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Abstract (300 words for Environment International)

Ultrafine particles (UFP, those with diameters ≤100 nm), have been reported to potentially 
penetrate deeply into the respiratory system, translocate through the alveoli, and affect various 
organs, potentially correlating with increased mortality. The aim of this study is to assess long-
term trends (5-11 years) in mostly urban UFP concentrations based on measurements of particle 
number size distributions (PNSD). Additionally, concentrations of other pollutants and 
meteorological variables were evaluated to support the interpretations.  PNSD datasets from 12 
urban background (UB), 5 traffic (TR), 3 suburban background (SUB) and 1 regional background 
(RB) sites in 15 European cities and 1 in the USA were evaluated. The non-parametric Theil-Sen’s 
method was used to detect monotonic trends. Meta-analyses were carried out to assess the 
overall trends and those for different environments. The results showed significant decreases in 
NO, NO2, BC, CO, and particle concentrations in the Aitken (25-100 nm) and the Accumulation 
(100-800 nm) modes, suggesting a positive impact of the implementation of EURO 5/V and 6/VI 
vehicle standards on European air quality. The growing use of Diesel Particle Filters (DPFs) might 
also have clearly reduced exhaust emissions of BC, PM, and the Aitken and Accumulation mode 
particles. However, as reported by prior studies, there remains an issue of poor control of 
Nucleation mode particles (smaller than 25 nm), which are not fully reduced with current DPFs, 
without emission controls for semi-volatile organic compounds, and might have different origins 
than road traffic. Thus, contrasting trends for Nucleation mode particles were obtained across 
the cities studied. This mode also affected the UFP and total PNC trends because of the high 
proportion of Nucleation mode particles in both concentration ranges. It was also found that 
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the urban T increasing trends might have also influenced those of PNC, Nucleation and Aitken 
modes.

Keywords: nanoparticles, particle number concentrations, air quality, ambient air

1. Introduction

Atmospheric particulate matter (PM) is one of the main air pollutants (WHO, 2021a). It is 
estimated that ambient particulate air pollution caused 4.2 million premature deaths worldwide 
in 2019, as derived from the aggravation of cardiovascular and respiratory diseases, among 
others (WHO 2021a). The nature and severity of the effects depend, among others, on the size 
of the particles. Therefore, air quality standards are set up for the ambient air mass 
concentrations of particles (μg m-3) with aerodynamic diameters ≤10 μm (PM10) and ≤2.5 μm 
(PM2.5). However, a large fraction of the particles in the atmosphere are smaller than 100 nm 
(diameters can be as fine as 1 nm). These very fine particles contribute minimally to the PM mass 
concentrations but represent the bulk of the particle number concentrations (PNC, # cm-3), 
which are not regulated by ambient air quality standards (Seinfeld and Pandis, 2016). Thus, 
when focusing on this aerosol size range, measurements are performed as PNC and not PM 
mass. PNC measurements are frequently derived from particle number size distribution (PNSD) 
by calculating PNCs for specific size ranges. Conventionally, the term ultrafine particles (UFP) is 
used for particles with a diameter ≤100 nm, while the Nucleation, Aitken and Accumulation size 
modes refer to particles in the <25, 25-100 and >100 nm size ranges, respectively (e.g., Seinfeld 
and Pandis, 2016; CEN, 2020; ISO, 2023). The term "nanoparticle" is usually used for manufactured 
particles, while "ultrafine" is outdoor or indoor aerosols of a similar size. Furthermore, because 
most of the total PNC is accounted for by UFPs in urban areas (84 ± 3.7% as average and standard 
deviation of 27 datasets in Europe, Trechera et al., 2023), the terms PNC and UFP are used in 
many studies as equivalents. Thus, PNC and UFP are not actually equivalents, but PNC is used as a 
surrogate for true UFP.

It has been reported that the size of UFPs not only allows them to reach the deeper parts of the 
respiratory system but also to translocate through the alveoli and reach the circulatory system 
and from there any organ in the body (Oberdörster et al., 2005; Peters et al., 2013; Kreyling et 
al., 2014; Cassee et al., 2019). Furthermore, other studies also evidenced that there is 
translocation through the olfactory nerve in the nose into the brain, and UFP have been reported 
to cross cell membranes in ways other than phagocytosis (Oberdörster et al., 2004; Genc et al., 
2012; among others). A number of studies found a positive relationship between exposure to 
UFP and increased premature mortality (e.g., Wichmann et al., 2000; Ibald-Mulli et al., 2004; 
Tobías et al., 2018; Schwarz et al., 2023). However, Ohlwein et al. (2019), US EPA (2019) and 
WHO (2021b) concluded that the epidemiological results of the health effects of UFP are 
inconsistent. This inconsistency might be due to different types of UFP prevailing in different 
regions, a lack of harmonization in UFP measurements, high exposure assignment error based 
on the high microscale variability in space and time of UFP concentrations, a lack of long-term 
time-series available to epidemiological studies, or a lack of actual widespread impacts on health 
(Cassee et al., 2019). Based on the above considerations, the last WHO Air Quality Guidelines 
did not set up specific guidelines for PNC (or UFP), but recommended the long-term 
measurements of these variables with harmonized measurement protocols to better evaluate 
the convenience of such specific guidelines for UFP (WHO, 2021b). Alternatively, CEN (2020), 
ACTRIS (2021), RI-URBANS (2021) and Trechera et al. (2023) suggest the measurement of total 
PNCs with at least a finer size detection limit of 10 nm (50% efficiency) and PNSD measurements 
in the range of 10 to 800 nm. PNC in the range of <10 nm might be high, but measuring this 
fraction is complex, and it is also recommended by ACTRIS (2021) and RI-URBANS (2021) in areas 
where nucleation mode particles are expected to be high.



4

Shipping is the major source of PNC in Europe with around 8.2 1026 # yr-1 followed by road traffic 
with 4.3 1026 # yr-1, and industry with 4.2 1026 # yr-1 (Kuenen et al., 2022). However, as occurs 
also for NO2, the proximity of the urban population to road traffic emission accounts for a very 
high road traffic contribution to urban PNC exposures. Thus, studies on source apportionment 
of UFP point to road traffic as the main source in urban areas (Zhou et al., 2005; Pey et al., 2009; 
Dall’Osto et al., 2011; Harrison et al., 2011; Brines et al., 2014, 2015; Beddows et al., 2015, 2019; 
Rivas et al., 2020; Hopke et al., 2022). Traffic typically accounts for >70% of the annual UFP 
emissions in urban environments (Hopke et al., 2022). In addition to road traffic, photochemical 
nucleation (leading to new particle formation), urban background (with a high load from traffic), 
regional background, long-range transport, harbours, airports, and domestic heating emissions 
have been reported to contribute to urban UFP concentrations. As it could be expected from its 
origin, photochemical nucleation is characterised by PNSD peaking at the finest sizes, followed 
by harbours and airports, typically with a prevailing Nucleation mode, see for example Rivas et 
al. (2020) and Stacey et al. (2020). Traffic exhaust emissions typically result in two major modes 
at 30–35 nm and 60–80 nm (Hopke et al., 2022), but also a major fraction of very small particles 
(smaller than 30 nm in diameter) (Trechera et al., 2023). The remaining aforementioned sources 
(urban and regional background, long range transport and domestic heating) are characterised 
by modes close to or coarser than 100 nm, according to the above references. 

