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ABSTRACT

The 2017-2019 hourly particle number size distributions (PNSD) from 26 sites in Europe and 1 in the US were
evaluated focusing on 16 urban background (UB) and 6 traffic (TR) sites in the framework of Research In-
frastructures services reinforcing air quality monitoring capacities in European URBAN & industrial area$S (RI-
URBANS) project. The main objective was to describe the phenomenology of urban ultrafine particles (UFP) in
Europe with a significant air quality focus.

The varying lower size detection limits made it difficult to compare PN concentrations (PNC), particularly
PNig.25, from different cities. PNCs follow a TR > UB > Suburban (SUB) order. PNC and Black Carbon (BC)
progressively increase from Northern Europe to Southern Europe and from Western to Eastern Europe. At the UB
sites, typical traffic rush hour PNC peaks are evident, many also showing midday-morning PNC peaks anti-
correlated with BC. These peaks result from increased PNjg.25, suggesting significant PNC contributions from
nucleation, fumigation and shipping.

Site types to be identified by daily and seasonal PNC and BC patterns are: (i) PNC mainly driven by traffic
emissions, with marked correlations with BC on different time scales; (ii) marked midday/morning PNC peaks
and a seasonal anti-correlation with PNC/BC; (iii) both traffic peaks and midday peaks without marked seasonal
patterns. Groups (ii) and (iii) included cities with high insolation.

PNC, especially PNgs go0, was positively correlated with BC, NO,, CO and PM for several sites. The variable
correlation of PNSD with different urban pollutants demonstrates that these do not reflect the variability of UFP
in urban environments. Specific monitoring of PNSD is needed if nanoparticles and their associated health im-
pacts are to be assessed. Implementation of the CEN-ACTRIS recommendations for PNSD measurements would
provide comparable measurements, and measurements of <10 nm PNC are needed for full evaluation of the

health effects of this size fraction.

1. Introduction

In spite of the important advances in the science of aerosols and air
quality, important scientific and environmental challenges remain un-
solved, especially those related to source apportionment of the specific
components of atmospheric particulate matter (PM), atmospheric pro-
cesses influencing aerosols, and the associated climate and health
impacts.

One of the issues requiring scientific attention is the origin and
variability of ultrafine particles (UFP) (Knibbs et al., 2011; Cassee et al.,
2019; Rivas et al., 2021). UFPs have been defined by CEN/TC 264/WG
32 as particles sized <100 nm in diameter (“ISO - ISO/TS 80004-2:2015
- Nanotechnologies — Vocabulary — Part 2: Nano-objects”). PM stan-
dards for air quality refer to ambient air mass concentrations below a
given aerodynamic diameter per unit volume of air (ug m~°), while UFP
concentrations are most commonly (but not exclusively) measured in
terms of particle number concentration (PNC) per unit volume of air
(particle number or # cm’s). Usually, total PNC is driven by UFP since,
in general, >80% of the PNC is accounted for by UFP (Baldauf et al.,
2016; Sun et al., 2019). Therefore, in this study we will treat PNC and
UFP as synonymous.

It is widely recognised that exposure to PM negatively impacts
human health (WHO, 2013, 2021a). In 2016, ambient air pollution
accounted for almost seven million premature deaths per year (WHO,
2016), as derived from the aggravation of cardiovascular and respira-
tory diseases and cancers. Several studies have also shown that UFP can
deeply penetrate the respiratory system, thus causing respiratory and
cardiovascular diseases in humans (Cassee et al., 2019; Donaldson and
Tran, 2002; Kelly and Fussell, 2012; Oberdorster et al., 2005; Salma
et al., 2015; Tobias et al., 2018; Valavanidis et al., 2008; Weichenthal
et al., 2013). The smaller size of UFPs not only allows them to reach the
deeper parts of the respiratory system, but a fraction of these, reaching
the alveoli, translocate and reach the circulatory system, and from there
can reach any organ in the body (Cassee et al., 2019; Kreyling et al.,
2002; Peters et al., 2006, among others). Furthermore, there are evi-
dences that UFP might reach the brain through the olfactory nerve

(Maher et al., 2016; Oberdorster et al., 2004).

