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ARTICLE INFO ABSTRACT
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There is a body of evidence that ultrafine particles (UFP, those with diameters < 100 nm) might have significant
impacts on health. Accordingly, identifying sources of UFP is essential to develop abatement policies. This study
focuses on urban Europe, and aims at identifying sources and quantifying their contributions to particle number
size distribution (PNSD) using receptor modelling (Positive Matrix Factorization, PMF), and evaluating long-term
trends of these source contributions using the non-parametric Theil-Sen’s method. Datasets evaluated include 14
urban background (UB), 5 traffic (TR), 4 suburban background (SUB), and 1 regional background (RB) sites,
covering 18 European and 1 USA cities, over the period, when available, from 2009 to 2019. Ten factors were
identified (4 road traffic factors, photonucleation, urban background, domestic heating, 2 regional factors and
long-distance transport), with road traffic being the primary contributor at all UB and TR sites (56-95 %), and
photonucleation being also significant in many cities. The trends analyses showed a notable decrease in traffic-
related UFP ambient concentrations, with statistically significant decreasing trends for the total traffic-related
factors of —5.40 and —2.15 % yr * for the TR and UB sites, respectively. This abatement is most probably
due to the implementation of European emissions standards, particularly after the introduction of diesel particle
filters (DPFs) in 2011. However, DPFs do not retain nucleated particles generated during the dilution of diesel
exhaust semi-volatile organic compounds (SVOCs). Trends in photonucleation were more diverse, influenced by
a reduction in the condensation sink potential facilitating new particle formation (NPF) or by a decrease in the
emissions of UFP precursors. The decrease of primary PM emissions and precursors of UFP also contributed to the

reduction of urban and regional background sources.

1. Introduction

Particulate matter (PM) is recognized as a major air pollutant due to
its well-established harmful effects on human health. Evidence points to
its association with respiratory and cardiovascular diseases, among
others, as well as increased mortality (WHO, 2021a). These health im-
pacts are influenced both by the size and composition of the particles.
Ultrafine particles, defined as particles with diameters less than 100 nm,
contribute a very small fraction to the PM mass concentrations
(measured in terms of mass per unit volume, pg m~°) but represent a
substantial portion of particle number concentrations (PNC, measured in
particles per cubic centimetre, # cm™>). In urban environments, UFPs
contribute to 84 + 3.7 % of total PNC, based on data from 27 studies
across Europe (Trechera et al., 2023). Consequently, PNC is frequently
utilized as a surrogate for UFP. Particle number size distributions
(PNSD) are measured by calculating PNCs for specific size ranges. PNSDs
categorize particle into three size modes: Nucleation (<25 nm), Aitken
(25-100 nm) and Accumulation (100-1000 nm) (Seinfeld and Pandis,
2016; CEN, 2020; ISO, 2023). It is important to highlight that ambient
UFP concentrations are not regulated by the EU’s ambient air quality
standards, while PM is (2008/50/CE, EC, 2008). However, the draft for a
new proposal of an EU air quality directive (EC, 2023) requires both UFP
and PNSD measurements to be implemented in routine air quality
monitoring supersites, together with black carbon (BC), ammonia
(NHs3), and other advanced air quality parameters.

Despite the increasing attention on UFPs, the epidemiological results
regarding their health effects are often inconsistent (Ohlwein et al.,
2019; US EPA, 2019; WHO, 2021b). Cassee et al. (2019) and Rivas et al.
(2021) reported that inconsistency in short-term health effects studies
might be due to the lack of standardization in UFP measurement
methods, limited long-term data available for analysis, the high vari-
ability of UFP concentrations in both space and time, the limited rep-
resentation of human exposure to UFPs resulting from the use of only
one monitoring station per city in most studies, and the different sources
contributing to UFP concentrations in each region. While the most
recent WHO Air Quality Guidelines did not establish specific guidelines
for UFP or PNC, they recommend more extensive, harmonised

measurements to assess whether establishing specific guidelines is
warranted (WHO, 2021b). CEN (2020), ACTRIS (2021), RI-URBANS
(2022) and Trechera et al. (2023) have suggested that total PNC should
be measured with a lower size detection limit of 10 nm, and PNSDs
should be assessed over a range of 10 to 800 nm.

Identifying the UFP sources and their contributions is essential to
develop cost-effective abatement policies, since several studies suggest
that negative health effects may be enhanced with decreasing particle
size. Thus, the small size of UFPs allows them to penetrate deep into the
respiratory system, potentially translocating through the alveoli and
affecting various organs (Oberdorster et al., 2005; Peters et al., 2006;
Kreyling et al., 2014; Salma et al., 2015; Cassee et al., 2019). This
behaviour has been linked to an increased risk of premature mortality
(Wichmann et al., 2000; Ibald-Mulli et al., 2004; Tobias et al., 2018;
Schwarz et al., 2023).

Typically, receptor models for source apportionment use chemical
composition data to provide information on sources of PM mass con-
centrations (Amato and Hopke, 2012; Pancras et al., 2013; Amato et al.,
2016; Zikova et al., 2016; Taghvaee et al., 2018). However, sources
dominating PNC differ from those dominating particle PM mass con-
centrations, thus a number of studies applied receptor modelling for the
source apportionment of UFP-PNSD, using the variability of the PNSD
instead of the chemical composition (Liu et al., 2014; Brines et al., 2014;
Beddows et al., 2015; Sowlat et al., 2016; Rivas et al., 2019; Vorosmarty
et al., 2024; Xu et al., 2024). Hopke et al. (2022) identified 55 peer-
review articles reporting source apportionment of PNSD in 102 loca-
tions/time periods. Almost all of these studies were performed with
Positive Matrix Factorization (PMF, Paatero and Tapper, 1994), the
most frequently used receptor modelling method (Ogulei et al., 2007;
Liu et al., 2014; Beddows et al., 2015; Rivas et al., 2019; Squizzato et al.,
2019; Hopke et al., 2023). However, other methodologies were also used
such as Principal Component Analysis (PCA, Wehner and Wiedensohler,
2003; Chan and Mozurkewich, 2007; Oliveira et al., 2009; Pey et al.,
2009; Cusack et al., 2013; Khan et al., 2015) and k-means clustering
(Beddows et al., 2009; Dall’Osto et al., 2012, 2019; Wegner et al., 2012;
Brines et al., 2014, 2015; Chen et al., 2021). Rodriguez and Cuevas
(2007) also developed a methodology to split PNCs affected by fresh
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vehicle exhaust emissions into two components: N1, accounting for
primary particles directly emitted in the particle phase or nucleating
immediately after the emissions, and N2, accounting for the new particle
formation (NPF) and other secondary UFP. Casquero-Vera et al. (2021)
refined this method to estimate N1 from traffic and biomass burning
sources.

