). In the two-pollutant model with total PM10, no additional associations were 

statistically significant, although some were very close to it: nitrate rich source at lag 2 and biomass burning at lag 

6 (Figure 19). In contrast, when fitting a two-pollutant model with NO2, the significant association that remained 

from the single pollutant model was the  primary biogenic (protective, lag 4) (Figure 20). In addition, new 

associations became significant, both indicating a protective effect:  for biomass burning at lag 7 and SOA1 at lag 2 

(also observed in the two-pollutant model with PM10).  
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Single-pollutant model 

 

Figure 18. Associations (percent change and 95% confidence intervals) between mortality and PM10 sources according to lag, 

in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant models 

 

Figure 19. Associations (percent change and 95% confidence intervals) between mortality and PM10 sources adjusted for 

PM10 according to lag. Results obtained via meta-analysis of the city-specific results. 

 

Figure 20. Associations (percent change and 95% confidence intervals) between mortality and PM10 sources adjusted for NO2 

according to lag. Results obtained via meta-analysis of the city-specific results. 
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4.2.7. Carbonaceous aerosols 

In the analyses for carbonaceous aerosols (OC, EC and TC), no statistically significant associations were found, 

either in single-pollutant models (Figure 21) or in two-pollutant models adjusting for PM2.5 (Figure 22) or NO2 

(Figure 23).   

Single-pollutant model 

 

Figure 21. Associations (percent change and 95% confidence intervals) between mortality and carbon particles according to 

lag, in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant models 

 

Figure 22. Associations (percent change and 95% confidence intervals) between mortality and carbon particles adjusted for 

PM2.5 (upper panel) and PM10 (lower panel) according to lag. Results obtained via meta-analysis of the city-specific results. 
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Figure 23. Associations (percent change and 95% confidence intervals) between mortality and carbon particles according to 

lag  adjusted for NO2. Results obtained via meta-analysis of the city-specific results. 
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4.2.8. Inorganic components from PM2.5 and PM10 

When analysing inorganic compounds from PM2.5, several positive associations were found in single-pollutant 

models that persisted in two-pollutant models adjusting for PM2.5 or NO2. These include an association with NH4
+ 

at lag 7; an association with Ca2+ at lag 1; associations with Ca at lags 1, 2, 3 and 7; and associations with Fe, Mg, 

Mn and Ti at lag 2 (Figure 23 to Figure 27). In addition, some associations emerged as statistically significant only 

in two pollutant models, namely Sb at lag 5, and Cl- at lag 1.  

When analysing inorganic compounds from PM10, fewer associations were found, but several were consistent with 

the results obtained for PM2.5. The associations with NH4
+ (lag 7), Ca2+ (lag 2), Ca (lag 2), Mg (lag 2), were detected 

in both single- and two-pollutant models, similarly to PM2.5 (in some cases two-pollutant models did not provide 

statistically significant associations, but associations were of a similar magnitude than those of single-pollutant 

models) (Figure 28 to Figure 30). In addition, in the PM10 analyses, associations were found for Zn at lag 2, Sn at 

lag 6 (protective association) and NO3
- at lag 7.  

 

Single-pollutant model - PM2.5 fraction 

 

Figure 24.  Associations (percent change and 95% confidence intervals) between mortality and PM2.5 inorganic constituents 

according to lag, in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant models - PM2.5 fraction 

 

Figure 25. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 inorganic constituents 

according to lag,  adjusted for PM2.5. Results obtained via meta-analysis of the city-specific results. 
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Figure 26. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 inorganic constituents 

according to lag,  adjusted for NO2. Results obtained via meta-analysis of the city-specific results.  
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Figure 27. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 inorganic constituents 

according to lag in single-pollutant models and models adjusted for PM2.5, and NO2 individually. Results obtained via meta-

analysis of the city-specific results.  
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Single-pollutant model - PM10 fraction 

 

Figure 28. Associations (percent change and 95% confidence intervals) between mortality and PM10 inorganic constituents 

according to lag, in single-pollutant models. Results obtained via meta-analysis of the city-specific results. 
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Two-pollutant models - PM10 fraction 

 

Figure 29. Associations (percent change and 95% confidence intervals) between mortality and PM10 inorganic constituents 

according to lag,  adjusted for PM10. Results obtained via meta-analysis of the city-specific results. 
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Figure 30. Associations (percent change and 95% confidence intervals) between mortality and PM10 inorganic constituents 

according to lag,  adjusted for NO2. Results obtained via meta-analysis of the city-specific results. 
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4.2.9. Primary organic aerosol constituents 

In these analyses the following statistically significant associations were found (Figure 31 to Figure 33). For 

mannitol in PM2.5, an association was detected at lag 2, which disappeared after adjusting for PM2.5 but not for 

NO2 in two-pollutant models. Interestingly, in analyses for mannitol in PM10, the associations detected were all 

protective (lags 1 and 4), and some of these associations remained in two-pollutant models.  Additionally, we 

found associations for arabitol at lags 3, 5 and 7, some of which remained significant in two-pollutant analyses. 

Adjusting for NO2 produced some new associations not detected in single-pollutant models (POA and levoglucosan 

at lag 7). 

 

Single-pollutant model  

 

Figure 31. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 primary organic 

constituents (upper and lower panels respectively) according to lag, in single-pollutant models. Results obtained via meta-

analysis of the city-specific results.  
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Two-pollutant models  

 

Figure 32. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 primary organic 

constituents according to lag,  adjusted for PM2.5 (upper panel) and PM10 (lower panel). Results obtained via meta-analysis of 

the city-specific results.  
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Figure 33. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 primary organic 

constituents (upper and lower panels respectively) according to lag, adjusted for NO2. Results obtained via meta-analysis of the 

city-specific results.  
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4.2.10. Secondary organic aerosol (SOA) 

For this group of pollutants, no statistically significant associations were found in single-pollutant models 

(Figure 34). In two-pollutant models adjusting for PM2.5, an association with phthalic acid was found at lag 6 

(Figure 35). This association was of a similar magnitude in the two-pollutant model adjusting for NO2, although it 

was not statistically significant (Figure 36).  