The new World Health Organisation Air Quality Guidelines (WHO,
2021b) identify UFP concentration as a relevant air quality parameter
and find that, although there is a body of evidence for the health effects
of UFPs, results are still inconsistent. Cassee et al. (2019) and Rivas et al.
(2021) reported that this inconsistency may be, at least in part, due to
methodological differences in measurements, to the lack of representa-
tion of UFP human exposure to UFPs resulting from the use of only a
single monitoring station per city in most studies, and the different
sources contributing to UFP concentrations in other cities/regions.
Although the WHO (2021b) does not provide guideline values, the
monitoring of concentrations of UFPs and black carbon (BC) is recom-
mended to allow a more accurate evaluation of their health effects.

Online measurements of UFP-PNSD (UFP - particle number size
distribution) are complex and are usually performed using electrical
mobility analysers (Flagan, 1998) in which the particles are charged and
separated in sizes by the application of an electrical field, and counted
with a condensation particle counter (CPC). This electrical field can be
stepped or scanned, allowing sequential measurement of aerosol size
distribution. The measurements yield datasets of PNC for multiple-size
bins. The particle diameters covered by these systems range from 3 to
16 nm (as lower size detection limits) up to 400 to 1000 nm (as the upper
size limit). Since neither total PNC nor UFP-PNSD are included in the
current air quality standards, there are no reference methods for these
measurements in the context of air quality monitoring. However, CEN
has recently developed recommendations for UFP-PNSD measurements
from 10 to 800 nm (“CEN/TS 17434:2020 - Ambient air - Determination
of the particle number size distribution of atmospheric aerosol using a
Mobility Particle Size Spectrometer (MPSS)”) and for total PNC mea-
surements (“CEN/TS 16976:2016 - Ambient air - Determination of the
particle number concentration of atmospheric aerosol”). Furthermore,
ACTRIS (2021) based on Wiedensohler et al. (2012) provide a set of
recommendations for the outdoor measurement of both UFP-PNSD and
PNC which are close to the CEN standards, but allow for measurement of
particles with diameters below 10 nm if required (e.g., Lehtipalo et al.,
2022; Manninen et al., 2016).
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The lack of harmonisation between these measurements (both in
terms of instrumentation and measurement conditions) makes the direct
comparison of data from different cities very difficult: a large difference
in the lower detection limit might account for a large difference in total
PNC or the Nucleation mode (<25 nm). These differences might also
lead to inconsistent results when relating UFPs to health effects (Cassee
etal., 2019; Rivas et al., 2021). The major differences occur for the PNC
of the smaller particle sizes (<25 nm where high PNC and low mass
concentrations occur), and may vary over time (i.e., at midday nucle-
ation periods or traffic rush hours) and space (Azimi et al., 2014; Baldauf
et al., 2016; Fazli et al., 2019; Gani et al., 2021; Sun et al., 2019; Tobias
et al., 2018; Von Bismarck-Osten et al., 2013; Wehner et al., 2002).
Thus, primary UFP emitted by traffic are drastically reduced after rush
hours, and these are diluted very fast, decreasing concentrations within
10 s of meters from the kerb site (Montagne et al., 2015; Zhu et al.,
2002a,b); while secondary UFP might have a smother time and spatial
variability (Dall’Osto et al., 2013).

According to a recent review on UFP source apportionment based on
UFP-PNSD measurements by Hopke et al. (2022), the typically reported
sources of UFP include nucleation, several traffic sources (fresh to aged),
domestic and residential heating, regional secondary inorganic aerosols
(i.e. regional nitrate and sulphate), particles associated with oxidants as
represented by Os (i.e. regional secondary organic and inorganic aero-
sols) and other sources (such as biomass burning, urban background
sources, industrial emissions, mixed sources, dust and unknown sour-
ces). Shipping and aviation might also contribute to increasing UFP
concentrations with a prevalence of the lowest mode (Diesch et al.,
2013; Lorentz et al., 2019; Stacey et al., 2021). When focusing on Eu-
ropean urban background and traffic sites, traffic UFP contributions
dominate PNC, followed by nucleation or new particle formation (NPF),
with NPF varying widely according to the climatic region (i.e., it is
usually higher in the high-insolation areas; but not consistently) (Bou-
siotis et al., 2021; Brines et al., 2015; Harrison et al., 2011; Kerminen
et al., 2018; Petaja et al., 2007; Reche et al., 2011; Rivas et al., 2021;
Salma et al., 2011; Sun et al., 2019). Focusing on NOx, several studies
agree that one of the main sources of PNC and NOy are vehicle engines,
suggesting that this could be one of the factors behind their strongly
correlated (Beevers et al., 2012; Grundstrom et al., 2015; Johansson
et al., 2007). Sanchez Jiménez et al. (2012) corroborated this evidence
and also suggest that correlations with NOy or NO, are higher in traffic
sites than in urban background sites, because traffic sites are mainly
influenced by car emissions and urban background sites may be influ-
enced by common local sources, resulting in a decrease in correlation
between PNC and NOy or PNC and NO». In addition, Rivas et al. (2020)
also evidenced several sources in the urban background at different
European sites where traffic sources were associated with elevated NO4
concentrations. Wolf et al. (2017) found high levels of correlation be-
tween PNC and NOy concentrations in the city of Augsburg, influenced
by common local sources but in this case pointing to traffic and indus-
trial sources as main factors. These studies found that, in urban areas of
Europe, the main source contribution arises from road traffic and in-
creases ambient air UFP concentrations with major modes from 15 to 50
nm, depending on the ageing stage (Harrison et al., 2011; Wehner et al.,
2002).