The few available studies analysing long term trends of UFP (e.g., Simon et al., 2020; Mikkonen 
et al., 2020; Presto et al., 2021; Chen et al., 2022; Damayanti et al., 2023) have found decreasing 
trends over the last two decades. Given that road traffic is the major source of urban UFP, these 
trends have been related to the reduction of particulate emissions from vehicle exhausts by the 
implementation of emission standards, especially EURO 5 and 6 (for cars) and V and VI (for heavy 
duty vehicles), and the equivalent TIER standards (2 and 3) in US, for which diesel particle filters 
(DPF) are required. The decrease of the sulfur content in the fuels of the vehicles might have 
also had an important impact in abating SO2, and associated nucleation of particles (Chen et al., 
2022), but this was already implemented in Europe before the period of this study. Damayanti 
et al. (2023) found that for a street canyon in London this effect was very evident for the Aitken 
and Accumulation modes, but the Nucleation one was largely unaffected. They proposed that 
the DPF do no retain semi-volatile organic compounds (SVOCs) emitted by diesel cars, and the 
nucleation of these SVOCs and the abatement of the condensation sink (CS) might account for 
the non-decreasing trend of the Nucleation mode. Furthermore, abrasion UFP are also emitted 
as part of the non-exhaust vehicle emissions (Dahl et al., 2006; Mathissen et al., 2011; Niemann 
et al., 2020; Li et al., 2023; and references therein).

Based again on the European emission inventory for the PNC-PNSD, 2018 emissions from diesel 
passenger cars reached 17.5 1025 # yr-1, while emissions from petrol cars reached around 0.5 
1025 # yr-1 (Kuenen et al., 2022). Furthermore, emissions of 9.8 1025 # yr-1, and 13.5 1025 # yr-1 
from (mostly diesel) light and heavy-duty vehicles have to be added. Thus, the diesel fleet is still 
responsible for a very large fraction of UFP emissions in Europe.

The implementation of major air quality measures and the EURO/TIER standards have also had 
an effect on the abatement of black carbon (BC) (Savadkoohi et al., 2023), and nitrogen dioxide 
(NO2) and carbon monoxide (CO) (EMEP, 2016; ETC, 2021). Concentrations of SO2 (mainly 
emitted by fossil fuel burning in Europe) drastically decreased as a consequence of 
deindustrialization and regulation measures implemented at European scale (EMEP, 2016). On 
the other hand, the concentrations of PM10 and PM2.5 also decreased in 2000-2010 but a flat 
trend was recorded since then at many sites (EMEP, 2016; ETC, 2021). In contrast, 
concentrations of O3 tend to increase in many urban environments due to the reduction of 
nitrogen oxides (NOX) in a VOC-limited urban O3 formation regime or to a steeper decrease of 
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nitrogen monoxide (NO) versus NO2 and the consequent lower titration of O3 in environments 
without strong local O3 formation (ETC, 2021; Sicard et al., 2021).

RI-URBANS (Research Infrastructures Services Reinforcing Air Quality Monitoring Capacities in 
European Urban & Industrial Areas, the European Union’s Horizon 2020 research and innovation 
program, contract 101036245) is a European research project, which demonstrates the 
applications of advanced air quality service tools in urban Europe to improve the assessment of 
air quality policies, including a better evaluation of health impacts. In this context, this study 
aims to gather and evaluate available long-term trends of UFP and different particle size modes, 
based on PNSD data obtained at 21 (mostly urban) sites from 15 urban areas in Europe (11 
member states) and one from the USA. A prior RI-URBANS study (Trechera et al., 2023) reported 
the phenomenology of UFP in urban Europe and compared the 2017-2019 concentrations across 
different cities and environments. Additional work is ongoing on the source apportionment of 
PNSD for 23 (mostly urban) sites using receptor modelling tools. In the current study we evaluate 
and interpret the trend analyses of the above 21 datasets for a period covering up to 11 years 
(2009-2019). A number of sites cover a shorter period of time, but in all cases, at least the last 5 
years of measurement are available. The years 2020-2022 are intentionally excluded to avoid 
interferences of the COVID19-lockdown effects. To support interpretations, we also evaluate 
compiled datasets of conventional pollutants (BC, NO2, NO, CO, SO2, O3, PM10, PM2.5 and PM1) 
and meteorological variables (temperature, T; relative humidity, RH; atmospheric pressure, P; 
wind speed, WS; solar radiation, RAD; and rain, R) concurrently measured with the PNSDs. 

2. Methodology

2.1.Cities and sites providing UFP-PNSD data

This study is based on 5 to 11 years UFP-PNSD datasets from the period 2009-2019 compiled by 
RI-URBANS and supplied from advanced air quality monitoring networks and research sites. The 
selection of sites for this study is based upon a previous study on the phenomenology of UFP in 
urban Europe by Trechera et al. (2023), allowing coverage of all ranges of concentrations of 
urban pollutants in cities from regions with different climate patterns, emission volume and 
sources and urban morphologies. These include (see Figure 1 and Table 1):

● Twelve urban background (UB) sites covering most of Europe: Athens (ATH_UB), Barcelona 
(BCN_UB), Budapest (BUD_UB), Dresden (DRE_UB), Helsinki (HEL_UB), Lecce (LEC_UB), 
Leipzig (LEI_UB), London (LND_UB), Madrid (MAD_UB), Mülheim (MUL_UB), Zurich 
(ZUR_UB), and Rochester (ROC_UB) in New York State in US.

● Five traffic (TR) sites in Central (C), West (W) and North (N) Europe: Dresden (DRE_TR), 
Helsinki (HEL_TR), Leipzig (LEI_TR), London (LND_TR) and Stockholm (STO_TR); but not TR 
sites in South (S) Europe. 

● Three suburban background (SUB) sites and one regional background (RB): Athens 
(ATH_SUB), Paris (PAR_SUB) and Prague (PRA_SUB); the regional background of Ispra 
(IPR_RB).

Thus, in total, 21 sites provided at least 5 years of hourly data in the period 2009-2019 of UFP-
PNSD for this study. The period was selected excluding 2020-2022 to avoid the effects of the 
decrease of pollution due to the COVID19-lockdown, which were variable across urban Europe 
(Salma et al., 2020; Dinoi et al., 2021; Eleftheriadis et al., 2021; Petit et al., 2021; Putaud et al., 
2021 and 2023). All the PNSD data used in this study is openly available in the EBAS database 
infrastructure (https://ebas.nilu.no/). Data corresponding to co-located measurements of other 



6

pollutants (BC, NO2, NO, CO, SO2, O3, PM10, PM2.5 and PM1) and meteorological variables (T, RH, 
P, WS, RAD and R) were also collected, when available, from the same sites or nearby air quality 
monitoring sites. Table S1 summarises the hours/year of UFP-PNSD measurements included in 
this study for each site.