Single-pollutant model 

 

Figure 34. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 phtalic acid (left 

and right panels respectively) according to lag, in single-pollutant models. Results obtained via meta-analysis of the city-specific 

results.  
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Two-pollutant models  

 

Figure 35. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 phtalic acid 

according to lag,  adjusted for PM2.5 and PM10 (left and right panels respectively). Results obtained via meta-analysis of the city-

specific results.  

 

 

Figure 36. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 phtalic acid (left 

and right panels respectively) according to lag,  adjusted for NO2. Results obtained via meta-analysis of the city-specific results 

(Zurich data not available for PM2.5).  
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4.2.11. Secondary inorganic aerosol (SIA) 

As reported above in the inorganic compounds section, we found an association with NH4
+ at lag 7, for both PM2.5 

and PM10, that remained significant in two pollutant models (Figure 37 to Figure 39). In addition, Cl- at lag 1 was 

only significant in two-pollutant models (mainly for PM2.5), and  NO3
- was associated at lag 7, mainly for PM10.  

Single-pollutant model 

 

Figure 37. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 secondary 

inorganic constituents (upper and lower panels) according to lag, in single-pollutant models. Results obtained via meta-analysis 

of the city-specific result. 
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Two-pollutant models  

 

Figure 38. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 secondary 

inorganic constituents according to lag,  adjusted for PM2.5 and PM10  (upper and lower panels respectively). Results obtained 

via meta-analysis of the city-specific results.  
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Figure 39. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 secondary 

inorganic constituents (upper and lower panels respectively) according to lag,  adjusted for NO2. Results obtained via meta-

analysis of the city-specific results.  
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4.2.12. Dust  

As reported above in the inorganic compounds section, we found associations with Ca at lags 1, 2, 3 and 7 in PM2.5 

and at lag 2 in PM10 (Figure 40 to Figure 42). The associations remained after adjusting for PM2.5 or NO2.  

 

Single-pollutant model 

 

Figure 40. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 dust constituents 

(first two figures on the left, last two figures, respectively) according to lag, in single-pollutant models. Results obtained via 

meta-analysis of the city-specific result. 
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Two-pollutant models  

 

Figure 41. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 dust constituents 

according to lag,  adjusted for PM2.5 and PM10 (upper and lower panels respectively). Results obtained via meta-analysis of the 

city-specific results.  
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Figure 42. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 (upper and lower 

panels, respectively) dust constituents according to lag, adjusted for NO2. Results obtained via meta-analysis of the city-specific 

results.  
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4.2.13. Tracers of non-exhaust traffic 

As reported above in the inorganic compounds section, in single-pollutant models, we found associations for Fe 

at lag 2 for PM2.5 (Figure 43). In addition, in the PM10 analyses, we found associations for Zn at lag 2 and Sn at lag 6 

(protective association). The Fe association in PM2.5 remained in two-pollutant models, while the Zn association 

for PM10 only remained after adjustment for NO2 (Figure 44 and Figure 45).   

 

Single-pollutant model 

Figure 43. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 non-exhaust 

traffic constituents (upper and lower panels, respectively) according to lag, in single-pollutant models. Results obtained via 

meta-analysis of the city-specific result. 
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Two-pollutant models  

Figure 44. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 non-exhaust 

traffic constituents according to lag, adjusted for PM2.5 and PM10 (upper and lower panels, respectively). Results obtained via 

meta-analysis of the city-specific results. 
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Figure 45. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 non-exhaust 

traffic constituents (upper and lower panels, respectively) according to lag, adjusted for NO2. Results obtained via meta-analysis 

of the city-specific results. 
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4.2.14. Industrial 

As reported above in the inorganic compounds section, we found an association with Mn at lag 2 for PM2.5 

(Figure 45). This association remained significant after adjusting for PM2.5 or NO2 (Figure 47 and Figure 48).  

 

Single-pollutant model 

 

Figure 46. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 industrial emission 

chemical tracers (upper and lower panels, respectively) according to lag, in single-pollutant models. Results obtained via meta-

analysis of the city-specific result. 
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Two-pollutant models  

 

Figure 47. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 industrial 

emission chemical tracers according to lag, adjusted for PM2.5 and PM10 (upper and lower panels, respectively). Results obtained 

via meta-analysis of the city-specific results. 
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Figure 48. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 industrial 

emission chemical tracers according to lag, adjusted for NO2. Results obtained via meta-analysis of the city-specific results. 
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4.2.15. Heavy oil 

As reported above in the inorganic compounds section, no associations were found for Ni or V, neither in single- 

nor in two-pollutant models (Figure 49 to Figure 51). 

 

Single-pollutant model 

 

Figure 49. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 chemical tracers 

for heavy oil emissions (upper and lower panels, respectively) according to lag, in single-pollutant models. Results obtained via 

meta-analysis of the city-specific result. 
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Two-pollutant models 

 

Figure 50. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 chemical tracers 

for heavy oil emissions according to lag, adjusted for PM2.5 and PM10 (upper and lower panels, respectively). Results obtained 

via meta-analysis of the city-specific results. 
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Figure 51. Associations (percent change and 95% confidence intervals) between mortality and PM2.5 and PM10 chemical 

tracers for heavy oil emissions according to lag, adjusted for NO2. Results obtained via meta-analysis of the city-specific 

results. 
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5. SUMMARY OF RESULTS 

Table 7. Since we are evaluating a very large number of pollutants, this table is aimed to give an overview of the significant 

associations from the meta-analysis. Table 7 shows the lags in which the associations were statistically significant (P < 0.05) in 

the meta-analysis. White cells without a number indicate no significant association. The numbers correspond to the lags in 

which significant associations were observed. Black numbers indicate elevated risk, while red numbers indicate protective effect. 

Lags highlighted in green indicates that they remained significant in at least one of the two-pollutant models. 