Studies on source apportionment of UFPs in urban areas identify
road traffic as the main source (Zhou et al., 2005; Pey et al., 2009;
Dall’Osto et al., 2012; Harrison et al., 2011; Kumar et al., 2014; Brines
et al., 2015; Beddows and Harrison, 2019; Rivas et al., 2019; Hopke
et al., 2022, 2024; Kalkavouras et al., 2024), typically accounting for >
70 % of the annual UFP emissions (Hopke et al., 2022). Particles emitted
from vehicles can be formed in the engine or in the atmosphere after
emission from the tailpipe (Charron and Harrison, 2003; Kumar et al.,
2014; Ronkko and Timonen, 2019; Damayanti et al., 2023). Two traffic
sources are usually reported with two major number modes with peaks
around 30-35 nm, commonly ascribed to spark-ignition (gasoline) ve-
hicles, and 60-80 nm, associated with diesel vehicle emissions (Ogulei
et al., 2007; Liu et al., 2014; Hopke et al., 2022; Vorosmarty et al.,
2024). It is also suggested that the smaller mode particles represent
freshly traffic particles emitted by vehicles on nearby roads (Gu et al.,
2011), or that can be associated to nucleation of particles generated
during dilution of diesel exhaust semi-volatile organic compounds
(SVOCs) (Harrison et al., 2011; Damayanti et al., 2023). The larger mode
is also associated with the coagulation of the particles moving away
from the sources, i.e., aged traffic emission (Zhu et al., 2002; Gu et al.,
2011). However, traffic exhaust emissions also result in particles smaller
than 30 nm in diameter, both as primary emissions (Ronkko et al., 2017)
and due to the nucleation of the particles immediately after the emission
to the atmosphere as they dilute and cool, leading to delayed primary
particles (Harrison et al., 2011; Trechera et al., 2023).

Besides traffic, other sources contribute to UFP. Photochemical
nucleation lead to NPF events, characterised by PNSD peaking at the
finest sizes. These events are enhanced by high insolation and wind
speed, low relative humidity, low pre-existing particle surface area (i.e.,
low condensation sink) and available precursor gases such as SOy
(Kulmala and Kerminen, 2008; Brines et al., 2015; Trechera et al., 2023).
Emissions from harbours and airports also typically prevail in the
Nucleation mode (Westerdahl et al., 2008; Keuken et al., 2015; Rivas
etal., 2019; Stacey et al., 2020). Other sources identified contributing to
urban UFP concentrations are characterised by modes close to or coarser
than 100 nm, such as urban background (with high load from traffic),
domestic heating, regional background and long-range transport.

There are only a few available studies analysing long-term trends of
UFP (Simon et al., 2020; Mikkonen et al., 2020; Presto et al., 2021; Chen
et al., 2022; Damayanti et al., 2023; Garcia-Marles et al., 2024). Garcia-
Marles et al. (2024) evaluated 2009-2019 trends of UFP concentrations
and different particle size modes, based on PNSD measurements from 21
sites from 15 European and 1 USA cities. The results showed significant
decreases in the Aitken and Accumulation modes, suggesting a positive
impact of the implementation of EURO 5/V and 6/VI vehicle standards
on European air quality and the growing use of Diesel Particle Filters
(DPF), but inconsistent results in the Nucleation mode particles due to
insufficient controls. Additionally, long-term trends in the contribution
of UFP sources can also be analysed. However, most of the studies on
source apportionment of UFP did not cover periods long enough to
perform trend analyses of source-specific PNCs. Recently, Hopke et al.
(2024) conducted the source apportionment of PNSD from a site in USA
(Rochester, New York) covering a long period and analysed the trends of
the sources.

The project RI-URBANS (Research Infrastructures Services Rein-
forcing Air Quality Monitoring Capacities in European Urban & Indus-
trial Areas) is a European research initiative funded by the European
Union’s Horizon 2020 program (grant 101036245). Its primary goal is to
develop tools for the measurement and analysis of advanced air quality
parameters, with the aim of enhancing pollution control, improving air
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quality policies, and assessing health impacts. A key focus of RI-URBANS
is the measurement and application of UFP-PNSD in air quality assess-
ments. Prior RI-URBANS studies analysed UFP in urban Europe. Tre-
chera et al. (2023) reported the phenomenology of UFP and compared
2017-2019 concentrations across different cities and environments, Liu
et al. (2023) calculated and evaluated aerosol Lung Deposited Surface
Area (LDSA) concentrations, and Garcia-Marles et al. (2024) focused on
the long-term trends of UFP. In line with these, the present study aims to
identify and quantify sources contributing to UFP-PNSD using the re-
ceptor model PMF, and to assess long-term trends of the source contri-
butions. The source apportionment of 24 datasets is conducted for a
period covering up to 11 years (2009-2019), when available.

2. Methodology
2.1. Monitoring sites and instrumentation

This study analyses 24 PNSD datasets collected between 2009 and
2019, with data coverage ranging from 3 to 11 years. These data were
compiled by the RI-URBANS project and supplied from advanced air
quality monitoring networks and research sites, and already used with
other purposes in previous studies by Trechera et al. (2023), Liu et al.
(2023) and Garcia-Marles et al. (2024). The data covers 24 sites across
18 European cities and one in the USA, with different climate and urban
structure patterns, UFP concentrations and sources. These sites include
(see Fig. 1 and Table 1):

@ Fourteen urban background (UB) sites: Antwerp (ANT_UB), Athens
(ATH_UB), Barcelona (BCN_UB), Budapest (BUD_UB), Dresden
(DRE_UB), Granada (GRA_UB), Helsinki (HEL_UB), Lecce (LEC_UB),
Leipzig (LEI_UB), London (LND_UB), Madrid (MAD_UB), Miilheim
(MUL_UB), Zurich (ZUR_UB), and Rochester (ROC_UB) in New York
State in USA.

@ Five traffic (TR) sites: Dresden (DRE_TR), Helsinki (HEL_TR), Leipzig
(LEI_TR), London (LND_TR) and Stockholm (STO_TR).

@ Four suburban background (SUB) sites: Athens (ATH_SUB), Lille
(LIL_SUB), Paris (PAR_SUB) and Prague (PRA_SUB).

@ One regional background (RB) site: Ispra (IPR_RB).

Hourly PNSD averages were used in this study, with data restricted to
2019 to avoid the influence of pollution reductions caused by COVID19-
lockdowns, as noted in several studies (Salma et al., 2020; Dinoi et al.,
2021; Eleftheriadis et al., 2021; Petit et al., 2021; Putaud et al., 2021,
2023).

In addition to the PNSD data, ancillary pollutants (including BC,
NO,, NO, CO, SO,, O3, PM;g, PM> 5 and PM;) were collected where
available (see Table 1). These measurements were taken either from the
same monitoring locations or nearby air quality monitoring sites, by
instrumentation fulfilling European standards. PNSD data used in this
analysis is publicly accessible through the EBAS database (https://ebas.
nilu.no/).

PNSD datasets were collected using different types and models of
Mobility Particle Size Spectrometer (MPSS), as detailed in Table S1.
Although ACTRIS (2021) and CEN (2020) guidelines recommend a
measurement size range of 10-800 nm, some instruments had coarser
lower detection limits, starting above the recommended 10 nm.
Furthermore, drastic concentration jumps were detected in the lower
sizes in some datasets, thus these ranges were removed. Consequently,
50 % of the sites (BCN_UB, BUD_UB, GRA_UB, LND_UB, MAD UB,
MUL_UB, ROC_UB, ZUR UB, HEL TR, LND_TR, LIL SUB, PAR_SUB)
started measurement between 11 and 20 nm. As stated by Trechera et al.
(2023), the lower size detection significantly affects the total PNC, thus
this variation must be accounted for when comparing sources with PNC
prevalence in the Nucleation mode.


https://ebas.nilu.no/
https://ebas.nilu.no/

M. Garcia-Marles et al.

Environment International 194 (2024) 109149

Fig. 1. Map showing the location of the cities and type of stations providing data on particle number concentration (PNC) and particle number size distribution

(PNSD). Station categories include Urban background (UB), Traffic (TR), Suburban background (SUB), and Regional background (RB).