Other relevant source contributions include regional UFPs (usually
with 80-100 nm modes, Sun et al., 2019) via NPF and growth (e.g.,
Kerminen et al., 2018). The contribution from NPF is characterised by an
increase in UFPs with diameters below 20 nm and has been described as
occurring in urban areas in two ways. The first is fast nucleation
following the morning UFP peak (caused by high primary semi-volatile
exhaust emissions) that nucleates as these dilute and cool (Harrison
et al., 2011). The second is the midday or midday-morning UFP peak
caused by photochemical NPF occurring with lower levels of pollution
(low condensation sink); this may be followed by particle growth, which
is attributed to regional (nucleation and growth) or urban (nucleation
burst) origins (Hopke et al., 2022; Kerminen et al., 2018; Stanier et al.,
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2004). UFP concentrations could even be twice as high during NPF
events than they are during non-events (e.g., Bousiotis et al., 2021;
Casquero-Vera et al., 2021; Németh and Salma, 2014; Thén and Salma,
2022). Recent studies carried out with complex instrumentation to
analyse the ion clusters that yield NPF in urban areas found that H,SO4
(and probably NH3 and/or amines) initiate nucleation, while the growth
of the nucleated particles is driven by multicomponent condensation of
the oxidation products of semi-volatile organic compound (SVOCs)
(Bousiotis et al., 2021; Brean et al., 2020; Kulmala et al. 2014; Yao et al.,
2018).

RI-URBANS is a European research project (Research Infrastructures
Services Reinforcing Air Quality Monitoring Capacities in European
Urban & Industrial Areas, the European Union’s Horizon 2020 research
and innovation program, 101036245) is a European research project
which demonstrates the applications of advanced air quality service
tools in urban Europe to the assessment of policy decisions in order to
better abate pollution and supply accurate information for health
studies. The measurement of UFP-PNSD and its applications in air
quality assessment is a major goal of RI-URBANS. In this context, this
study aims to compile existing UFP-PNSD measurements in urban
Europe and to evaluate these data according to (i) the instrumental and
methodological approaches implemented; (ii) the comparison of urban
concentrations across Europe; (iii) the identification of similarities and
major differences; and (iv) the evaluation of relationships with other
pollutants, such as BC, PM (PM;o, PM3 5, PM;), and gaseous pollutants
(SOy, NO, NOj, O3, CO), and with meteorological parameters. The re-
sults of the source UFP apportionment for the datasets reported here will
be presented in a subsequent article.

2. Methodology
2.1. Cities and sites providing UFP-PNSD data

This study is based on UFP-PNSD data from 2017 to 2019 provided
by air quality monitoring networks and research supersites to RI-
URBANS. These include (Fig. 1 and Table 1):

o Sixteen urban background (UB) sites covering most of Europe: Ath-

ens (ATH), Barcelona (BCN), Birmingham (BIR), Budapest (BUD),

Dresden (DRE), Granada (GRA), Helsinki (HEL), Langen (LAN),

Leipzig (LEI), two in London (LND and LND2), Madrid (MAD),

Marseille (MAR), Miilheim (MUL), and Zurich (ZUR), along with and

Rochester (ROC) in New York state in the USA.