Variable Single pollutant model 
Model adjusted for 

PM2.5 

Model adjusted for 

PM10 

Model adjusted for 

NO2 

UFP-PNSD         
Nucleation         
Aitken 1, 6 7     
UFP 1 2-3, 4-7     
Accumulation 5, 6, 4-7 2, 3, 0-2, 2-3, 4-7     
N25_800 1, 6, 4-7 6, 2-3, 4-7     
Ntotal 1, 6 2, 2-3, 4-7     
PNSD sources 
Photonucleation   0-2   4, 2-3 
Traffic 1         
Traffic 2         
Mixed traffic 0, 4-7     0, 0-2 
Regional 1   0-1     
Regional 2 0, 2, 0-2, 2-3 0, 2, 0-2, 2-3   0, 2, 0-1, 0-2, 2-3 
Domestic heating  3   
eBC and eBC sources 
eBC 1, 2, 2-3, 4-7 2     
eBC_corrected 1, 2, 2-3, 4-7       
eBCT 2, 0-2, 4-7       
eBCRC 1, 2, 0-2, 2-3, 4-7 1, 2   5, 0-1, 4-7 
OP 
OP AA µg PM2.5         
OP AA m3 PM2.5         
OP DTT µg PM2.5         
OP DTT m3 PM2.5   5   1 
OP AA µg PM10         
OP AA m3 PM10         
OP DTT µg PM10 4, 5 4, 5   4, 5 
OP DTT m3 PM10   4, 5     
PM fractions 
PM2.5 5, 6, 7, 4-7       
PM10   3     
PM coarse         
PM10 sources 
Aged sea salt         
Biomass burning       7 
Dust         
HFO         
Nitrate rich         
Primary biogenic 4     4 
Sea salt         
Secondary oxidation         
Sulphate rich         
Traffic         
SOA 1 6   1, 6 1 
Carbon particles 
OC PM2.5         
EC PM2.5         
TC PM2.5         
OC PM10         
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Variable Single pollutant model 
Model adjusted for 

PM2.5 

Model adjusted for 

PM10 

Model adjusted for 

NO2 

EC PM10         
TC PM10         
PM2.5 Inorganic         
NO3

-         
SO4

2-         
NH4

+ 7     7 
Ca2+ 1 1   1 
Cl-       1 
Ca 1, 2, 3 1, 2, 3, 7   1, 2, 3, 7 
Al         
As         
Cu         
Fe 2 2   2 
K         
Mg 2 2   2 
Mn 2 2   2 
Ni         
Pb         
Sb   5     
Sn         
Ti 2 2   2 
V         
Zn         
PM10 Inorganic 
NO3

-       7 
SO42-         
NH4+ 7   7 7 
Ca2+ 2   1, 2, 6   
Cl-         
Ca 2     2, 3 
Al         
As         
Cu         
Fe         
K         
Mg 2       
Mn         
Ni         
Pb         
Sb         
Sn 6       
Ti         
V         
Zn 2     2 
PM2.5 primary organic aerosol (POA) 
POA         
PAHs         
Arabitol         
Mannitol 2     2 
Levoglucosan         
PM10 primary organic aerosol (POA) 
POA     7 7 
PAHs         
Arabitol 3, 5, 7   5 5, 7 
Mannitol 1, 4   4 1, 4 
Levoglucosan     7 7 
PM2.5 secondary organic aerosol (SOA) 
Phtalic acid         
PM10 secondary organic aerosol (SOA) 
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Variable Single pollutant model 
Model adjusted for 

PM2.5 

Model adjusted for 

PM10 

Model adjusted for 

NO2 

Phtalic acid     6   
PM2.5 secondary inorganic aerosol (SIA) 
NO3

-         
SO4

2-         
NH4

+ 7     7 
Cl-       1 
PM10 secondary inorganic aerosol (SIA) 
NO3

-       7 
SO4

2-         
NH4+ 7   7 7 
Cl-         
PM2.5 Dust constituents 
Al         
Ca 1, 2, 3 1, 2, 3, 7   1, 2, 3, 7 
PM10 Dust constituents 
Al         
Ca       2, 3 
PM2.5 tracers of non-exhaust traffic 
Cu         
Fe 2 2   2 
Sb   5     
Sn         
Zn         
PM10 tracers of non-exhaust traffic 
Cu         
Fe         
Sb         
Sn 6       
Zn 2     2 
PM2.5 tracers of industrial aerosols 
As         
Mn 2 2   2 
Pb         
PM10 tracers of industrial aerosols 
As         
Mn         
Pb         
PM2.5 tracers of heavy oil aerosols 

Ni        

V        

PM10 tracers of heavy oil aerosols 

Ni        

V         

 

6. DISCUSSION AND CONCLUSIONS 

RI-URBANS implemented four pilot studies in four cities. As part of this, the four cities collected pollutant data for 

a period of 3 years (depending on the pollutant), and extracted several pollutant metrics using common protocols. 

This is an advantage of the present study, as using different protocols for collecting and processing the data can 

lead to inconsistencies that can have an important impact when pooling data from different locations to conduct 

health studies. In this deliverable, we report the results obtained when combining the pollutant measurements 

obtained in the pilot studies with health data from official registries to conduct pooled epidemiologic analyses 
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across the four cities. In particular, we assessed the association between all-cause mortality and 97 pollutant 

metrics, including PM fractions, sources and constituents. 

The most consistent associations from single- and two-pollutant models, i.e. after adjusting for common metrics 

that have been shown to produce health effects such as PM10, PM2.5 or NO2, are summarized as follows. For the 

Aitken+Accumulation and N25_800 modes, which were highly correlated (r=0.77), we found associations at lags 

4 to 7. For the source labeled Regional 2, which is influenced by ammonium sulfate and organic aerosols, we found 

associations around  lags 0 to 3. For eBC and eBCRC, which were highly correlated (mean correlation 0.9), we found 

associations at different lags covering the period 1 to 7. For secondary organic aerosol from α-pinene (SOA1), we 

found associations at lags 1 (protective) and 6 (increasing risk). For NH4
+ we found associations at lag 7. For Ca2+, 

we found associations at lag 1. For Ca, we detected associations at lags 1, 2, 3 and 7. Finally, for Fe, Mg, Mn and Ti, 

which were highly correlated, we found associations at lag 2. 