Table 1

List of air quality monitoring sites providing UFP-PNSD datasets for this study, including measurement periods, size range (in nm), and available ancillary pollutants.

Categories include Urban Background (UB), Traffic (TR), Suburban Background (SUB), and Regional Background (RB); ND indicated not determined.

City (Country) Station Name Acronym Period Range Ancillary pollutants

Antwerp (BE) Borgerhout ANT_UB 2017-2019 10-808 BC, PM; ¢, PM; 5, SO, NO, NO,, O3
Athens (GR) Thissio ATH_UB 2015-2019 10-470 BC, PM;, NO, NO,, O3, CO
Barcelona (ES) Palau Reial BCN_UB 2013-2019 12-478 BC, PM; ¢, PM; 5, SO, NO, NO,, O3, CO
Budapest (HU) BpART Lab BUD_UB 2009-2019 11-816 PM;, SO, NO, NO,, O3, CO
Dresden (DE) Winckelmann Str. DRE_UB 2010-2019 10-800 PM;j 0, SOz, NO, NO,, O3

Granada (ES) UGR GRA_UB 2017-2019 11-496 BC, PM;, SO2, NO, NO,, O3, CO
Helsinki (FI) SMEAR III HEL UB 2009-2019 10-708 SO,, NO, NO,, O3, CO

Lecce (IT) ECO Observatory LEC_UB 2015-2019 10-800 BC, SO,, NO, NO3, O3

Leipzig (DE) TROPOS LEI_UB 2009-2019 10-800 ND

London (GB) North Kensington LND_UB 2011-2018 17-604 BC, PM, 5, SO,, NO, NO,, O3, CO
Madrid (ES) CIEMAT-Moncloa MAD_UB 2013-2019 15-661 BC, PM;, SO3, NO, NO,, O3, CO
Miilheim an der Ruhr (DE) Miilheim-Styrum MUL_UB 2009-2019 14-496 PM;0, NO, NO,

Rochester NY (US) NYS DEC ROC_UB 2011-2019 12-470 BC, PM; 5, SO,, NO, NO,, O3
Zurich (CH) Kaserne ZUR_UB 2015-2019 17-478 BC, PM;, SO, NO, NO,, O3, CO
Dresden (DE) North DRE_TR 2009-2019 10-800 BC, PM;, NO, NO,, O3

Helsinki (FI) Mikelinkatu HEL_TR 2015-2019 11-800 BC, PM;0, PMy 5, SO5, NO, NO,, O3
Leipzig (DE) Mitte LELTR 2010-2019 10-800 BC, PM;, SO3, NO, NO,

London (GB) Marylebone Rd LND_TR 2010-2019 17-604 BC, PM3 5, SO3, NO, NO,, O3, CO
Stockholm (SE) Hornsgatan STO_TR 2012-2018 10-410 PM;0, PM3 5, NO, NO3, CO

Athens (GR) Demokritos ATH_SUB 2010-2019 10-550 PM;, NO, NO3, O3

Lille (FR) Villeneuve d’Ascq LIL_SUB 2017-2019 20-496 PM; 0, NO, NO,, O3

Paris (FR) SIRTA PAR _SUB 2013-2019 11-800 BC, PM;, NO, NO,, O3

Prague (CZ) Suchdol PRA_SUB 2012-2019 10-475 PM;, PMy 5, SOz, NO, NO,, O3, CO
Ispra (IT) JRC IPR_RB 2016-2019 10-800 BC, PM;, SO3, NO, NO,, O3, CO
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2.2. Positive matrix factorization

Positive Matrix Factorization (PMF; Paatero and Tapper, 1994) is the
most recently used data analysis method to identify and apportion the
sources of PNSD. It is a multivariate factor analysis tool that decomposes
a matrix of speciated sample data into two matrices: factor contributions
and factor profiles. These need to be interpreted to identify the source
types using measured source profile information, and emissions
inventories.

The increased use of PMF came as a result of the freely available
implementation provided by the U.S. Environmental Protection Agency
(US EPA; Norris et al., 2014). However, the current implementation of
USEPA PMF 5.0 program, a graphic user interface coupled to the un-
derlying solver, the multilinear engine 2 (ME-2; Paatero, 1999), does not
handle datasets of more than approximately 500,000 data points. Thus,
Hopke et al. (2023) developed a tool that would permit the PMF analysis
of large datasets using ME-2, which is used in this study. A roadmap of
the process of the PMF followed in this study is presented in Fig. 2.

The datasets included hourly averaged PNSD data combined with
hourly concentrations of the ancillary pollutants available at each site,
to help the identification of the sources. PMF requires individual un-
certainty estimates for each data value. Uncertainties in the PNC values
were estimated using the approach of Ogulei et al. (2007), Squizzato
et al. (2019) and Hopke et al. (2024), calculated by:

sij = a +C3-ny; where a;; = 0.01(n; + 1) and C3 is a constant deter-
mined by trial-and-error testing values between 0.001 and 0.15. The

Hourly PNSD Ancillary pollutants
From 2009/2017 + BC, PM,q, PM, 5 SO,,
to 2019 NO, NO,, O3, CO,

Data quality control and harmonisation
of size detection limits (10-800 nm)

l

Uncertainty estimation for each data value
* PNSD: Ogulei et al. (2007)
* Ancillary pollutants: Polissar et al. (1998)

l

Source apportionment of PNSDs and ancillary pollutants
Receptor model: PMF

l

Selection of number of factors and
identification of sources

l

Conclusions on the source contributions
to PNCs in urban Europe

Fig. 2. Roadmap of the process followed for the source apportionment of PNSD
using PMF.
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lowest and highest bins of the PNSD have been reported to have
increased measurement error (Wiedensohler et al., 2018). Consequently,
uncertainties for the 3 % lowest and 3 % highest size bins were multi-
plied by a factor of 2, and by a factor of 1.5 for the subsequent 3 % lower
and 3 % higher size bins (Rivas et al., 2019).

Uncertainties for the ancillary pollutants were calculated following
the methodology established by Polissar et al. (1998). An additional
uncertainty K was applied to all the variables. The values of C3 and K
that optimise the model are presented in Table S2.

The datasets for each site were independently analysed by PMF. PMF
was run multiple times for different numbers of factors (sources), from 3
to 7 factors. Then, the number of factors was finally determined exam-
ining the results and choosing the best solution. These best solutions
were selected based on the accepted criteria and guidelines (Belis et al.,
2019; Hopke et al., 2023), considering: (i) scaled residuals approxi-
mately randomly distributed between —3 and 3, (ii) a Qqye/Qexp ratio
close to 1, (iii) profile uncertainties determined by the displacement
(DISP) method, and (iv) the provision of the most physically meaningful
profiles and temporal behaviours.

To support the identification of the sources, the contributions of each
factor to the variance of the co-located ancillary pollutants, daily pat-
terns, seasonality and polar plots were evaluated. The data analysis and
plots were performed with the R statistical software (v4.2.3, R Core
Team, 2023) and the package Openair (Carslaw and Ropkins, 2012).