2.2.Instrumentation and measurements

PNSD datasets were obtained from different types and models of Mobility Particle Size 
Spectrometer (MPSS), reported in Table 2. Concentrations of BC, PM and gaseous pollutants, 
and meteorological variables were collected from each site by instrumentation fulfilling 
European standards. All the data were averaged to hourly values.

Since different instruments were used to obtain PNSD datasets, the measured size ranges varied. 
Following ACTRIS and CEN guidance, it is suggested to measure the total PNCs with at least a 
finer size detection limit of 10 nm, and the recommended size measurement range for PNSD is 
10-800 nm. As reported in Trechera et al. (2023), several sites start size measurements from 11 
to 17 nm (BCN_UB, BUD_UB, HEL_TR, LND_UB, LND_TR, MAD_UB, MUL_UB, PAR_SUB, ROC_UB 
and ZUR_UB), instead of the recommended 10 nm, or end with lower coarser sizes from 410 to 
794 nm (ATH_UB, ATH_SUB, BCN_UB, LND_UB, LND_TR, MAD_UB, MUL_UB, PAR_SUB, 
PRA_SUB, ROC_UB, STO_TR, and ZUR_UB), instead of the recommended 800 nm. The latter does 
not have a big impact to the total PNC because of the relatively low PNC within the coarser sizes. 
However, the lower size detection limit affects to a much higher degree the total PNC, and 
especially the Nucleation mode concentrations. Thus, when comparing PNSD concentrations 
from all sites, the lower size detection limits have to be considered. 

In this study, trend analyses are carried out for UFP (N10-100), PNC (N10-800) and the Nucleation 
(N), Aitken (A) and Accumulation (Ac) modes (N10-25, N25-100 and N100-800, respectively); and also, 
for the ancillary data (regulated atmospheric pollutants and meteorological parameters).

2.3.Data treatment and trend analysis

Data treatment and statistical analysis were carried out using R statistical software (v4.2.3, R 
Core Team, 2023) and the Openair package (Carslaw and Ropkins, 2012) in R.

Data series with periods exceeding 3 years were evaluated to detect monotonic trends over the 
time using the non-parametric Theil-Sen method (Sen, 1968; Theil, 1992). This method, robust 
against outliers, is commonly applied for air quality data analysis (Carslaw and Ropkins, 2012). 
To this end, monthly aggregation of data series was performed with a threshold of 30% of the 
hourly concentration data. The selection of a 30% threshold was based on the data availability 
considering the amount of data used in the study. Many sites had data availability of <50% due 
to the complexity of UFP-PNSD measurements and the need of frequent instrumentation 
maintenance, as it is evidenced by Trechera et al. (2023). For instance, Chen et al. (2022) 
established a threshold of 40%. In this study, we tried to do the trends with different thresholds 
of data availability and considered 30% was the most suitable in order to have representativity 
of the data without losing too many months of data.

The magnitude of the trends was quantified by the Theil–Sen slope, which is the median of all 
the possible slopes between the data pairs and the statistical significance (ss) was also 
evaluated. Due to the relatively extensive temporal gaps, de-seasonalisation using Seasonal 
Decomposition of Time Series by Loess (Cleveland et al., 2019) was not applied. These analyses 
were conducted using the Openair package. It should be noted that some of the time series are 



7

relatively short for the discernment of trends, and some of the longer time series show different 
gradients dependent upon the time interval selected.

The individual slopes, expressed as a percentage change per year with their 95% confidence 
interval, were summarised using random-effects meta-analysis due to the large heterogeneity 
of the data between the included sites (Chen and Peace, 2013). The mean effect was calculated 
for each class of site individually (urban, suburban, regional and traffic sites) as well as globally 
to provide a comprehensive overview of the results. Meta-analyses were carried out using the 
“meta” R package version 6.5-0 (Balduzzi et al., 2019).

3. Results 

3.1.  Pollutants related with road traffic 

NO2 decreased at all sites with a ss trend with the exception of ATH (UB and SUB), in which 
increasing trends were recorded (+2.64, 95%CI= [-3.68;7.88] and +2.70, 95%CI= [0.06;6.84] % yr-

1, respectively), and LEC_UB and ROC_UB, with non-ss decreasing trends (Figure 2). The largest 
ss decreases were recorded for IPR_RB, HEL_TR and HEL_UB (-18.91 [-24.13;-15.00], -8.58 [-
10.14;-6.85] and -6.01 [-6.97;-4.83] % yr-1, respectively). Taking all the SUB sites the meta-
analysis yielded a non-ss trend, while for all UB and TR sites there were marked ss decreasing 
trends of -3.11 [-4.01;-2.22] and -3.81 [-6.03;-1.59] % yr-1, respectively. For NO, trends were very 
similar to those described for the type of environment, with only a non-ss increase in LEC_UB, 
and ss decreases in most of the other sites (Figure 2). In this case the meta-analysis showed ss 
decreasing trends for SUB, UB and TR sites (-4.34 [-6.09;-2.58], -3.75 [-4.87;-2.64] and -4.75 [-
8.37;-1.14] % yr-1, respectively). 

BC decreased at all sites with ss trends with the exception of ATH_UB and LEC_UB, in which non-
ss decreasing trends were recorded. The highest decrease again being at HEL_TR (-9.14 [-11.53;-
6.80]. HEL_UB does not have a long record for this parameter (Figure 2). The meta-analysis 
showed ss decreasing trends for UB and TR sites, with -4.55 [-5.84;-3.27] and -7.42 [-8.62;-6.22] 
% yr-1, respectively. Thus, the slope increases with the approach to the TR sites. 

CO decreased at all sites with ss trends with exception of BCN_UB and ZUR_UB (with non-ss 
decreasing trends), and BUD_UB (with a non-ss increment) (Figure 2). The highest decrease was 
recorded again (as for NO2) in IPR_RB (-19.49 [-22.77;-17.33] % yr-1), followed by ATH_UB and 
LND_TR (-6.14 [-11.47;-0.15] and -5.37 [-5.66;-5.02] % yr-1, respectively). The meta-analysis 
showed ss decreasing trends for SUB, UB and TR sites, with -4.74 [-5.57;-3.91]; -2.36 [-3.48;-
1.23] and -4.49 [-6.27;-2.71] % yr-1, respectively. 

3.2.  Other pollutants

PM10 decreased with ss trends at 10/15 sites, and the meta-analysis yielded ss trends for SUB (-
4.66[-6.22;-3.11] % yr-1), UB (-2.21 [-3.08;-1.34] % yr-1) and TR (-3.81 [-4.25;-3.37] % yr-1) sites 
(Figure 3). Similar dominant ss decreasing trends were observed for PM2.5 (5/9 sites), with ss 
decreasing trends for the averages of SUB (-2.91 [-4.13;-1.70] % yr-1), UB (-1.86 [-3.33;-0.39] % 
yr-1) and TR (-3.72 [-5.95;-1.48] % yr-1) sites (Figure 3). For PM1 only 4 sites provided long datasets 
and the meta-analysis only yielded a ss decreasing trend for IPR_RB (Figure 3). 