Some of the pollution metrics for which we found an association with all-cause mortality have been reported in 

previous studies of short-term effects. For example, a review on the effects of PM constituents reported EC, which 

is highly correlated with eBC given that they are the same constituent but measured with different techniques, and 

Mn as being associated with all-cause mortality (Achilleos et al., 2017). For NH4
+, Ca, Fe, Mg, the review also 

reported elevated risks, although they were not statistically significant. The results for Ca were highlighted as highly 

heterogeneous. Interestingly, the review reported significant associations for NH4
+ and Ca, which could not be 

examined separately in our study. For Ti, the review reported no association. Conversely, the review reported 

associations for SO4
2-, which was not detected in our study. 

With regards to UFP-PNSD, research on the short-term effects for UFP has increased considerably in the last few 

years (Bergmann et al., 2024). However, the results are still inconclusive with mixed and heterogeneous particle 

size ranges and choice of lag days (Ohlwein et al., 2019). In our analysis, we found associations for all the fractions 

except for nucleation, but results were more consistent for the coarser part of UFP (Aitken  + Accumulation  modes), 

and for lag between 4 and 7. 

With regards to sources, we could only find a single time-series study regarding the short-term effects of eBC 

sources on mortality (Piper et al., 2024). In that study, the authors found associations between eBCRC for lags 1 to 

3 for natural and respiratory mortality but no association with the eBCT. This is consistent with the results of our 

study. When dealing with PM10 sources, our study only detected associations with the source primary biogenic, 

and secondary organic aerosol (SOA1, from α-pinene SOA), at some very specific lags. We did not detect association 

with PM sources that have been associated with health in other studies, such as traffic, biomass burning, sulfate-

rich, or dust (WHO, 2013). 

In our analyses, we did not find consistent associations for OP, and if anything we found protective associations. 

We also did not find associations for primary organic aerosols, except for mannitol in PM2.5, and protective 

associations for mannitol and arabitol in PM10. 

A key strength of this study was the harmonized protocol for air pollution data collection. Given that all the data 

were collected and processed using the same instructions and all the constituents from PM samples were analyzed 

in the same laboratory. This provides our results with great comparability. Since data was obtained for several cities, 

we could perform a meta-analysis covering different locations at simultaneous periods. However, the results must 

be interpreted with caution considering the important limitations.  

The first one is related to the mortality dataset, due to the need to obtain very recent mortality data, these data 

came from different sources that may not be representing the exact number of deaths within the area (e.g. use of 

burial data for Barcelona). In addition, mortality data was only available for natural/all cause mortality, without 

differentiating by cause-specific groups of disease. Official agencies need several years to report updated and 
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corrected mortality datasets. It is important to note that the COVID-19 pandemic took place during the period of 

the pilot cities. In an attempt to remove the impact of COVID-19 related mortalities in the analysis, we did not 

include the year 2020 but we cannot rule out the influence on mortality for the years thereafter. 

Second, with the aim of using the harmonized air pollution protocols for all cities, the available time series were 

relatively short, which may have resulted in a lack of statistical power to detect associations. To note, we did not 

detect significant associations for established metrics like PM10, but we did for PM2.5.  

Third, we evaluated associations for a large number of pollutants and a large number of lags, however, we did not 

correct for multiple testing and, therefore, some significant associations may have occurred purely by chance. 

In summary, the RI-URBANS pilot studies showed the feasibility of conducting epidemiological analyses on the 

health effects of novel pollutant metrics using common measurement protocols. Although the results obtained 

should be interpreted with caution mainly due to the short period of study, this opens the door to establishing 

networks that can produce these analyses using longer periods. Such analyses are important for air quality 

regulations, as stressed in the last WHO air quality guidelines document (WHO, 2021). The implementation of the 

new air quality directive in full extent will provide new harmonized data sets that will allow extensive health analysis 

with a pan-European perspective. 
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8. APPENDIX 

8.1. Correlation table 

Please note that the  only pollutant pairs that had correlation stronger than 0.65 or -0.65 were included in the 

table. The Mean correlation coefficient refers to the mean of the correlation coefficients across all the cities. Also 

note that because eBC and eBC corrected are almost perfectly correlated, I only included the correlation between 

eBC and other variables.  

Table1A. Correlation table showing the variable pairs and mean Pearson correlation coefficient across the cities. Correlation 

coefficients were based on original concentrations and are ordered from the largest to the smallest. 

Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

Levoglucosan_PM2.5 POA_PM2.5 1,00 

Levoglucosan_PM10 POA_PM10 1,00 

OC_PM10 TC_PM10 0,99 

OC_PM2.5 TC_PM2.5 0,99 

Primary_biogenic_PM10_sa Mannitol_PM10 0,98 

Levoglucosan_PM2.5 Levoglucosan_PM10 0,98 

Levoglucosan_PM2.5 POA_PM10 0,98 

POA_PM2.5 Levoglucosan_PM10 0,98 

POA_PM2.5 POA_PM10 0,98 

UFP Ntotal 0,98 

Aitken N25_800 0,97 

Levoglucosan_PM10 Mannosan_PM10 0,97 

Biomass_burning_PM10_sa Levoglucosan_PM10 0,97 

Biomass_burning_PM10_sa POA_PM10 0,97 

Mannosan_PM2.5 POA_PM2.5 0,97 

Mannosan_PM10 POA_PM10 0,97 

eBC eBCT 0,97 

Levoglucosan_PM2.5 Mannosan_PM2.5 0,97 

Biomass_burning_PM10_sa Levoglucosan_PM2.5 0,96 

Biomass_burning_PM10_sa POA_PM2.5 0,96 

Mannosan_PM2.5 Mannosan_PM10 0,96 

Galactosan_PM2.5 POA_PM2.5 0,96 

Levoglucosan_PM2.5 Mannosan_PM10 0,96 

POA_PM2.5 Mannosan_PM10 0,96 

Galactosan_PM10 POA_PM10 0,96 

N25_800 Ntotal 0,96 

Aitken UFP 0,95 

Aitken Ntotal 0,95 

Levoglucosan_PM2.5 Galactosan_PM2.5 0,95 

Mannosan_PM2.5 POA_PM10 0,95 

Mannosan_PM2.5 Galactosan_PM2.5 0,95 

Mannosan_PM2.5 Levoglucosan_PM10 0,95 

Levoglucosan_PM10 Galactosan_PM10 0,95 

Mannosan_PM10 Galactosan_PM10 0,95 

Biomass_burning_PM10_sa Mannosan_PM10 0,95 

http://www.riurbans.eu/


 RI-URBANS 

WP4 Deliverable D29 (D4.8) 