2.3. Splitting of Nucleation into Photonucleation and traffic sources

At some sites, sources with prevalence in the Nucleation mode
included particles generated by photonucleation processes, and those
emitted from road traffic; and PMF was not able to separate them into
two factors due to the similar PNSDs. Thus, these sources were split
following a methodology developed by Rodriguez and Cuevas (2007)
and Rivas et al. (2019). NOx and BC were used as proxies for traffic
emissions (see Table S3). Considering that the morning concentration
peak of this source is built mostly by primary traffic particles, NOx or BC
concentrations were multiplied by a scaling factor so it matched the PNC
of this source at morning peak hour. This scaling factor (the ratio be-
tween the PNC of the source and the proxy) was calculated for each day.
The percentile 10 % of the PNC of this source/BC or NOx at morning
traffic rush hours at each site was selected as a scaling factor. The se-
lection of the 10th percentile was based on previous studies (Rodriguez
and Cuevas, 2007; Reche et al., 2011; Kulmala et al., 2016; Kalogridis
et al., 2018; Nie et al., 2022) and the variability of PNC of each year of
data in this study. Also, at some sites, all the particles from photo-
nucleation were attributed to traffic sources during the night hours, as
no photonucleation would be expected since these particles are formed
due to solar radiation. Examples of the splitting (DRE_UB and MUL_UB)
are shown in Figures S1 and S2.

2.4. Trend analysis

Inter-annual trend analysis of the source contributions was con-
ducted using the same methodology as described by Garcia-Marles et al.
(2024). For detection of monotonic trends, datasets covering at least 4
complete years within a period of more than 5 years were analysed using
the non-parametric Theil-Sen method (Sen, 1968; Theil, 1992), a widely
used approach for air quality trend assessments (Carslaw and Ropkins,
2012). Monthly averages were calculated with a threshold of 30 % of the
hourly concentration data. The Theil-Sen slope, which represents the
median of all the possible slopes between data pairs, was used to
quantify the magnitude of the trends, while statistical significance (ss)
was evaluated using the Openair R package (Carslaw and Ropkins,
2012).

A random effects meta-analysis was performed on the estimated
trends for each source, using individual slopes expressed as percentage
changes per year along with their 95 % confidence intervals. The mean
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effect was calculated separately for site type (urban, suburban, and
traffic) as well as for all sites combined. The analysis was conducted
using the meta R package (Balduzzi et al., 2019).

3. Results and discussion
3.1. Sources identified

From 4 to 7 factors of PNC were identified at each site. In total, 10
different factors were found associated to different aerosol sources for
the 24 datasets of the study: Traffic-1, Traffic-2, Mixed traffic, Traffic-
Nucleation, Photonucleation, Urban background, Domestic heating,
Regional-1, Regional-2 and Long-distance transport. However, in some
cases a general nucleation factor (<25 nm) obtained by PMF was further
split into Photonucleation and Traffic-Nucleation (see Table S3). In other
cases, a coarser factor (25-35 nm) associated with traffic was split into
Traffic-1 and Photonucleation. The Photonucleation source was then
added to the existing Photonucleation source obtained directly from PMF
at the site. This additional source is linked to particles generated by
photochemical processes but with a regional origin, as evidenced by the
coarser size mode and its peaks at midday, albeit with a delay compared
to a local photonucleation.

The sources identified at each site are characterised by different
PNSDs and trends. Modes’ sizes with the highest PNC for the different
sources at each site are reported in Table 2. These modes are affected by
the size ranges of each site, thus the lower detection limit has to be
considered, especially in the nucleation sources. Results of the source
apportionment for each site are interpreted in Supplementary text T1
and presented in Figures S3-S77 and Tables S4-S27. These show the
profiles for PNSD, the contributions to the variance of ancillary pollut-
ants, daily, monthly and weekly trends of PNC, and polar plots.

3.1.1. Traffic sources

Four different factors associated with road traffic source were iden-
tified at the sites of this study, with similar temporal behaviours but
different PNSDs (Table 2; Fig. 3). Traffic-1 and Traffic-2 are typically
documented in the existing literature (Hopke et al., 2022).

Traffic-1 identified in this study is characterised by major size modes
with peaks ranging between 23 and 39 nm (Table 2). This size mode

Table 2

Environment International 194 (2024) 109149

associated to traffic is commonly attributed to gasoline vehicle emis-
sions in ambient air urban PNSD measurements (Ogulei et al., 2007; Liu
et al., 2014; Hopke et al., 2022, 2024; Vorosmarty et al., 2024), freshly
emitted traffic particles on nearby roads (Gu et al., 2011), or nucleation
of particles generated during dilution of diesel exhaust semi-volatile
organic compounds (SVOCs) (Harrison et al., 2011, Damayanti et al.,
2023). Traffic-2 is characterised by size mode peaks at 55-119 nm
(Table 2), and is associated with primary diesel vehicle emissions
(Ogulei et al., 2007; Liu et al., 2014; Hopke et al., 2022). Some studies
also suggest that this larger traffic mode is due to the coagulation of the
particles moving from the sources, i.e., an aged traffic emission (Zhu
et al.,, 2002; Gu et al., 2011). The traffic origin of both factors is sup-
ported by peaks observed during rush hours in the morning and evening,
lower values in summer in cities where the car fleet decreases on holi-
days, and low weekends PNCs (Fig. 3). Also, these have mainly a local
origin and predominate at low wind speeds (Supplementary text T1).
However, a few cities, such as Antwerp, Leipzig, Paris, Rochester or
Stockholm, have higher total PNC in summer, and most of the source
contributions are also higher in summer, probably due to meteorological
conditions favouring more stagnation in summer (Hopke et al., 2024).
Traffic-2 profiles exhibit higher contributions to the variance of BC and
NOx compared to Traffic-1 (Supplementary text T1). This aligns with
interpretations, as diesel exhaust emits BC-rich soot particles when not
equipped with diesel particle filters (DPFs) (Damayanti et al., 2023, and
references therein) and is responsible for most of the traffic-related NOx
emissions (He et al., 2015). Both profiles also contribute to CO, with
Traffic-2 additionally contributing to PMx.

Mixed traffic is characterised by major size mode peaks at 43-55 nm
(Table 2), falling within the range between Traffic-1 and Traffic-2. It
represents a highly traffic-influenced urban background; thus, it is
mixed with other sources, keeping the daily, seasonal and weekly pat-
terns of traffic sources (Fig. 3). This factor also predominates at low
wind speeds and has contributions to the variance of BC, NOx and CO
(Supplementary text T1).Traffic-1 and Traffic-2 were well separated and
identified at all the UB and TR sites except for ATH_UB, BUD_UB and
both sites in Helsinki (HEL_UB and HEL_TR). These factors were also
identified in ATH_SUB and PAR_SUB, but not at the other SUB and RB
sites. The sites where these factors were not individually identified
presented the Mixed traffic factor, but the three distinct traffic factors

Size modes with the highest PNC of the sources identified in each site. In parentheses, size mode of lower peaks in the PNSD. TR-Nucl, Traffic-Nucleation; TR-1, Traffic-
1; Mixed TR, Mixed traffic; TR-2, Traffic-2; Photonucl., Photonucleation; UB, Urban background; Dom heat, Domestic heating; Reg-1, Regional-1; Reg-2, Regional-2;

LDT, Long-distance transport.