Six traffic (TR) sites in Central (C), Western (W) and Northern (N)

Europe: DRE, HEL, two in LEI (LEI and LEI2), LND and Stockholm

(STO), but none in Southern (S) Europe or Eastern (E) Europe. A TR

air quality station BUD providing data on ancillary pollutants is used

for interpreting the nearby BUD_UB site, because these pollutants are
not measured at BUD_UB.

Four suburban background (SUB) sites: ATH, Lille (LIL), Paris (PAR)

and Prague (PRA).

e One regional background (RB) site in the Po Valley in Italy (Ispra,
ISP), which was included because no datasets could be obtained from
urban areas in the Po Valley, a pollution hotspot in Europe where
most of the PM pollution has a regional origin.

Thus, in total, twenty-seven supersites provided hourly 2017-2019
data on UFP-PNSD for this study. This period was selected to obtain
relatively recent data without the effect of the decrease of pollution due
to the COVID-19 lockdown-associated measures, which varied both
across urban Europe (Eleftheriadis et al., 2021; Putaud et al., 2021;
Salma et al., 2020) and globally (Torkmahalleh et al., 2021).

From the twenty-seven sites of the study, twelve have already re-
ported data to the ACTRIS data Centre (EBAS, https://actris.nilu.no/Dat
a/Policy/) (ATH_SUB, GRA_UB, HEL_UB, ISP_RB, MAD_UB, PAR_SUB,
PRA_SUB, the three sites from LEI and the two from DRE), but fifteen
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Fig. 1. Location of the cities supplying data on particle number concentrations and size distributions for the present study and the type of station. UB, Urban

background; TR, Traffic; SUB, Suburban background; RB, Regional background.

stations have not. Data on co-measured pollutants and meteorological
parameters were also collected, when available, from the same sites or
nearby air quality monitoring sites.

The selection of cities allowed coverage of the entire European urban
concentration ranges of urban pollutants other than UFP (NO, NO3, BC,
PM,, CO, SO, and Os, Table S1), and of meteorological patterns
(Figure S1 and Table S1). The warmest cities were ATH and BCN (with
average temperatures of 19 °C), followed by MAD, MAR and GRA
(17 °C), BUD, LIL, ISP, ZUR, PAR, MUL, LEI, LAN and BIR (14-12 °C),
LND, DRE, ROC, PRA and STO (11-9 °C) and HEL (7 °C). Similarly, a
wide range of insolation is also covered, with ATH, MAD, GRA and BCN
at an average of 206-187 W m ™2, followed by LIL, LAN, ZUR, STO, BUD
and ISP (179-150 W mfz) and PAR, HEL, DRE, LEI, BIR and MUL
(134-93 W m~2). The most humid cities were BIR, LIL, LND, LAN, PAR,
HEL, MUL, PRA, BCN, ISP and DRE (86-70% average relative humidity),
followed by STO, LEI, ROC, ZUR and BUD (69-64%) and ATH, MAD and
GRA (56-48%). Average wind speed was higher in LND, PRA, STO and
MAD (4.3-3.4 m 571), followed by HEL, MUL, ATH, PAR and BUD
(3.3-2.5m s 1), LAN, ZUR, BCN, LEL LIL and GRA (2.2-1.4 m s 1) and
DRE, MAR and ISP (1.2-0.5 m s™!). However, the different altitudes at
which the wind speed was measured in various cities makes it difficult to
compare wind speeds appropriately.

2.2. Measurements

The instrumentation used for measuring UFP-PNSD and BC at the
different stations is reported in Table 2. Meteorological parameters and
concentrations of PM and gaseous pollutants were recorded in each (or
nearest) station by instrumentation fulfilling European standards. It is
important to note that the gaseous pollutants in Budapest were
measured at the nearest station, which is characterised as a typical
traffic station (BUD_TR). All the data received were averaged to hourly
values.

Different instruments were used to obtain the compiled UFP-PNSD
datasets; therefore, the measured size ranges measured varied. The in-
struments used were the Scanning Mobility Particle Sizer (SMPS), Dif-
ferential Mobility Particle Sizer (DMPS), Twin Scanning Mobility