 

 
74 

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 

Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

Galactosan_PM2.5 Galactosan_PM10 0,95 

Accumulation Domestic_heatin_pnsdsa 0,95 

POA_PM2.5 Galactosan_PM10 0,94 

Biomass_burning_PM10_sa Galactosan_PM10 0,94 

Levoglucosan_PM2.5 Galactosan_PM10 0,94 

Galactosan_PM2.5 POA_PM10 0,94 

Biomass_burning_PM10_sa Mannosan_PM2.5 0,94 

Galactosan_PM2.5 Levoglucosan_PM10 0,94 

Primary_biogenic_PM10_sa Arabitol_PM10 0,94 

EC_PM2.5 EC_PM10 0,94 

Mannosan_PM2.5 Galactosan_PM10 0,93 

Galactosan_PM2.5 Mannosan_PM10 0,93 

Pb_PM2.5 Pb_PM10 0,93 

Biomass_burning_PM10_sa Galactosan_PM2.5 0,92 

PM2.5 PM10 0,92 

TC_PM2.5 TC_PM10 0,92 

V_PM2.5 V_PM10 0,92 

Al_PM10 Ti_PM10 0,92 

Dust_PM10_sa Ti_PM10 0,92 

Dust_PM10_sa Al_PM10 0,91 

TC_PM2.5 OC_PM10 0,91 

UFP N25_800 0,91 

OC_PM2.5 OC_PM10 0,91 

OC_PM2.5 TC_PM10 0,90 

Arabitol_PM10 Mannitol_PM10 0,90 

eBC eBCRC 0,90 

Aitken Mixed_traf_pnsdsa 0,89 

PAHS_PM2.5 PAHS_PM10 0,88 

Sea_salt_PM10_sa Cl_PM10 0,88 

HFO_PM10_sa V_PM10 0,88 

Cu_PM10 Sn_PM10 0,87 

Fe_PM10 Mn_PM10 0,87 

eBC EC_PM10 0,87 

Levoglucosan_PM10 PAHS_PM10 0,86 

Domestic_heatin_pnsdsa SOA1_PM10_sa 0,86 

Sn_PM2.5 Sn_PM10 0,86 

eBC EC_PM2.5 0,86 

Biomass_burning_PM10_sa PAHS_PM10 0,86 

Mannosan_PM10 PAHS_PM10 0,86 

N25_800 Mixed_traf_pnsdsa 0,86 

POA_PM10 PAHS_PM10 0,86 

Levoglucosan_PM2.5 PAHS_PM10 0,85 

Galactosan_PM10 PAHS_PM10 0,85 

Levoglucosan_PM2.5 PAHS_PM2.5 0,85 

POA_PM2.5 PAHS_PM2.5 0,85 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

POA_PM2.5 PAHS_PM10 0,85 

HFO_PM10_sa V_PM2.5 0,85 

Cu_PM2.5 Cu_PM10 0,85 

EC_PM10 Cu_PM10 0,84 

eBCT EC_PM10 0,84 

Biomass_burning_PM10_sa PAHS_PM2.5 0,84 

Traffic_PM10_sa Cu_PM10 0,84 

Mannosan_PM2.5 PAHS_PM10 0,84 

PAHS_PM2.5 Levoglucosan_PM10 0,84 

PAHS_PM2.5 Mannosan_PM10 0,84 

PAHS_PM2.5 POA_PM10 0,84 

Cu_PM10 Fe_PM10 0,84 

Mannosan_PM2.5 PAHS_PM2.5 0,84 

Nitrate_rich_PM10_sa NO3_PM10 0,84 

EC_PM10 TC_PM10 0,84 

Sb_PM2.5 Sb_PM10 0,83 

Galactosan_PM2.5 PAHS_PM2.5 0,83 

Nucleation Traffic_1_pnsdsa 0,83 

UFP Traffic_1_pnsdsa 0,83 

NH4_PM2.5 NH4_PM10 0,83 

Fe_PM2.5 Fe_PM10 0,83 

Ti_PM2.5 Ti_PM10 0,83 

EC_PM10 Sn_PM10 0,83 

eBCT EC_PM2.5 0,82 

PAHS_PM2.5 Galactosan_PM10 0,82 

Ca_PM10 Ti_PM10 0,82 

Regional_1_pnsdsa PM2.5 0,82 

Galactosan_PM2.5 PAHS_PM10 0,82 

eBC NO2 0,82 

PM10 OP_DTT_m3_PM10 0,81 

Fe_PM2.5 Mn_PM2.5 0,81 

Ca2_PM10 Ca_PM10 0,81 

Domestic_heatin_pnsdsa eBC 0,81 

Domestic_heatin_pnsdsa TC_PM2.5 0,81 

eBCRC EC_PM2.5 0,81 

EC_PM2.5 Cu_PM10 0,81 

NO3_PM2.5 NO3_PM10 0,81 