Station TR-Nucl. TR-1 Mixed TR TR-2 Photonucl. UB Dom heat Reg-1 Reg-2 LDT
ANT_UB 11 39 83 11 271 (30) 191 (10)
ATH_UB 28 47 16 160 (28) 84

BCN_UB 27 43 88 13 151 (31) 300 (69, 13)
BUD_UB 20 52 20 114 250 (114, 39) 169 (16)
DRE_UB 28 54 119 11 291 232 (48)
GRA_UB 13 23 43 98 13 175 (27)

HEL_UB 16 45 200 (28) 80
LEC_UB 11 27 60 11 106 260 48 (208)
LEI_UB 13 28 54 106 13 364 (95, 14) 232
LND_UB 37 87 22 255 (65)

MAD_UB 19 37 69 19 188 (24) 151 (20)
MUL_UB 15 29 50 88 15 188 (36) 322 (78, 19)

ROC_UB 18 35 67 18 41 246 (20) 249
ZUR_UB 31 55 20 106 300 (31) 188 (32)
DRE_TR 16 38 85 16 260 (28) 208 (28)
HEL_ TR 13 55 213 (11) 30 (176)
LELTR 14 39 95 14 291 (25)

LND_TR 19 34 81 87 (255)

STO_TR 17 35 79 198

ATH_SUB 34 70 12 178 (25)
LIL_SUB 24 51 24 106 269 (74) 46 (188)
PAR_SUB 28 74 199 104
PRA_SUB 45 16 82 195 (32)

IPR_RB 45 18 99 198 36 (198)
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Fig. 3. Particle number size distribution (PNSD) profiles and daily, monthly and weekly patterns of Traffic-1, Traffic-2, Mixed traffic, Traffic-Nucleation, and Pho-
tonucleation sources across all sites. Urban background (UB) sites are denoted in yellow, Traffic (TR) sites in black, and Suburban background (SUB) and Regional
background (RB) sites in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were identified at several UB sites (BCN_UB, DRE_UB, GRA_UB, LEI_UB
and MUL_UB). The absence of separate identification of Traffic-1 and
Traffic-2 at some sites may be attributed to aerosol dynamical processes
affecting ultrafine particles during transport and air mass recirculation,
which results in the mixing of particles from different origins (Hamed
et al., 2007; Junkermann and Hacker, 2018; Lv et al., 2020). Due to the
collinearity of temporal patterns in particles emitted by road traffic,
PMF struggles to distinguish these two sources, especially at suburban
sites.

Traffic-Nucleation is characterised by size mode peaks at 11-20 nm
(Table 2), falling into the lowest size bins. The differences in modes
between the sites are linked to the lower size detection limit, affecting
the Nucleation mode PNC. This traffic exhaust factor is associated to the
nucleation of the particles immediately after the emission of SVOCs
(from a mixture of those arising from the regeneration of DPF in diesel
vehicles and from catalytic converters in gasoline ones) to the atmo-
sphere as they dilute and cool, leading to NPF (Harrison et al., 2011;
Mamakos and Martini, 2011; Trechera et al., 2023; Saarikoski et al.,

2024). It also follows the daily, seasonal and weekly patterns of traffic
sources (Fig. 3) and predominates at low wind speeds (Supplementary
text T1). This factor was identified at most sites after applying the
methodology to split the factor from Photonucleation (see methodology)
(ANT_UB, BUD_UB, GRA_UB, LEC_UB, LEI UB, MAD_UB, MUL_UB,
ROC_UB, DRE_TR, LEI_TR and LIL_SUB). At other sites, it was identified
directly from PMF (HEL_UB, HEL TR, LND_TR and STO_TR). Further-
more, it has been shown that Traffic-Nucleation increases with
decreasing ambient temperature. Weichenthal et al. (2008) found a
decrease of around 10,000 # cm™3 per each increase of 10 °C, at sites
close to traffic emissions.

3.1.2. Photonucleation

Photonucleation is characterised in this study by size modes with
peaks ranging between 11 and 22 nm (Table 2) and represents most of
the PNCs in the Nucleation mode at urban sites. As mentioned above, the
lower size detection limit influences the profiles at each site. This source
is associated with photochemically induced NPF events, which are
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enhanced by high insolation (Kulmala and Kerminen, 2008; Brines et al.,
2015). Thus, peaks at midday/late morning are observed across all sites,
and PNCs are higher in summer, coinciding with peak solar radiation
(Fig. 3). At certain sites, BCN_UB as an example (see Supplementary text
T1), smaller peaks during traffic rush hours in the morning and evening
persist. This result suggests that the source still includes Nucleation
mode particles from traffic exhaust even after applying the methodology
to distinguish photonucleation particles from traffic nucleation parti-
cles. While traffic-related pollutants are not prominent in the Photo-
nucleation source, elevated levels of SO, and O3 are observed at most
sites (Supplementary text T1). This source was identified at all sites
except for HEL_UB, HEL_TR, LND_TR, STO_TR and PAR_SUB. However,
for the latter, photonucleation particles are present in the source iden-
tified as Regional-2.

Photonucleation particles are formed in high-insolation and high wind
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speed environments, leading to NPF events (Kulmala and Kerminen,
2008; Brines et al., 2015; Salma et al., 2021; Trechera et al., 2023;
among others). These events are further enhanced by a low condensa-
tion sink (McMurry and Friedlander, 1979), occurring when traffic
exhaust emissions decrease, and with available SO,. At some sites such
as BCN_UB, it is mostly influenced by nucleated particles in the high SO,
plumes emitted from the harbour, as supported by winds blowing from
that direction and a previous analysis of cluster ions by Nitrate Chemical
Ionisation Atmospheric Pressure interface Time of Flight Mass Spec-
trometer (CI-APi-ToF) (Brean et al., 2020). Additionally, coal-fired
power plants emitting SOy contribute to NPF episodes at other sites,
especially in central Europe (Junkermann et al., 2011). These are
generally transported at high altitudes. Insolation and associated
convective dynamics lead to the growth of the mixing layer, which traps
these plumes and causes Hewson-type fumigations (of these high

1 [N TN TN T T T T S

1 1

150 Urban 2500 - . L -
o background
£ 2000 = - -
2 1001 1500 _M_ | | | |
)
Z 501 /-\ 1000 - -

N 500 C m i
04 = ==
N ' N N T T T TT T T T T T T I‘IIIII.
~ 751 Regional-1 1500 - L - |
§
£ 501 1000 F
o
z
o 25
01 2

— 78 Regional-2 — I
£
o
£
o
z
o

~ 6000 - - F oA -
£ 200
s 4000 F F r
2 100- e
a 2000 _— hl ct———r e L
of —
v b b . v T T T T 7T T T T T T T T T
8- 1 1 I A - L - 1 L A 1 L A 1
Long-distance
£ & transport 400 7 . M I
§ 300 - - -
£ 4
() 200 Fo . i
£ 2
100 - F -
0.
T T T T T T T T T LU N N N A B B B B B B | T T T T T T T
10 25 50D 100 250 800 0 6 22 18 23 JFMAMJJASOND MonTueWedThu Fri Sat Sun
(nm) hour month weekday

Fig. 4. Particle number size distribution (PNSD) profiles and daily, monthly and weekly patterns of Regional-1, Regional-2, Urban background, Domestic heating and
Long-distance transport sources across all sites. Urban background (UB) sites are denoted in yellow, Traffic (TR) sites in black, and Suburban background (SUB) and
Regional background (RB) sites in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Nucleation mode particles) on the surface (Hewson, 1955). Further-
more, regional-scale nucleation episodes might account for a high pro-
portion of NPF (Kalkavouras et al., 2020).