O3 decreased with a ss trend only at ATH_UB (-10.14 [-12.80;-3.78] % yr-1) and close to ss at 
BCN_UB (Figure 4). It increased at all TR sites, with an average rate of +2.65 [0.56;4.74] % yr-1; 
but the meta-analysis yielded non-ss trends at UB and SUB sites. 
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SO2 drastically decreased in 1990-2015 (Aas et al., 2019), but it continued decreasing in the 
analysed period. The decreases were ss at 9/13 sites (Figure 4). The meta-analysis yielded a ss 
decreasing trend of -5.59 [-8.54;-2.63] % yr-1, considering all sites. 

3.3.Ultrafine particles

PNC decreased with ss trends at 9/21 sites (from central and north Europe, UK, USA and the 
regional background site in Italy) (Figure 5). The meta-analysis yielded a non-ss trend for SUB 
sites, but ss for UB (-1.89 [-3.70;-0.09] % yr-1), TR (-5.13 [-7.71;-2.56] % yr-1) sites, and including 
all sites (-2.46 [-3.89;-1.04] % yr-1). As it could be expected, UFP trends were similar to that of 
PNC, with ss decreases at 8/21 sites (the same as before but excluding HEL_TR), and only a ss 
increase in BUD_UB (Figure 5). The meta-analysis again yielded a non-ss trend for the SUB sites, 
but in this case, for the UB sites as well. The ss decreasing trends were only seen in this case for 
the TR (-4.50 [-7.41;-1.59] % yr-1) sites, and the global meta-analysis (-1.98 [-3.45;-0.52] % yr-1). 
These results showed larger decreasing PNC and UFP slopes in the TR sites compared with the 
UB ones, as also observed for the decreasing trends of the traffic-related pollutants. At IPR_RB, 
both PNC and UFP followed ss decreasing trends (-1.68 [-3.01;-0.28] and -1.27 [-2.04;-0.23] % yr-

1). For the UB and TR sites the slopes described above are equivalent to a decrease of -127 and 
-671 # cm-3 yr-1 for PNC and -60 and -491 # cm-3 yr-1 for UFP.

Trends for the Nucleation mode were similar to those of UFP with ss decreases at 6/21 sites (all 
of them from UK, central and north Europe), and ss increases at 5/21 sites (from southern and 
eastern Europe, but also ROC_UB, LND_UB and LEI_TR) (Figure 6). The meta-analysis yielded 
non-ss decreasing trends for the SUB and TR sites and a non-ss increasing trend for UB sites. The 
percentage of Nucleation mode particles in PNC (N/PNC) followed ss decreasing trends at only 
1/21 sites, while ss increasing trends were found at 9/21 sites. At 5/21 sites, non-ss increasing 
trends were found (Figure 6). The meta-analysis yielded a ss decreasing trend for the SUB sites 
(-2.25 [-3.62;-0.87] % yr-1), but a positive one for the UB sites (+3.14 [1.28;5.00] % yr-1). For the 
TR sites, only STO_TR demonstrated a non-ss decreasing trend, while the other 4 sites followed 
positive ones. The meta-analysis showed an increasing trend (close to the ss) for TR sites (+1.60 
[-0.31;3.50] % yr-1).

The Aitken mode presented dominant ss decreasing trends, with ss decreases at 11/21 sites and 
a ss increase only in PRA_SUB (Figure 6). The meta-analysis yielded a non-ss trend for the SUB 
sites, but ss ones for UB (-2.40 [-3.84;-0.96] % yr-1) and TR (-5.79 [-8.11;-3.48] % yr-1) sites, and 
including all sites (-2.81 [-4.26;-3.48] % yr-1).

The Accumulation mode trends were similar to that of the Aitken mode, with ss decreases in 
14/21 sites (Figure 6). The meta-analysis yielded ss decreasing trends for UB (-3.69 [-4.98;-2.39] 
% yr-1) and TR (-5.79 [-6.83;-4.75] % yr-1) sites, and also including all sites (-3.92 [-4.99;-2.86] % 
yr-1). IPR_RB followed also a ss decreasing trend of (-2.39 [-4.10;-0.42] % yr-1), but SUB sites 
followed a non-ss one. 

3.4.Meteorological variables

Figure S23 summarises the results of the meta-analysis for the trend analyses of T, RH, P, WS, 
RAD and R. The results yielded ss increasing trends for T in urban Europe with a slope of 0.13 
[0.09;0.18] oC yr-1. In this study, 10/14 cities had ss T increases, 3/14 cities non-ss increases, and 
1/15 city recorded near constant temperatures. The highest T increases were obtained for 
Dresden (TR site) and Leipzig with 0.33 [0.25;0.41] and 0.22 [0.13;0.31] oC yr-1, respectively. 
Barcelona, Helsinki, Lecce, London, Mulheim, Paris, Stockholm and Zurich had increasing slopes 
of 0.13-0.19 oC yr-1. These higher increases of T are taking place mostly in northern and central 
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European cities, while those from southern and eastern Europe and the one from northern USA, 
have relatively lower slopes of increase. 

The meta-analysis of the trends yielded also a ss slight increase of RAD, with 0.65 [0.15;1.15] % 
yr-1, without major regional differentiations. The other four meteorological parameters 
evaluated did not provide ss trends and in most cases, the slopes were close to 0. 

3.5.Analysis by city

The analysis by city is shown in Supplementary Figures S1 to S22 and interpreted in 
Supplementary text T1. 

4. Discussion

4.1.Trends of NO, NO2, BC, CO, PM, O3 and SO2

Very similar NO2 declines were found at all site types, consistent with the lower emissions of 
NOX from EURO 6/VI diesel vehicles. For NO, there was also a decreasing trend at the vast 
majority of cities, consistent with NO2 concentrations and declining emissions of traffic-related 
NOX. Trends in NO were generally steeper than trends in NO2 (21% and 25% higher for NO for 
UB and TR sites). This steeper NO decrease might be attributed to the progressively lower 
NO/NO2 emission rates from the diesel vehicles in the last decade (Carslaw et al., 2016). A 
higher-than-average downward NO2 trend at HEL (both UB and TR sites) and an upward trend 
in ATH (at both UB and SUB sites) were observed, while ATH (both UB and SUB sites) showed a 
NO decrease. This unusual behaviour in both sites in Athens might be explained by the increase 
of diesel cars between 2012 and 2015, which their circulation was banned in Athens before 
2012, and diesel cars are higher NO2 emitters than gasoline cars (Degraeuwe et al., 2017). Thus, 
from 2012 onwards and with a gradual increase, diesel cars started contributing with primary 
NO2 emissions changing the photochemical balance of NO/NO2/O3. LEC_UB had a NO increasing 
trend, but that was non-ss. Although EURO 5/V vehicles beginning in 2011 were equipped with 
DPF, the impact of the higher-than-expected NOX emissions from diesel vehicles (Anenberg et 
al., 2017) resulted in delayed impacts of the EURO 5/V and 6/VI standards in abating ambient 
air NO2 (Grange et al., 2020; Benavides et al., 2021). The marked decrease of NO/NOX ratios from 
vehicle emissions (according Carslaw et al. (2016) EURO 6 diesel cars emitted 67% NO in NOX, 
while in EURO 3 ones this proportion reached 91%), and the delayed decrease of NO2 from diesel 
vehicles (according the same study, EURO 2 diesel passenger cars emitted 0.08 g/km, while 
EURO 4 and early EURO 6 ones reached 0.33 and 0.14 g/km, respectively, in real world driving 
conditions) are probably the main causes of the differences in the slopes.