Zn_PM2.5 Zn_PM10 0,81 

Fe_PM10 Sn_PM10 0,81 

OP_AA_m3_PM10 Cu_PM10 0,80 

Mn_PM2.5 Mn_PM10 0,80 

NO2 EC_PM2.5 0,80 

eBCRC EC_PM10 0,80 

Traffic_PM10_sa Sb_PM10 0,80 

Cu_PM2.5 Fe_PM2.5 0,80 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

eBCRC NO2 0,80 

EC_PM2.5 TC_PM2.5 0,79 

Mn_PM10 Ti_PM10 0,79 

PM10 SO42_PM10 0,79 

Traffic_PM10_sa Sn_PM10 0,79 

Cu_PM10 Sb_PM10 0,79 

Nucleation Photonucl_pnsdsa 0,79 

Ntotal Traffic_1_pnsdsa 0,79 

As_PM2.5 As_PM10 0,79 

Ti_PM2.5 Al_PM10 0,79 

eBCT NO2 0,79 

Aitken Traffic_1_pnsdsa 0,79 

TC_PM2.5 EC_PM10 0,79 

K_PM2.5 K_PM10 0,79 

PM10 OP_DTT_m3_PM2.5 0,78 

Dust_PM10_sa Ti_PM2.5 0,78 

eBCT eBCRC 0,78 

Ca_PM10 Mn_PM10 0,78 

Nucleation Nucleation_pnsdsa 0,78 

Ntotal Mixed_traf_pnsdsa 0,78 

Domestic_heatin_pnsdsa OC_PM2.5 0,78 

PMcoarse Ti_PM10 0,78 

EC_PM2.5 Cu_PM2.5 0,78 

NO2 EC_PM10 0,78 

UFP Mixed_traf_pnsdsa 0,78 

Accumulation eBC 0,78 

Ca2_PM2.5 Ca_PM2.5 0,78 

EC_PM10 Fe_PM10 0,78 

PM10 K_PM10 0,77 

PMcoarse Ca_PM10 0,77 

EC_PM2.5 Sn_PM10 0,77 

OC_PM10 EC_PM10 0,77 

EC_PM10 Sb_PM10 0,77 

Domestic_heatin_pnsdsa eBCT 0,77 

Cu_PM2.5 EC_PM10 0,77 

Sn_PM2.5 EC_PM10 0,77 

eBCT Sn_PM10 0,77 

Accumulation Regional_1_pnsdsa 0,77 

Accumulation N25_800 0,77 

eBC TC_PM10 0,77 

EC_PM2.5 TC_PM10 0,77 

Traffic_PM10_sa Cu_PM2.5 0,76 

Traffic_PM10_sa EC_PM10 0,76 

OP_AA_m3_PM10 EC_PM10 0,76 

Al_PM2.5 Ti_PM2.5 0,76 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

Sn_PM2.5 TC_PM10 0,76 

Traffic_PM10_sa Fe_PM10 0,76 

Cu_PM2.5 Sn_PM2.5 0,76 

Sb_PM10 Sn_PM10 0,76 

eBC TC_PM2.5 0,76 

eBC Sn_PM10 0,76 

Nitrate_rich_PM10_sa NO3_PM2.5 0,76 

PM10 TC_PM10 0,75 

Dust_PM10_sa Ca_PM10 0,75 

Arabitol_PM2.5 Mannitol_PM2.5 0,75 

eBCT Fe_PM10 0,75 

OP_AA_m3_PM10 Sn_PM10 0,75 

TC_PM10 Fe_PM10 0,75 

Fe_PM10 Ti_PM10 0,75 

Sn_PM2.5 Cu_PM10 0,75 

OP_AA_m3_PM2.5 OP_AA_m3_PM10 0,75 

As_PM2.5 Pb_PM2.5 0,75 

As_PM10 Pb_PM10 0,75 

Accumulation eBCT 0,75 

Regional_1_pnsdsa PM10 0,75 

Nucleation UFP 0,75 

N25_800 Domestic_heatin_pnsdsa 0,75 

eBCT Cu_PM10 0,75 

OP_AA_m3_PM2.5 TC_PM2.5 0,75 

Accumulation PM10 0,74 

EC_PM2.5 Sb_PM10 0,74 

Ca_PM10 Al_PM10 0,74 

Ca_PM10 Fe_PM10 0,74 

eBC PM10 0,74 

Fe_PM2.5 Mn_PM10 0,74 

eBC PM2.5 0,74 

eBCT TC_PM10 0,74 

PM10 OC_PM10 0,74 

PMcoarse Dust_PM10_sa 0,74 

EC_PM2.5 Sn_PM2.5 0,74 

eBC Cu_PM10 0,74 

Traffic_2_pnsdsa TC_PM10 0,74 

Domestic_heatin_pnsdsa eBCRC 0,74 

OP_AA_m3_PM2.5 Cu_PM2.5 0,74 

PM10 TC_PM2.5 0,73 

Sn_PM2.5 OC_PM10 0,73 

TC_PM10 Cu_PM10 0,73 

eBCRC TC_PM2.5 0,73 

SOA1_PM10_sa Arabitol_PM10 0,73 