3.1.3. Urban and regional background

Urban background is characterised by size modes peaks at 106-188
nm (Table 2) and follows similar traffic patterns with the highest values
at rush hours and during winter (Fig. 4). It has high contributions of
PMy, BC, NOx and CO and has a local origin (Supplementary text T1).
This source, which was identified at ATH_.UB, BUD_UB, MAD UB,
MUL_UB and LIL_SUB, can be described as highly traffic influenced
urban background, following similar traffic profiles and patterns but
with a coarser mode. It includes aged traffic particles that had grown
after the emission, with a high amount of carbon agglomerates sup-
ported by the high contributions of BC (Beddows et al., 2015; Rivas
et al., 2019). It is differentiated from the Mixed-traffic source only
because of the coarser size mode of the Urban background.

Two different regional sources were identified due to opposite day-
night and summer-winter patterns. The Regional-1 is characterised by
a multimodal distribution with main peaks ranging between 175-364
nm and secondary peaks in the Aitken and Nucleation modes (Table 2).
It is higher at night and during winter (Fig. 4), and has high contribu-
tions of PMyx and traffic-related pollutants. It is associated with high
wind speeds (usually easterly winds in northern and central Europe) but
has also a local origin (especially in southern and eastern Europe)
(Supplementary text T1). The Regional-2 profiles also display a multi-
modal distribution but with finer size modes, with main peaks ranging
between 80-232 nm (Table 2). It has higher PNCs at midday and during
summer (Fig. 4), coinciding with higher insolation. It has high contri-
butions of PMy, O3 and SO, and is associated with high wind speeds
(Supplementary text T1). Neither of these sources exhibits a day-of-the-
week pattern.

Regional-1 is mainly associated with nitrates, which are primarily
formed through atmospheric oxidation of NOx (Seinfeld and Pandis,
2016). This mainly occurs during winter, as ammonium nitrate evapo-
rates in summer due to high temperatures, and at night, consistent with
semi-volatile nitrate condensing on locally emitted particles during pe-
riods of lower temperature and higher relative humidity (Dall’Osto
et al., 2009; Masiol et al., 2016). The particles in the Nucleation and
Aitken mode are likely associated with the gas-to-particle conversion of
local NOx emissions whereas the Accumulation mode particles are
formed during the transport and reactions of their precursor gases, NHg
and NOy (Kasumba et al., 2009; Squizzato et al., 2019). Furthermore,
domestic emissions of UFP (higher in winter and night) might also
contribute to this source.

Regional-2 is usually associated with secondary ammonium sulphate
and organic aerosols. The high summer insolation (and O3 concentra-
tions) accelerates the oxidation of SO3 and VOCs to produce NPF with an
origin from HySO4 reaction with NH3 or amines, with a subsequent
growth dominated by condensation of oxidised VOCs (Ehn et al., 2014).
The ageing of these particles to build up the regional background yields
a coarser size fraction. This is enhanced in the summer season, because
of the higher insolation and Os, but also biogenic VOC emissions. It has a
finer PNSD than the Regional-1 because of the high contributions of NPF
followed by growth, and because of the thermal instability of ammo-
nium nitrate in summer but not in winter. Several sites (LEC_UB,
HEL_UB, HEL_TR, LIL_SUB and IPR RB) show the main peaks of this
source in the Aitken mode between 30-80 nm, along with additional
peaks in the Accumulation mode. These mainly consist of nucleated
particles that have grown during transport from the emission sources,
especially associated with SO,-rich plumes (Qian et al., 2007; Bousiotis
et al., 2019). In the Western Mediterranean, the well-known summer-
time vertical recirculation of air masses (Millan et al., 2000; Gangoiti
et al., 2001) is a major cause of regional O3 pollution episodes. It also
contributes to the enrichment of aerosol particles and their precursors,
leading to higher levels of UFPs in Regional-2 compared to Regional-1
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(Carnerero et al., 2019).

3.1.4. Other sources

Domestic heating is characterised by size modes ranging between
82-106 nm in ATH_UB, LEC_UB, ZUR_UB, PRA_SUB, and IPR_RB, and a
wide PNSD profile in ROC_UB, where the maximum PNC occurs at 41
nm (Table 2). It is higher at night, during winter, and at weekends
(Fig. 4), when domestic burning is more frequent (Kleeman et al., 2009;
Gu et al., 2011; Corsini et al., 2019), and has high contributions of BC
and CO (Supplementary text T1). BC and CO are emitted as products of
incomplete combustion of carbon-containing fuels, such as wood and
coal (Wei et al., 2012; Chen et al., 2015). Significant emissions of UFP
have been reported from these domestic combustion processes (Tiwari
etal., 2014; Zhang et al., 2014; de la Sota et al., 2018; Wang et al., 2020;
Kuye and Kumar, 2023). These sources include cooking and heating
activities, emitted by wood-burning and pellet stoves, fireplaces, electric
heaters, and kitchen stoves, among others. Additionally, PNC peaks in
spring and summer could be attributed to biomass burning resulting
from agricultural activities and fires (Cesari et al., 2018). However, in
some sites such as GRA_UB, HEL_UB, HEL_TR, and ATH_SUB, this source
was not individually identified by PMF, but contributions of domestic
heating might be included in traffic sources, especially in Traffic-2, with
higher contributions at night. For a campaign in winter 2015-2016 in
GRA_UB, Casquero-Vera et al. (2021) found that primary biomass
burning contributed 9 % of total PNC, but PMF was not applied.

Long-distance transport was only identified in BCN_UB and is
characterised by a multimodal distribution with the main size mode at
300 nm (Table 2). Higher PNCs coincide with rush hours and during
summer (Fig. 4), with high contributions of PMy. It is mainly associated
with particles from the Sahara Desert in Africa, as shown by the high
contributions observed with SW winds with high velocities, and back-
trajectory analyses (Supplementary text T1). A similar PNSD was
found by Al-Dabbous and Kumar (2015) for a long-range transport
source associated with Arabian dust events. However, lower contribu-
tions with a local origin are also observed, related to road dust emitted
from traffic, explaining the diel pattern (Gu et al., 2011). Additional
sources contributing might include long-range transport of polluted air
masses (with high loads of sulphate and other secondary pollutants) and
forest fires. Figures S12 illustrates the mean Dust Surface Concentration
on days characterised by substantial dust contributions in Barcelona,
coinciding with documented dust events. During these periods, elevated
levels of sulphate particles (Figure S13) and emissions from forest fires
(Figure S14) were also recorded. However, this source was not identified
by PMF in GRA_UB, MAD_UB or LEC_UB, which might also have sig-
nificant contributions from Saharan dust.