Downward ss BC trends were observed for all sites except LEC_UB and ATH_UB. These trends 
were consistent with the increased proportion of diesels with a DPF required by EURO 5/V 
(Damayanti et al., 2023). This decreasing trend was steeper than for NO2 and NO (46 and 95% 
higher than for NO2, for UB and TR sites, respectively). LEC_UB appears to have experienced 
increased diesel traffic. ROC_UB (US) showed a smaller decline in BC, probably due to fewer 
light-duty diesel vehicles in the USA. Wood burning may also contribute to BC in some of the 
study sites, but Savadkoohi et al. (2023) reported that in most cases >75% of the urban BC arises 
from road traffic. Furthermore, home heating and restaurants are additional urban sources (Yu et 
al., 2019).

The majority of sites followed a ss downward CO trend (BCN_UB and ZUR_UB are non-ss), 
probably associated with the growth of diesel share in the last decade and the lower emissions 
of the petrol vehicles since EURO 4 (ICCT, 2016). Thus, since 2006 (EURO 4) passenger diesel 
vehicles are allowed to emit only 0.50 g/km, and the petrol ones 1 g/km, while EURO 2-3 vehicles 
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were allowed to emit 1.0-0.7 and 2.2-2.3 g/km, respectively (ICCT, 2016). These decreasing 
slopes were similar to those of NO2 and NO, and were also attributed to decreased CO from road 
traffic. However, BUD_UB followed an upward trend similar to NO, possibly reflecting increased 
road vehicular activity affecting the site and might be also affected by the increased mean age 
of the passenger car fleet in Hungary (Mikkonen et al., 2020). ATH_UB followed a larger than 
average decline, suggesting a shift from gasoline to diesel vehicles, or possibly declining biomass 
combustion.

Downward trends were observed at all sites for PM2.5 (but these were non-ss for PRA_SUB, 
BCN_UB, MAD_UB and STO_TR). These reductions were likely the result of reduced diesel 
exhaust emissions, and a decline of secondary inorganic aerosol precursors (EMEP, 2016, among 
others). The cause of the smaller reduction at BCN_UB is unknown. Among possible causes, one 
possibility is the marked increase of cruise and container ship traffic (Port de Barcelona, 2023). 
In STO_TR, PM2.5 is mostly from long range transport from other countries. As expected, PM10, 
which typically contains a high proportion of PM2.5, followed a similar trend at most sites. 
Important contributors to PM10, mostly in the PM2.5-10 fraction, are the non-exhaust vehicle 
emissions (vehicle wear) and road dust, which increased in their relative contributions at TR sites 
(Amato et al., 2016). Hence, most sites showed decreasing PM10 trends. BCN_UB, BUD_UB, 
ZUR_UB and STO_TR showed limited and non-ss decreases. Possible reasons are associated with 
increased road traffic, and in the case of BCN, increased Saharan dust incursions or greater 
surface dryness facilitating road dust and soil resuspension. In the case of STO_TR, PM10 could 
be largely associated with non-exhaust particles from road wear, then the small non-ss 
decreasing trend might be due to the meteorology that affects the wetness of the roads in 
winter.

A small increase of O3 at the majority of sites was consistent with lower NOX emissions, and 
lower O3 titration by NO. The increasing trends might be attributed to the higher decreasing 
slope of NO compared with that of NO2, which reduces the O3 titration potential (Colette et al., 
2011; Escudero et al., 2014; Monks et al., 2015, among others). ATH_UB and BCN_UB followed 
decreasing O3 trends. In ATH_UB these trends were consistent with increased NO2, but not so in 
BCN_UB.

SO2 decreasing trends were observed for most sites except LEC_UB, and were ss at most 
locations. These declines likely resulted from the reduced combustion of high S-fuels, such as 
coal and residual fuel oil (Crippa et al., 2016).

4.2.Trends of ultrafine particles and size fractions

PNC decreased with ss trends at 43 % of the sites (central and north Europe). The meta-analysis 
yielded a non-ss decreasing trend for SUB sites, but ss trends for UB and TR sites. For UFP, a 
similar pattern was found, but the ss decreasing trend was only observed at TR sites (-4.50 % yr-

1) and slightly lower than for PNC (-5.13 % yr-1). Thus, dominant PNC and UFP decreases were 
observed, with higher slopes at the TR sites (171 % steeper in TR sites compared with the UB for 
PNC). These results suggest the effectiveness of DPF in abating the emissions and urban ambient 
concentrations of BC, PNC and UFP (Damayanti et al., 2023).

The Nucleation mode fraction followed very different trends among the evaluated cities. Several 
of them increased, most probably linked to a reduction in condensation sink potential, which 
facilitates new particle formation (McMurry and Friedlander, 1979; Spracklen et al., 2010; 
Kulmala et al., 2017). Others followed a decline, most notably STO_TR and LND_TR.  The 
percentage of Nucleation mode particles in PNC (N/PNC) followed ss decreasing trends at only 
5% of the sites, while ss increasing trends were found at 43% of the sites, and non-ss increasing 
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trends at 29%. At SUB sites, both Nucleation concentrations and percentage of Nucleation in 
PNC showed decreasing trends. These decreases might be related to a general decrease of the 
emission of precursors of the newly formed particles such as SO2. However, increasing trends in 
N/PNC were observed for both UB and TR sites, with a 96% higher slope in the UB sites. The 
higher increase of the percentage at the UB sites compared to the TR ones indicates that it 
probably is the decrease of the condensation sink that increased the Nucleation mode particles, 
more than the possible abatement effect of DPF of the finest UFP fraction, which was found to 
be minimal by Damayanti et al. (2023).