Particle Sizer (TSMPS) or Twin Differential Mobility Particle Sizer
(TDMPS) (Table 2). ACTRIS and CEN guidance (see introduction) rec-
ommends a size measurement range of 10-800 nm. However, lower
sizes are measured for research purposes (specifically, to study nucle-
ation episodes). Thus, some stations start measuring PNSD at finer sizes
(HEL_UB and HEL _TR, 3 and 6 nm, respectively; DRE_TR, 5 nm; BUD_UB,
6 nm) or stop measuring PNSD at coarser upper limits (HEL_UB and TR,
891 nm; BUD_UB, 1000 nm). Nevertheless, the latter affects total PNC to
a lower degree than the former because of the relatively low PNC within
the coarser sizes. Furthermore, several sites start size measurements at
11 to 17 nm (BCN_UB, BIR_UB, GRA_UB, LIL_SUB, the three sites from
LND, MAR_UB, MUL_UB, PAR_SUB, ROC_UB and ZUR_UB) rather than
the recommended 10 nm, or stop measurements at lower sizes (410 to
792 nm, the two sites from ATH, BCN_UB, BIR_UB, GRA_UB, LAN_UB,
MUL _UB, LIL_SUB, the three sites from LND, MAD_UB, MAR_UB, PAR -
SUB, PRA-SUB, ROC_UB, STO_TR and ZUR_UB) than the recommended
800 nm.

2.3. Data treatment

Data treatment and statistical analysis were carried out using R
statistical software (v4.1.3) and the Openair package (Carslaw and
Ropkins, 2012).

3. Results and discussion
3.1. Concentrations of ancillary pollutants

Mean concentrations of NO, (Table S2) reached 80 pg m~2 in
LND_TR and 46 yg m 2 in BUD_TR, 30-36 pg m ™ in the LEI_TR, STO_TR,
GRA_UB, HEL TR and LND_UB sites, 25-30 pg m~ in the ATH_UB,
MAR_UB, DRE_TR, BCN_UB, LND2_UB and LIL_SUB sites, 15-25 ug m >
in the ZUR_UB, LAN_UB, MUL_UB, DRE_UB, BIR_UB, MAD_UB, PRA_SUB
and ROC_UB sites, and lower than 15 pg m 3 in the ATH_SUB, PAR_SUB,
HEL_UB and ISP_RB sites. NO concentrations followed a similar trend
with slight differences. Thus, as expected, the highest NO, and NO
concentrations mainly occurred at the TR > UB > SUB and RB sites, as in
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Table 1

List of air quality sites supplying UFP-PNSD datasets to this study with location
and type of environment. Coor., Coordinates; Alt., Altitude; UB, Urban Back-

ground; TR, Traffic; SUB, Suburban Background; RG, Regional Background.

City (Country)

Station Name

Station
type

Acronym

Coor.;
(Alt., m a.
s.L.)

Athens (GR)

Barcelona (ES)

Birmingham

(GB)

Budapest (HU)

Dresden (DE)

Granada (ES)

Helsinki (FI)

Langen (DE)

Leipzig (DE)

London (GB)

London (GB)

Madrid (ES)

Marseille (FR)

Miilheim an der

Ruhr (DE)

Rochester NY

(Us)

Zurich (CH)

Dresden (DE)

Helsinki (FI)

Leipzig (DE)

Leipzig (DE)

London (GB)

Stockholm (SE)

Budapest (HU)

Athens (GR)

Lille (FR)