3.2. Quantitative source contributions

Fig. 5 shows the relative contribution to average PNCs of the sources
identified at each study site. The sum of all the traffic contributions
(Traffic-1, Traffic-2, Mixed traffic and Traffic-Nucleation) represents
70-88 % of the average PNC at 9 out of the 14 UB sites analysed, and
47-61 % at the remaining 5 sites. As it could be expected, at TR sites,
traffic sources contribute even more significantly, accounting for 77-95
% of the average PNC. These contributions are higher at TR compared to
UB sites in cities where PNC measurements are conducted at both types
of sites. It is notable that Traffic-Nucleation is more relevant at TR sites
(16-54 % of the average PNC at the 5 studied sites) compared to UB sites
(7-38 % of the average PNC identified at 9/14 sites). Traffic nucleated
particles might arise from gasoline emissions and, to a larger extent,
from SVOCs escaping the DPFs in diesel vehicles (Harrison et al., 2011,
Damayanti et al., 2023). These traffic particles exhibit rapid growth as
they move away from the traffic source, thus at UB sites, traffic particles
are generally coarser than in other traffic factors. This effect arises from
coagulation and from loss of the delayed nucleated diesel traffic mode
by evaporation as they move into cleaner background air (Dall’Osto
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et al., 2011; Harrison et al, 2016). However, it is important to note that
at sites where the splitting methodology of nucleated particles was
applied, the uncertainty in quantifying source contributions might be
higher. Additionally, the contribution of the traffic sources may contain
particles from other (less relevant) sources and be affected by the dis-
tance from the monitoring site to major roads or by specific climate/
meteorological patterns of the cities. Moreover, at sites like HEL_TR, the
PMF analyses resulted in regional source profiles with traffic patterns
that were not possible to split into traffic/background portions, poten-
tially leading to an underestimation of traffic contributions. At SUB and
RB sites, traffic contributions are not consistently the major contributors
across all locations, comprising 22-77 % of the average PNC, with
PAR_SUB exhibiting the highest traffic contributions among these sites.

Accordingly, the results point to road traffic as the major contributor
to UFP/PNC in urban Europe. The high contribution from traffic emis-
sions to total PNSD has also been reported in literature for many urban
environments around the world (Pey et al., 2009; Dall’Osto et al., 2012;
Liu et al., 2014; Beddows et al., 2015; Brines et al., 2015; Sowlat et al.,
2016; Rivas et al., 2019; Squizzato et al., 2019; Kalkavouras et al., 2024,
and others).

Following traffic, Photonucleation is a significant contributor at

several sites, primarily driven by NPF mostly at regional scales. In
BCN_UB, with relatively high insolation levels compared with other
study cities (Trechera et al., 2023), this source contributes 31 % to the
average PNC, notably higher during summer, but remaining significant
throughout the year. As stated above, this is highly influenced by
emissions of precursors from shipping. Dresden and Leipzig also
exhibited substantial contributions from Photonucleation, accounting for
24 % (UB) and 12 % (TR) in Dresden, and 18 % (UB) and 13 % (TR) in
Leipzig. Also, as stated above, these values were probably caused by
surface fumigation by higher-altitude atmospheric layers (enriched in
Nucleation mode particles through NPF processes) during the growth of
the planetary boundary layer (Junkermann et al., 2016). This source was
identified at all remaining UB sites (4-16 % of the average PNC), except
for Helsinki. Additionally, it was present at all SUB and RB sites except
for PAR_SUB, with the highest contribution observed at PRA_SUB. The
contributions of this source may be subject to under or overestimation at
sites where the nucleation splitting (traffic/photonucleation) method-
ology was applied.

Domestic heating contributed significantly at ATH_UB, LEC_UB,
ZUR_UB, PRA _SUB, and IPR_RB (26-41 % of the average PNC) and less at
ROC_UB (6 %). However, this source probably contributed also to
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Regional-1, Urban background and traffic factors at sites where Domestic
heating was not identified.

Lower contributions were observed for Urban background (4-14 % of
the average PNC at 4/19 UB and TR sites, and 26 % at the SUB site in
Lille), Regional-1 (2-9 % at 20/24 sites), Regional-2 (3-16 % at 16/24
sites) and Long-distance transport (2 % in BCN_UB). However, these
contributions are also affected by other sources such as traffic.

3.3. Inter-annual trends of source contributions

Following the study by Garcia-Marles et al. (2024), which evaluated
long-term trends of UFP/PNC concentrations of most of the sites of this
study, inter-annual trends of contributions of sources identified in this
study were evaluated. Sites included for the trend analysis, that provide
more than 4 complete years in a period longer than 5 years, are:
BCN_UB, DRE_UB, HEL_UB, LEI UB, LND_UB, MUL_UB, ROC_UB,
DRE_TR, HEL_TR, LEI_ TR, LND_TR, STO_TR, ATH_SUB and PRA_SUB.

Total traffic emissions (the sum of all the traffic factors) decreased
with statistically significant (ss) trends at 10/14 sites, including 5/5
traffic sites and 5/6 European UB sites (Fig. 6). Total traffic decrease, in
terms of PNC, —578, —148 and —42 # cm ™3 yr! for the TR, UB and SUB
sites, respectively. The meta-analysis yielded ss trends for UB (—2.15
[-4.17; —0.13] % yr~ 1), TR (—5.40 [-7.66; —3.13] % yr ') and all sites
(—3.26 [-4.78; —1.75]1 % yr’l). The highest decrease of the traffic factors
was observed in Traffic-2 (diesel), with ss decreasing trends at 9/11 sites
(—4.21 [-5.60; —2.83] % yr’l, for the global meta-analysis), and a non-ss
decrease at 1/11 site. Traffic-1 decreased with ss trends at 5/11 sites
(—2.78 [-4.78; —0.78] % yr‘l, for the global meta-analysis) and with
non-ss decreasing trends at 4/11 sites. Mixed traffic decreased with ss
trends at 4/7 sites (—2.61 [-4.46; —0.76] % yr’l, for the global meta-
analysis) and Traffic-Nucleation decreased with ss trends at 4/9 sites
(-2.97 [-5.77; —0.16] % yr’l, for the global meta-analysis).

Thus, PNCs from traffic sources decreased at most sites (all traffic
sites and all UB European sites except LEI_UB), most probably as a
consequence of the implementation of emission standards on European
air quality, particularly EURO 5 and 6 (for cars) and V and VI (for heavy-
duty vehicles) and other local measures that might have been imple-
mented for road traffic. The highest significant decrease for Traffic-2
(primarily associated with diesel vehicle emissions) aligns with the
requirement of EURO 5 and V for diesel vehicles to be equipped with
DPF (Damayanti et al., 2023). This result is consistent with the down-
ward trends of BC, and the Aitken and Accumulation mode particles
observed by Garcia-Marles et al. (2024). However, Chen et al. (2022)
and Damayanti et al. (2023) reported that the abatement effect of DPF of
the Nucleation mode particles was minimal because DPFs do not retain
SVOCs emitted by diesel cars and these nucleate leading to delayed
primary particles. Supporting this effect, traffic factors of finer UFP
fractions, Traffic-Nucleation and Traffic-1, decreased less at most sites,
and in some cases, lost the ss. Furthermore, the reduction of sulphur (S)
content in diesel might have contributed to reducing UFP from road
traffic. However, ultra-low-S diesel (ULSD) was implemented in 2006 in
Europe and the US (Hopke et al., 2024), which was before the period
covered by the datasets in this study. Other road traffic policy measures,
such as Low Emission Zones (LEZ) in many cities and the Congestion
Charge in some of them, also might have contributed to this reduction
(Patel et al., 2023).

ROC_UB is the only site that showed a ss increasing trend for traffic
sources (+4.36 [1.39; 8.36] % yr’l, for Total traffic), with the highest
increase in Traffic-Nucleation. Hopke et al. (2024) found compatible
results for this US city. They reported a decrease in traffic-related UFP
from 2006 to 2012 (attributed to the implementation of Tier 2 stan-
dards), followed by a flat evolution and an increase in 2017-2019. They
suggested rise in economic activity beginning in 2017 (higher HDD
vehicle traffic) as the major cause of this increase, but also a possible
leak from ageing DPFs (Preble et al., 2019).