It is well accepted that close to roadways an increase in T might yield a decrease in UFP. Thus, 
Weichenthal et al. (2008) reported that each 10°C increase in morning temperature was 
associated with decreases of 14560, 8160 and 11310 #/cm3 for UFP exposures in walk, bus, and 
automobile environments, respectively. On the other side, photochemical nucleation might be 
influenced by T, RAD and RH conditions (Hamed et al., 2011; Yu et al., 2017; Brines et al., 2015), 
but also by the CS (Tuovinen et al., 2021, and references therein) which might be reduced at 
high wind speeds. In urban environments under high insolation Brines et al. (2015) found that 
nucleation occurred with low CS, high wind speeds, low RH and high T and insolation. However 
other global studies found a lower nucleation potential at higher T (Yu et al., 2017). As stated 
above, the only ss trends were obtained for T (increasing) and RAD (light increase), but not for 
RH and WS. The results showed that in 4/5 TR sites the Nucleation mode PNC decreased in cities 
where T increased. Thus, we cannot discard that the dominant decrease of the Nucleation mode 
particles at the TR sites of this study is influenced, at least partially, by an also generalised T 
increase. This effect is also possible for the UB sites of DRE, HEL, MUL and ZUR (northern and 
central Europe), were also a marked Nucleation mode decrease occurs simultaneously with a T 
increase.  On the other hand, in the UB sites of BCN, BUD, LEC, LND, MAD and ROC, the T increase 
was coincident with an increase of the Nucleation mode, and accordingly an increase of photo-
nucleation with T cannot be discarded. Thus, in addition of the effects of the above referred 
vehicles emission abatement policy actions on Nucleation mode trends, contribution from a 
generalised urban T increasing trends cannot be discarded. This is also applying to the 
generalised decreasing trends of the Aitken mode.

The concentrations of the Aitken mode fraction decreased at the majority of sites, most likely 
due to the previously mentioned reduced emissions of particles from diesel road traffic since 
EURO 5/V as reported for the street canyon of Marylebone (London) by Damayanti et al. (2023). 
There was, however, a ss increase at PRA_SUB. These differences are likely to have arisen due 
to increased road traffic or possibly wood burning.

The trends of the Accumulation mode were similar to that observed for the Aitken mode, most 
likely due to reduced road traffic solid mode particles due to DPF fitment. However, a non-ss 
positive trend at PRA_SUB was observed again.

Damayanti et al. (2023) found that for a TR site in London, the concentration of the Aitken mode 
(30–100 nm in their study), Accumulation mode particles, and BC decreased faster than other 
pollutants, and declined by -6.2 [-6.5;-5.8], -7.3 [-7.64;-6.99] and -8.3 [-8.56;-7.98]% yr-1, 
respectively. These slopes were similar to the ones from our study for TR sites (-5.66 [-7.90;-
3.42], -6.00 [-7.30;-4.70] and -7.48 [-8.70;-6.26] % yr-1, respectively). They attributed these 
decreasing trends to the policy interventions in the road transport sector, which effectively 
decreased emissions of these pollutants. The 2010-2021 decreasing trends found by Damayanti 
et al. (2023) for the Marylebone (London) TR site are equivalent to a decrease of -242, -643 and 
-328 # cm-3 yr-1 for the Nucleation, Aitken and Accumulation modes, respectively. These slopes 
are all much higher than the ones from our study for TR sites (-144, -380 and -141 # cm-3 yr-1, 
respectively). However, Marylebone Road is a street canyon with >90,000 vehicles day-1, and the 
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effect of the traffic emission controls should be higher than at conventional TR sites. These 
trends are unlikely to have been substantially influenced by photochemical nucleation, which is 
observed on only 6% of days at this site (Bousiotis et al, 2019), and was most notable on the 
wind sector carrying fresh traffic emissions to the sampler (Damayanti et al., 2023). Also, Chen 
et al. (2022), for a UB site in northern USA, found 2005-2020 decreases of -26, -99, -63 and -45 
# cm-3 yr-1 for the Nucleation (11-20 nm), Aitken-1 (20-50 nm), Aitken-2 (50-100 nm) and 
Accumulation (100-500 nm) modes, while the slopes from our study for UB sites were +32 (non-
ss), -99(ss) and -58(ss) # cm-3 yr-1 for the Nucleation, Aitken and Accumulation modes, 
respectively. 

According to the aforementioned study, diesel vehicles in Europe played a predominant role in 
exhaust PM traffic contributing to ambient PM10 and PM2.5 concentrations, primarily due to the 
PM emissions limits for diesel compared to gasoline vehicles. This distinction persisted until the 
implementation of EURO 5/V and 6/VI standards in 2011 and 2015, respectively, which 
mandated the use of DPF.

Diesel PM is largely BC, with a major mode at 40-80 nm (Hopke et al., 2022), and a second finer 
mode of liquid particles from condensed engine oil vapour (Kittelson et al., 2006; Harrison et al., 
2018) formed by nucleation of semi-volatile organic compounds (SVOCs) as emissions are 
diluted and cooled (Charron and Harrison, 2003). 

More recently, Giechaskiel et al. (2022) demonstrated that the solid PNC emissions of EURO 6 
diesel passenger cars are low due to the implementation of DPF. However, periodically, the 
trapped particles are oxidised (active regeneration), and the solid PNC emissions during this 
regeneration are only partly covered by the regulations. Furthermore, the PNC of volatile 
particles are also not included in the regulations and can be extremely high. Giechaskiel et al. 
(2022) measured the PNC emissions simultaneously at the tailpipe and the dilution tunnel and 
found that the weighted (i.e., considering the emissions during regeneration) solid PNC did not 
exceed the specific limit of 6 × 1011 # km-1 for N>23. However, the weighted volatile PNC emissions 
were many orders of magnitude higher, up to 3 × 1013 # km-1. Furthermore, it was found that 
the volatile PNC were strongly affected by desorption phenomena and that the high volatile PNC 
during regenerations even interfered with the 10 nm solid PNC measurements at the dilution 
tunnel, thus having a high impact in the Nucleation mode emissions.

At present, the EU regulates PNC emissions from vehicles only for those >23 nm.  Very recently, 
Lintusaari et al. (2023) showed that the <23 nm particles dominated the non-volatile number 
concentrations and that the traffic emissions of non-volatile <10 nm particles can be even 3 
times higher than those >10 nm. Yet, only a fraction of urban <10 nm particles consisted of non-
volatiles.

Accordingly, the emissions of vehicular PM mass decreased markedly since 2011, followed with 
even larger decreases since 2016 when the implementation of EURO 6/VI required a removal 
efficiency of 99.9% of all solid, carbonaceous emissions of UFP (Calderón-Garcidueñas and Ayala, 
2022). Furthermore, many of the study cities implemented the Low Emission Zones (LEZ), which 
have been found to reduce BC concentrations (Holman et al., 2015; Baldauf et al., 2016). 
However, according to Damayanti et al (2023) the decrease of emissions of Nucleation mode 
particles during real-world urban driving has been negatively affected by the nucleation of 
SVOCs that are currently not removed by emission controls. Since the formation of Nucleation 
mode particles occurs in the diluting exhaust gases, the process is inherently variable, depending 
upon the dilution ratio and environmental conditions. These factors might account for different 
trends found for the Nucleation mode in the study cities. Furthermore, the variability of the 
frequency and intensity of regional (photo) nucleation from precursors emitted from other 

https://www.sciencedirect.com/science/article/pii/S0160412023001617#b0125
https://www.sciencedirect.com/science/article/pii/S0160412023001617#b0085
https://www.sciencedirect.com/science/article/pii/S0160412023001617#b0085
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sources than traffic, such as SO2 from combustion sources, or of other sources of Nucleation 
mode particles (industry, shipping or airports) might cause also different trends among cities 
(Junkermann et al., 2011, 2018; Brines et al., 2015; Salma et al., 2016, 2019; Harrison et al., 2019; 
Rivas et al., 2019; Trechera et al., 2023).