TC_PM2.5 Sn_PM2.5 0,73 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

TC_PM10 Sn_PM10 0,73 

eBCT PM10 0,73 

eBCT Sn_PM2.5 0,73 

OP_DTT_m3_PM10 Fe_PM10 0,73 

Pb_PM10 Zn_PM10 0,73 

Accumulation OC_PM2.5 0,73 

Traffic_2_pnsdsa OC_PM10 0,73 

PM10 OC_PM2.5 0,72 

OP_AA_m3_PM10 OP_DTT_m3_PM10 0,72 

OP_AA_m3_PM10 Fe_PM10 0,72 

OP_DTT_m3_PM2.5 TC_PM2.5 0,72 

As_PM2.5 Pb_PM10 0,72 

Fe_PM2.5 Ti_PM2.5 0,72 

eBC Sn_PM2.5 0,72 

eBC Fe_PM10 0,72 

Sulfate_rich_PM10_sa SO42_PM10 0,72 

PM2.5 OC_PM2.5 0,72 

OP_AA_m3_PM2.5 OC_PM2.5 0,72 

OP_AA_m3_PM10 EC_PM2.5 0,72 

OP_AA_m3_PM10 Cu_PM2.5 0,72 

OP_DTT_m3_PM10 TC_PM10 0,72 

TC_PM2.5 Fe_PM2.5 0,72 

Mn_PM2.5 Ti_PM2.5 0,72 

OC_PM10 Fe_PM10 0,72 

Traffic_PM10_sa EC_PM2.5 0,72 

Accumulation PM2.5 0,72 

N25_800 Traffic_1_pnsdsa 0,72 

PM2.5 TC_PM2.5 0,72 

Primary_biogenic_PM10_sa SOA1_PM10_sa 0,72 

OP_AA_m3_PM2.5 EC_PM2.5 0,72 

OP_AA_m3_PM10 TC_PM10 0,72 

OC_PM2.5 EC_PM2.5 0,72 

OC_PM2.5 EC_PM10 0,72 

Fe_PM2.5 TC_PM10 0,72 

Pb_PM2.5 As_PM10 0,72 

Domestic_heatin_pnsdsa Zn_PM2.5 0,71 

Domestic_heatin_pnsdsa Zn_PM10 0,71 

eBC OP_AA_m3_PM10 0,71 

eBC OC_PM10 0,71 

SOA1_PM10_sa Mannitol_PM10 0,71 

Cu_PM2.5 TC_PM10 0,71 

Cu_PM2.5 Sn_PM10 0,71 

Fe_PM10 Sb_PM10 0,71 

eBC Sb_PM10 0,71 

eBCT TC_PM2.5 0,71 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

OP_AA_m3_PM2.5 OP_DTT_m3_PM2.5 0,71 

TC_PM2.5 Cu_PM2.5 0,71 

Cu_PM2.5 Fe_PM10 0,71 

Fe_PM2.5 Sn_PM2.5 0,71 

eBCT PM2.5 0,71 

HFO_PM10_sa Ni_PM2.5 0,71 

OP_AA_m3_PM2.5 EC_PM10 0,71 

OP_DTT_m3_PM2.5 OC_PM2.5 0,71 

Fe_PM2.5 Cu_PM10 0,71 

Al_PM10 Mn_PM10 0,71 

Accumulation eBCRC 0,70 

Accumulation TC_PM2.5 0,70 

eBCRC OP_AA_m3_PM2.5 0,70 

Dust_PM10_sa Mg_PM10 0,70 

EC_PM2.5 OC_PM10 0,70 

EC_PM2.5 Fe_PM10 0,70 

Domestic_heatin_pnsdsa PM10 0,70 

Domestic_heatin_pnsdsa As_PM2.5 0,70 

OP_DTT_m3_PM10 OC_PM10 0,70 

Cu_PM2.5 Sb_PM10 0,70 

Fe_PM10 K_PM10 0,70 

eBC OC_PM2.5 0,70 

OP_AA_m3_PM2.5 TC_PM10 0,70 

Cu_PM2.5 Pb_PM2.5 0,70 

Fe_PM2.5 EC_PM10 0,70 

Mg_PM2.5 Mg_PM10 0,70 

Mn_PM10 Pb_PM10 0,70 

Ti_PM10 V_PM10 0,70 

PMcoarse Fe_PM10 0,70 

eBCT OC_PM10 0,70 

Sulfate_rich_PM10_sa NH4_PM10 0,70 

OP_AA_m3_PM10 Sn_PM2.5 0,70 

OC_PM2.5 Sn_PM2.5 0,70 

Sn_PM2.5 Fe_PM10 0,70 

Regional_1_pnsdsa eBC 0,69 

eBCT Sb_PM10 0,69 

Pb_PM2.5 Zn_PM10 0,69 

eBCT OP_AA_m3_PM10 0,69 

Traffic_PM10_sa Sb_PM2.5 0,69 

EC_PM2.5 Fe_PM2.5 0,69 

Cu_PM2.5 Mn_PM2.5 0,69 

Pb_PM2.5 Zn_PM2.5 0,69 

Sn_PM2.5 Sb_PM10 0,69 

N25_800 eBC 0,69 

eBCRC TC_PM10 0,69 

http://www.riurbans.eu/


 RI-URBANS 

WP4 Deliverable D29 (D4.8) 

 