Different trends for Photonucleation among the sites evaluated were
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observed, with ss increasing trends at 4/10 sites, non-ss trends at 6/10
(Fig. 6). The meta-analysis yielded a non-ss increasing trend for all sites.
The increases might be linked to a reduction in condensation sink po-
tential, which facilitates photochemical new particle formation
(Spracklen et al., 2010; Kulmala et al., 2017). Trends for this source are
expected to vary because of the different causes of NPF caused by
photonucleation. Thus, as reported above, in some places this can be
attributed to regional nucleation, in others to the impact of plumes of
SOq-emitting coal or fuel-oil power plants, and shipping emission
plumes. All these sources of precursors and atmospheric processes affect
specific cities and might have had different trends in the different cities.
Furthermore, there is a ss increasing trend for temperature in these cities
(Garcia-Marles et al., 2024) that might have also influenced the increase
of UFP from NPF in specific regions.

Urban background decreased with ss at the only site evaluated
(MUL_UB), showing a rate of —3.59 [-4.52; —2.53] % yr’l (Fig. 7). This
is consistent with the decreasing trends of traffic sources because of the
influence of traffic emissions in Urban background.

Regional-1 significantly decreased at most of the sites, with ss
decreasing trends at 7/11 sites and non-ss trends at the remaining sites.
The meta-analysis yielded a ss decreasing trend for all sites with an
average rate of —5.40 [-7.36; —3.43] % yr’1 (Fig. 7). This change is
probably associated with the decrease of primary PM emissions and
precursors of UFP (SO2, NOy, and in less proportion VOCs and NHs)
across Europe, as reported by EEA (2023).

Regional-2 also showed a ss global decreasing trend (—1.90 [-3.56;
—0.25] % yr’l) but only decreased with ss at 2/8 sites (Fig. 7). This
summer source was dominated by secondary sulphate and secondary
organic aerosols where formation increased with insolation. In spite of
the above observed decreased emissions of SO,, the lower decrease of
NH; and VOCs, but especially the increase of O3 in urban environments
(Sicard et al., 2021) might have prevented more marked decreases of
this contribution compared with the winter one. Thus, the increase of
ozonolysis reactions might have yielded to an increase in the formation
of secondary particles in summer. Saiz-Lopez et al. (2017) reported that
in Madrid the urban increase of O3 resulted in an increase of 60-100 %
of oxidising radicals, yielding in an increase of the potential of formation
of secondary inorganic and organic particles.

Domestic heating did not show global ss trends, as only two sites
(ROC_UB and PRA _SUB) had enough data for the trend analysis, making
it difficult to reach any conclusions. Long-distance transport did not show
ss trend for BCN_UB.

4. Conclusions

This study identified and quantified source contributions of ultrafine
particles (UFP) and evaluated long-term trends of these source contri-
butions, based on 24 particle number size distribution (PNSD) datasets
from 18 cities in Europe and 1 in the USA. These locations included 14
urban background (UB), 5 traffic (TR), 4 suburban background (SUB),
and 1 regional background (RB) sites.

Ten different factors are identified contributing to UFP-PNSD
(Traffic-1, Traffic-2, Mixed traffic, Traffic-Nucleation, Photonucleation,
Urban background, Domestic heating, Regional-1, Regional-2 and Long-
distance transport), with road traffic being the major contributor at all UB
and TR sites (56-95 %). Photonucleation is also a significant contributor
at many sites (4-41 % in 16/19 cities), primarily driven by new particle
formation (NPF). These cities include not only those with high insolation
from southern Europe, but many from central Europe. The causes of
these high contributions of NPF are diverse (shipping, plumes from
combustion plants, regional nucleation).

The results showed a clear reduction in UFP traffic ambient con-
centrations. These trends reached statistically significant decreases for
Total traffic (the sum of all the traffic contributions) of —5.40 and —2.15
% yr’1 for TR and UB sites, respectively, or, in terms of PNC, of —578
and —148 # cm ™3 yr~. This UFP abatement is most probably due to the
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ATH_SUB (2013-19) ——— 3.26[-247;10.94] ATH_SUB (2013-19) - -2.66 [-5.22; -0.11]
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Fig. 6. Trend analysis and meta-analysis results for Traffic-1, Traffic-2, Mixed traffic, Traffic-Nucleation, Total traffic and Photonucleation sources. Trends are calculated
using the Theil-Sen method. Mean effects for each site type (Urban background, UB; Traffic, TR; Suburban background, SUB; and Regional background, RB) are
estimated using a random effects model. The meta-analysis results are presented for each pollutant across the different site types, as well as for global trends
(dashed line).
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Fig. 7. Trend analysis and meta-analysis results for Regional-1, Regional-2, Urban background, Domestic heating and Long-distance transport sources. Trends are
calculated using the Theil-Sen method. Mean effects for each site type (Urban background, UB; Traffic, TR; Suburban background, SUB; and Regional background,
RB) are estimated using a random effects model. The meta-analysis results are presented for each pollutant across the different site types, as well as for global trends

(dashed line).

implementation of European emission standards, especially after the
introduction of diesel particle filters (DPFs) from the 2011 EURO 5/V
standard for primary particles. The effect of DPFs is observed in the
higher reduction of Traffic-2 (primarily associated with diesel vehicle
emissions) compared to Traffic-1 (mainly gasoline vehicle emissions and
nucleation of UFP from diesel). Furthermore, the reduction of sulphur
(S) content in diesel might have contributed to reducing UFP from road
traffic. However, ultra-low-S diesel (ULSD) was implemented in 2006 in
Europe and the US, which was before the period covered by the datasets
in this study. Other road traffic policy measures, such as Low Emission
Zones (LEZ) in many cities and the Congestion Charge in some of them,
also might have contributed to this reduction.

Traffic-Nucleation (and Traffic-1 to a lesser extent) included the
nucleation of particles generated during the dilution of diesel exhaust
semi-volatile organic compounds (SVOCs), thus DPFs cannot retain
them. This has prompted lighter decreasing trends for Traffic-Nucleation
and Traffic-1 (—2.97 % yr ' and —2.78 % yr™1) as compared with
Traffic-2 (—4.21 % yr ). Emission control technologies should be
applied to DPFs to reduce the emissions of SVOCs. Furthermore, DPFs
might be less efficient for particles smaller than 23 nm in diameter
(N_23). These results indicate that EURO standards should include
emission controls for particle number concentration (PNC) for at least
particles > 10 nm and, if possible, for > 1 nm, and not only for > 23 nm,
as the current standards have.

Trends in Photonucleation were more diverse among the sites. In some
cases, this source increased probably due to a reduction in condensation
sink, which facilitates photochemical NPF. In other cases, the reductions
might be associated with the decrease of the emission of precursors of
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newly formed particles such as SOs. The decrease in primary PM emis-
sions and precursors of UFP also contributed to the reduction of urban
and regional background sources.

The results of the study demonstrate the positive abatement of UFP in
Europe, but more measures should be applied to reduce traffic emissions
in the cities, especially an effort should be made to implement policies to
reduce nucleated particles, both delayed primary diesel traffic particles
and those from photochemical nucleation.
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