5. Conclusions

This study evaluates long-term trends (5-11 years in 2009-2019) of ultrafine particle (UFP) 
concentrations and different particle size modes (UFP (N10-100), PNC (N10-800) and the Nucleation, 
Aitken and Accumulation modes (N10-25, N25-100 and N100-800, respectively)), based on particle 
number size distribution (PNSD) data from 21 sites (12 from urban background, 5 from traffic 
sites, 3 from suburban background and 1 from regional background) from 15 European and 1 US 
cities. Additionally, the trends in other pollutants and meteorological variables were evaluated 
in order to support interpretations.

UFP concentrations in urban Europe are largely influenced by road traffic emissions (Trechera 
et al., 2023, and references therein) as are other pollutants such as NOX (i.e., NO and NO2), CO, 
and BC. Concentrations of SO2, BC, PM2.5 and PM10 are influenced by other sources. In most cases 
European air quality policies resulted in marked reductions of emissions of these pollutants (EEA, 
2023).

The results of this study show that in most studied European cities clear abatement of the BC, 
NO2, PM, and the Aitken and Accumulation mode particle concentrations followed the 
implementation of diesel particle filters (DPFs), from 2011 (EURO 5/V), and the subsequent 
abatement of NOX emissions due to the controls required by EURO 6 and VI standards, which 
came into force in 2015, among other road traffic policies. Other air quality policy measures also 
generally produced SO2 and CO decreases. 

Reductions in urban NOX emissions are expected to lead to an increase in O3 due to a lesser 
titration by NO and to the reduction of NOX concentrations in a VOCs-limited O3 formation 
regime. This overall behaviour was observed at the majority of sites, especially at the traffic 
sites. Given the fall in NO2 and SO2 concentrations, reduced nitrate and sulphate are also to be 
expected, and accordingly of PM.

The high influence of the road traffic emissions in the UFP, PNC, BC and NO2 urban 
concentrations is also demonstrated by the higher declining slopes reached at the traffic (TR) 
sites compared to the urban background (UB) ones. Thus, these were 141, 57, 63 and 23% higher 
for the Aitken mode particles, Accumulation mode particles, BC and NO2, respectively. 

The trends in the Nucleation mode particles were far more diverse (ss decreases at 6/21 sites 
and increases at 5/21 sites), with a non-ss increasing trend obtained for the UB sites. However, 
downward non-ss trends were obtained for the TR and SUB sites. The reduction of the 
Nucleation mode particles at TR sites was 50, 50, 11 and 93% lower than those obtained for 
Aitken and Accumulation mode particles, NOX and BC, respectively. This is most probably due to 
inefficient removal of the semi-volatile diesel particle fraction by DPFs and a contribution from 
gasoline vehicles, expected to be predominantly in this size range, as previously reported by 
Chen et al. (2022) and Damayanti et al. (2023) for specific sites from US and Europe. These 
varying trends in the Nucleation mode particle number concentration are also affecting the UFP 
and total PNC trends, because of the high proportion of the Nucleation mode particles in both 
concentration ranges. Also the 9-fold decrease of BC versus NOX is probably result of the efficient 
impact of EURO 5 DPFs in abating ambient BC and the negative effect of the ‘diesel gate’ on 
ambient NOX.
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The diverse trends obtained for the Nucleation mode particles in UB sites might be due not only 
to the lack of emission controls for semi-volatile organic compounds escaping from DPFs, but 
also due to a reduction in condensation sink potential, which facilitates new particle formation. 
Moreover, at some sites, the presence of other substantial lower-mode UFP sources, such as 
photochemical nucleation, industry, shipping and aircraft emissions, also influence the trend of 
the Nucleation mode.

Moreover, the urban T increasing trends might have also influenced those of PNC, Nucleation 
and Aitken modes. The results showed that for some sites the decrease of the Nucleation mode 
particles might be influenced by a T increase, but also that in other sites an increase of photo-
nucleation might be associated to a T increase. 

Overall, the results presented here demonstrate the positive effects of the air quality policies 
implemented in Europe in abating air pollutants, including the Aitken and Accumulation mode 
particles, but less for the Nucleation mode. The different modes of the PNSD should be 
evaluated independently to assess further policies promulgated to abate urban UFPs.
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FIGURES AND TABLES

Figure 1. Location of the cities and type of station supplying data on PNC and PNSD. UB, Urban 
background; TR, Traffic; SUB, Suburban background; RB, Regional background

Figure 2. Results of the trend analysis and subsequent meta-analysis for NO2, NO, BC and CO 
datasets. Trends are calculated using the Theil-Sen method. Results of the meta-analysis are 
presented globally for each pollutant and for the different site categories (UB, TR, SUB, and RB). 
The dashed lined represents the global meta-analysis. Random effects model: mean effect 
calculated for each type of site. 

Figure 3. Results of the trend analysis and subsequent meta-analysis for PM1, PM2.5 and PM10 
datasets. Trends are calculated using the Theil-Sen method. Results of the meta-analysis are 
presented globally for each pollutant and for the different site categories (UB, TR, SUB, and RB). 
The dashed lined represents the global meta-analysis. Random effects model: mean effect 
calculated for each type of site. 

Figure 4. Results of the trend analysis and subsequent meta-analysis for O3 and SO2 datasets. 
Trends are calculated using the Theil-Sen method. Results of the meta-analysis are presented 
globally for each pollutant and for the different site categories (UB, TR, SUB, and RB). The dashed 
lined represents the global meta-analysis. Random effects model: mean effect calculated for 
each type of site. 

Figure 5. Results of the trend analysis and subsequent meta-analysis for PNC and UFP datasets. 
Trends are calculated using the Theil-Sen method. Results of the meta-analysis are presented 
globally for each pollutant and for the different site categories (UB, TR, SUB, and RB). The dashed 
lined represents the global meta-analysis. Random effects model: mean effect calculated for 
each type of site. 

Figure 6. Results of the trend analysis and subsequent meta-analysis for Nucleation mode (N), 
percentage of Nucleation mode particles in PNC (N/PNC), Aitken mode (A) and Accumulation 
mode (Ac) datasets. Trends are calculated using the Theil-Sen method. Results of the meta-
analysis are presented globally for each pollutant and for the different site categories (UB, TR, 
SUB, and RB). The dashed lined represents the global meta-analysis. Random effects model: 
mean effect calculated for each type of site. 
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Table 1. List of air quality sites supplying UFP-PNSD datasets to this study with location, type of 
environment and period of measurement. Coord., Coordinates; Alt., Altitude; UB, Urban 
Background; TR, Traffic; SUB, Suburban Background; RB, Regional Background.