 
80 

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 

Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

PM2.5 TC_PM10 0,69 

NO2 Cu_PM10 0,69 

Fe_PM2.5 OC_PM10 0,69 

OC_PM10 Sn_PM10 0,69 

Cu_PM10 Mn_PM10 0,69 

PM10 EC_PM10 0,69 

PM10 Fe_PM10 0,69 

PM10 Pb_PM10 0,69 

OC_PM2.5 Phthalic_acid_PM2.5 0,69 

eBCRC PM2.5 0,69 

Regional_1_pnsdsa NH4_PM2.5 0,69 

Domestic_heatin_pnsdsa PM2.5 0,69 

eBCRC K_PM2.5 0,69 

PM10 PMcoarse 0,69 

OP_DTT_m3_PM10 TC_PM2.5 0,69 

OP_DTT_m3_PM10 EC_PM10 0,69 

OP_DTT_m3_PM10 K_PM10 0,69 

NO3_PM2.5 Galactosan_PM2.5 0,69 

NO3_PM2.5 Galactosan_PM10 0,69 

PMcoarse Mn_PM10 0,68 

N25_800 NO2 0,68 

eBCT Fe_PM2.5 0,68 

PM2.5 OC_PM10 0,68 

OC_PM2.5 Fe_PM2.5 0,68 

TC_PM2.5 Pb_PM2.5 0,68 

Sb_PM2.5 Cu_PM10 0,68 

OC_PM10 Cu_PM10 0,68 

Mixed_traf_pnsdsa Domestic_heatin_pnsdsa 0,68 

Regional_1_pnsdsa SO42_PM10 0,68 

eBC OP_AA_m3_PM2.5 0,68 

eBC Cu_PM2.5 0,68 

eBCRC OC_PM2.5 0,68 

NO2 Sn_PM10 0,68 

HFO_PM10_sa Ni_PM10 0,68 

OP_DTT_m3_PM10 Fe_PM2.5 0,68 

NO3_PM2.5 POA_PM2.5 0,68 

Ca_PM2.5 Ti_PM2.5 0,68 

Mn_PM2.5 Fe_PM10 0,68 

Sb_PM2.5 EC_PM10 0,68 

PMcoarse Al_PM10 0,68 

Traffic_PM10_sa Fe_PM2.5 0,68 

OP_AA_m3_PM10 OC_PM10 0,68 

Mn_PM2.5 Pb_PM2.5 0,68 

EC_PM10 Pb_PM10 0,68 

PM2.5 K_PM10 0,68 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

OP_DTT_m3_PM10 Cu_PM10 0,68 

NO3_PM2.5 Levoglucosan_PM2.5 0,68 

Mg_PM2.5 Ti_PM2.5 0,68 

Sb_PM2.5 Sn_PM2.5 0,68 

TC_PM10 Pb_PM10 0,68 

PM10 As_PM10 0,67 

TC_PM2.5 Phthalic_acid_PM2.5 0,67 

Ntotal NO2 0,67 

eBC OP_DTT_m3_PM10 0,67 

eBCRC Levoglucosan_PM10 0,67 

EC_PM2.5 Sb_PM2.5 0,67 

Cu_PM2.5 Sb_PM2.5 0,67 

Cu_PM2.5 OC_PM10 0,67 

Al_PM10 Mg_PM10 0,67 

N25_800 eBCT 0,67 

Traffic_2_pnsdsa Sn_PM10 0,67 

eBC Fe_PM2.5 0,67 

eBCT Cu_PM2.5 0,67 

eBCRC Mannosan_PM10 0,67 

NO3_PM2.5 Mannosan_PM2.5 0,67 

Ca2_PM2.5 Fe_PM2.5 0,67 

Cu_PM2.5 Pb_PM10 0,67 

As_PM10 Mn_PM10 0,67 

Fe_PM10 Pb_PM10 0,67 

eBCT OP_DTT_m3_PM10 0,67 

NO2 Sb_PM10 0,67 

Traffic_PM10_sa Mn_PM10 0,67 

Al_PM2.5 Al_PM10 0,67 

Fe_PM2.5 K_PM10 0,67 

Pb_PM2.5 TC_PM10 0,67 

Accumulation Ntotal 0,67 

Ntotal Domestic_heatin_pnsdsa 0,67 

Regional_1_pnsdsa eBCT 0,67 

OP_AA_m3_PM2.5 OC_PM10 0,67 

OP_DTT_m3_PM2.5 TC_PM10 0,67 

OP_DTT_m3_PM10 Sn_PM10 0,67 

NO3_PM2.5 Levoglucosan_PM10 0,67 

NO3_PM2.5 POA_PM10 0,67 

Ca2_PM2.5 Ti_PM2.5 0,67 

Zn_PM2.5 Pb_PM10 0,67 

PM10 Fe_PM2.5 0,66 

PM10 Pb_PM2.5 0,66 

Ti_PM2.5 Ca_PM10 0,66 

OP_AA_m3_PM2.5 Sn_PM2.5 0,66 

OP_AA_m3_PM10 TC_PM2.5 0,66 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

Ca_PM2.5 Ca_PM10 0,66 

Fe_PM2.5 Pb_PM2.5 0,66 

TC_PM10 Mn_PM10 0,66 

Mg_PM10 Ti_PM10 0,66 

PM10 Ca2_PM10 0,66 

PM10 Mn_PM10 0,66 

OP_DTT_m3_PM10 Sn_PM2.5 0,66 

TC_PM2.5 Cu_PM10 0,66 

TC_PM10 Sb_PM10 0,66 

Cu_PM10 Pb_PM10 0,66 

PM2.5 OP_DTT_m3_PM2.5 0,66 

Dust_PM10_sa Mn_PM10 0,66 

OP_AA_m3_PM2.5 Cu_PM10 0,66 

OP_DTT_m3_PM10 OC_PM2.5 0,66 

OP_DTT_m3_PM10 EC_PM2.5 0,66 

OC_PM2.5 Cu_PM2.5 0,66 

TC_PM2.5 Fe_PM10 0,66 

Fe_PM2.5 Sn_PM10 0,66 

Mn_PM2.5 Pb_PM10 0,66 

Sb_PM2.5 Sn_PM10 0,66 

Nucleation Ntotal 0,66 

N25_800 Traffic_2_pnsdsa 0,66 

eBCRC PM10 0,66 

eBCRC Biomass_burning_PM10_sa 0,66 

eBCRC OP_AA_m3_PM10 0,66 

OC_PM2.5 Pb_PM2.5 0,66 

TC_PM2.5 Sn_PM10 0,66 

NO3_PM2.5 PAHS_PM2.5 0,66 

NO3_PM2.5 Mannosan_PM10 0,66 

Fe_PM2.5 Ca2_PM10 0,66 

Pb_PM2.5 EC_PM10 0,66 

PM10 Sn_PM10 0,65 

Traffic_PM10_sa Sn_PM2.5 0,65 

Phthalic_acid_PM2.5 OC_PM10 0,65 

As_PM10 Fe_PM10 0,65 

eBC OP_DTT_m3_PM2.5 0,65 

OP_DTT_m3_PM2.5 OP_DTT_m3_PM10 0,65 

K_PM10 Pb_PM10 0,65 

Traffic_2_pnsdsa EC_PM2.5 0,65 

Regional_1_pnsdsa Domestic_heatin_pnsdsa 0,65 

Domestic_heatin_pnsdsa Phthalic_acid_PM2.5 0,65 

eBCT OC_PM2.5 0,65 

Fe_PM2.5 Sb_PM10 0,65 

OC_PM10 Pb_PM10 0,65 

O3 Mannosan_PM10 -0,65 
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Pollutant 1 Pollutant 2 
Mean Pearson  
correlation 
coefficient 

SOA1_PM10_sa Cl_PM10 -0,65 

O3 Galactosan_PM10 -0,66 

O3 Biomass_burning_PM10_sa -0,67 

O3 Levoglucosan_PM10 -0,67 
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