City (Country) Station Name Station 
type Acronym Coord.; (Alt., m 

a.s.l.) Period

Athens (GR) Thissio UB ATH_UB 38.00 N, 23.72 E; 
(110)

2015-
2019

Barcelona (ES) Palau Reial UB BCN_UB 41.39 N, 2.13E; 
(80)

2013-
2019

Budapest (HU) CAAG UB BUD_UB 47.48 N, 19.06 E; 
(115)

2013-
2019

Dresden (DE) Winckelmann 
Str. UB DRE_UB 51.04 N, 13.73 E; 

(120)
2010-
2019

Helsinki (FI) SMEAR III UB HEL_UB 60.12 N, 24.58 E; 
(26)

2009-
2019

Lecce (IT) ECO 
Observatory UB LEC_UB 40.20 N, 18.07 E; 

(50)
2015-
2019

Leipzig (DE) TROPOS UB LEI_UB 51.35 N, 12.43 E; 
(113)

2009-
2019

London (GB) North 
Kensington UB LND_UB 51.52 N, 0.21 W; 

(27)
2009-
2018

Madrid (ES) CIEMAT-
Moncloa UB MAD_UB 40.45 N, 3.73 W; 

(669)
2009-
2019

Mülheim an der Ruhr 
(DE)

Mülheim-
Styrum UB MUL_UB 51.45 N, 6.87 E; 

(39)
2009-
2019

Rochester NY (US) NYS DEC UB ROC_UB 43.15 N, 77.55 W; 
(137)

2009-
2019

Zurich (CH) Kaserne UB ZUR_UB 47.38 N, 8.53 E; 
(410)

2015-
2019
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Dresden (DE) North TR DRE_TR 51.07 N, 13.74 E; 
(116)

2009-
2019

Helsinki (FI) Mäkelänkatu TR HEL_TR 60.19 N, 24.95 E: 
(26)

2015-
2019

Leipzig (DE) Mitte TR LEI_TR 51.34 N, 12.38 E; 
(111)

2010-
2019

London (GB) Marylebone Rd TR LND_TR 51.52 N, 0.15 W; 
(35)

2010-
2019

Stockholm (SE) Hornsgatan TR STO_TR 59.32 N, 18.05 E; 
(20)

2010-
2018

Athens (GR) Demokritos SUB ATH_SUB 37.99 N, 23.82 E; 
(270)

2010-
2019

Paris (FR) SIRTA SUB PAR_SUB 48.71 N, 2.16 E; 
(162)

2012-
2019

Prague (CZ) Suchdol SUB PRA_SUB 50.13 N, 14.38 E; 
(277)

2012-
2019

Ispra (IT) JRC RB IPR_RB 45.80 N, 8.63 E; 
(209)

2009-
2019



31

Table 2. Instrumentation used to measure UFP-PNSD, size range of measurement and ancillary 
data available in each site of the study. ND, Not-determined; SMPS, Scanning Mobility Particle 
Sizer; CPC, Condensation Particle Counter; MAAP, Multi-Angle Absorption Photometer; DMPS, 
Differential Mobility Particle Sizer; TSMPS, Twin Scanning Mobility Particle Sizer; DMA, 
Differential Mobility Analyser; TDMPS, Twin Differential Mobility Particle Sizer; UCPC, Ultrafine 
Condensation Particle Counter; OPC, Optical Particle Counter. 

Station UFP-PNSD instrumentation Range 
(nm) Ancillary data

ATH_UB SMPS TSI 3034 10.4-
487

BC, NO, NO2, O3, CO, T, RH, 
P, RAD, R

BCN_UB SMPS TSI 3080 + CPC TSI 3772 12.2-
478.3

BC, PM10, PM2.5, PM1, SO2, 
N, NO2, O3, CO, T, RH, P, 

RAD, WS

BUD_UB DMPS + CPC TSI 3775 10.8-
816.2

PM10, SO2, NO, NO2, O3, CO, 
T, RAD

DRE_UB TROPOS-SMPS uses a Vienna-type DMA 28 cm + 
CPC TSI 3772 10-800 BC, PM10, SO2, NO, NO2, O3, 

T, RH, P, RAD, WS, R

HEL_UB
TDMPS Hauke-type DMA 10.9 cm + CPC TSI 

3025/3756 and Hauke-type DMA 28 cm + CPC 
3010/3772

10-794 SO2, NO, NO2, O3, CO, T, RH, 
P, RAD, WS

LEC_UB TROPOS-SMPS uses a Vienna-type DMA 28 cm + 
CPC TSI 3772 10-800 BC, SO2, NO, NO2, O3, T, RH, 

RAD, WS, R

LEI_UB TROPOS-TDMPS uses Vienna-type DMAs 11 and 
28 cm + CPC TSI 3025/3010 10-800 ND

LND_UB SMPS TSI 3080 + CPC TSI 3775 with long DMA 17-604 BC, PM10, PM2.5, SO2, NO, 
NO2, O3, CO, T, RH, WS

MAD_UB SMPS TSI 3080L + CPC TSI 3775 15.1-
661.2

BC, PM10, PM2.5, SO2, NO, 
NO2, O3, CO, T, RH, RAD, WS, 

R

MUL_UB SMPS TSI 3080 + CPC TSI 3772 14.1-
495.8

PM10, PM1, NO, NO2, T, RH, 
RAD, WS, R
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ROC_UB SMPS TSI 3071 + CPC TSI 3010 11.1-
469.8

BC, PM2.5, SO2, NO, NO2, 
O3, T, RH, WS

ZUR_UB SMPS TSI 3034 + Nafion aerosol dryer 16.8-
478.3

BC, PM10, SO2, NO, NO2, O3, 
CO, T, RH, P, RAD, WS, R

DRE_TR TROPOS-TSMPS  uses Vienna-type DMAs 11 and 
28 cm + CPC TSI 3025/3010 10-800 BC, PM10, NO, NO2, O3, T, 

RH, P, RAD, WS

HEL_TR UHEL DMPS Vienna-type DMA + CPC Airmodus 
A20 11-800 BC, PM10, PM2.5,, NO, NO2, 

O3

LEI_TR TROPOS-TDMPS uses Vienna-type DMAs 11 and 
28 cm + CPC TSI 3025/3010 10-800 BC, PM10, SO2, NO, NO2, T, 

RH, RAD, WS, R

LND_TR SMPS TSI 3080 + CPC TSI 3775 with long DMA 16.6-
604.3

BC, PM10, PM2.5, SO2, NO, 
NO2, O3, CO

STO_TR DMPS Stockholm university handmade + CPC 
TSI 3010/3775 10-410

PM10, PM2.5, PM1, NO, 
NO2, CO, T, RH, P, RAD, WS, 

R

ATH_SUB SMPS TSI 3080 + CPC TSI 3772 10-550 PM10, PM2.5, NO, NO2, O3, 
T, RH, RAD, R

PAR_SUB SMPS GRIMM 5416 + OPC GRIMM 10.9-
791.5

BC, PM1, NO, NO2, O3, CO, T, 
RAD, WS

PRA_SUB SMPS TSI 3034 rebuilt at TROPOS 10.3-
519.4

PM10, PM2.5, SO2, NO, NO2, 
O3, CO

IPR_RB DMPS Vienna-type, home-made + CPC TSI 
3010/3772 10-800 BC, PM10, SO2, NO, NO2, O3, 

CO, RH, P, RAD, R
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