Thissio

Palau Reial

BAQS

CAAG

Winckelmannstrafe

UGR

SMEARIII

UBA

TROPOS

North Kensington

Honor Oak Park

CIEMAT-Moncloa

Longchamp
Miilheim-Styrum

NYS DEC

Kaserne

North

Mékelankatu

Supersite

Mitte

Eisenbahnstrape

Marylebone Road

Hornsgatan

OLM Széna Square

Demokritos

Villeneuve d’Ascq

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

UB

TR

TR

TR

TR

TR

TR

TR

SUB

SUB

ATH_UB

BCN_UB

BIR_UB

BUD_UB

DRE_UB

GRA_UB

HEL_UB

LAN_UB

LEI.UB

LND_UB

LND2_UB

MAD_UB

MAR_UB

MUL_UB

ROC_UB

ZUR_UB

DRE_TR

HEL_TR

LELTR

LEI2 TR

LND_TR

STO_TR

BUD_TR

ATH_SU

LIL_SUB

38.00 N,
23.72 E;
(110)
41.39 N,
2.13E; (80)
52.46 N,
1.93W;
(140)
47.48 N,
19.06 E;
(115)
51.04 N,
13.73 E;
(120)
31.18 N,
3.58 W;
(680)
60.12 N,
24.58 E;
(26)
50.00 N,
8.39E;
(130)
51.35N,
12.43 E;
(113)
51.52 N,
0.21 W;
(27)
51.45N,
0.04 W;
(36)
40.45 N,
3.73 W;
(669)
43.31N,
5.39 E; (71)
51.45N,
6.87 E; (39)
43.15N,
77.55 W;
(137)
47.38 N,
8.53 E;
(410)
51.09 N,
13.76 E;
(116)
60.19 N,
24.95 E:
(26)
51.34 N,
12.38 E;
(111)
51.35N,
12.41 E;
(120)
51.52 N,
0.15W;
(35)
59.32 N,
18.05 E;
(20)
47.51N,
19.03 E;
117)
37.99 N,
23.82 E;
(270)
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Table 1 (continued)

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

s.L.)

50.61 N,
3.14 E; (70)
48.71N,
2.16 E;
(162)
50.13 N,
14.38 E;
277)
45.80 N,
8.63 E;
(209)

Paris (FR) SIRTA SUB PAR_SUB

Prague (CZ) Schudol SUB PRA_SUB

Ispra (IT) JRC RG ISP_RB

urban Europe traffic is the primary source of these pollutants (Nguyen
et al., 2018). An increasing concentration trend was also evident from N
to S Europe for UB sites, with BIR_UB, ROC_UB and HEL_UB recording
the lowest concentrations and cities in E and S Europe the highest,
although LND_UB was also among the highest.

Mean concentrations of CO reached the highest value (0.66 mg m™~>)
in BUD_TR and 0.16 to 0.37 mg m~2 at all other sites (excluding the RB)
(Table S2). Concentrations of this pollutant were not higher at TR sites
compared with UB and SUB sites. Thus, sources beside traffic, such as
domestic biomass or coal burning (Querol et al., 2021), were expected.
However, problems in measuring this pollutant at low concentrations
might also negatively affect comparisons between cities.

Average SO, concentrations were <2.2 ug m~ in most cities, except
for PRA_SUB, DRE_UB, MAD_UB, BUD_TR, LND_TR, GRA_UB and
ATH_UB, where concentrations reached 2.6 to 7.0 ug m 3 (Table S2).
Higher concentrations are probably associated with the domestic use of
coal or oil (EEA, 2021).

Average O3 concentrations fell in the range of 40-60 ug m~> in most
cities except for LND_TR, BUD_TR, MAD_UB, ATH_UB and ATH_SUB
with 19, 27, 67, 74 and 82 pg m 3, respectively (Table S2). The traffic
sites recorded relatively low concentrations due to the titration of Og by
NO. Annual urban background O3 concentrations were higher in HEL (N
Europe) than in BCN (S Europe); this was the converse of what was
occurring in the background concentrations (EEA, 2021). The higher
urban NO concentrations observed over BCN are probably consuming
O3, leading to low O3 concentrations.

PM;( concentrations were markedly higher in the UB sites of BUD,
ATH and GRA (33-37 pug m_3), intermediate in ISP_RB and the TR sites
of STO, LND, LEI and DRE, PRA_SUB and BCN-UB (20-25 pg m73), and
lower in LIL_.SUB, MUL UB, DRE UB, HEL TR, MAR_UB, ATH SUB,
LND2_UB, MAD_UB, ZUR_UB, PAR_SUB, LND_UB, LAN_UB, BIR_UB and
HEL UB (10-19 ug m*3). The highest average PM; 5 concentrations were
recorded in ATH_UB, BUD_UB and PRA_SUB (16-19 ug m~3), while in-
termediate (11-15 ug m~3) and lower (4.2-9.2 ug m~3) concentrations
were recorded in the same groups of sites listed above for PM;, with
slight variations. PM; concentrations were measured only in MUL_UB,
LND_TR, LND2_UB, LAN_UB, MAR_UB, BCN_UB, LND_UB, BIR_ UB,
PAR_SUB and STO_TR (12, 11, 10, 9.1, 8.9, 8.6, 8.0, 7.6, 7.5 and 6.3 pg
m 3, respectively). The narrower concentration ranges of PM; compared
with that of PMj 5 probably reflects the higher impact of dust (road dust,
desert dust or construction dust) on PMs 5 concentrations in the drier
MAR and BCN sites compared to the C European cities.

As expected, the twenty-four available datasets of twenty-seven sites
indicate that BC concentrations were higher in the TR sites of LND, LEI
and LEI2 (1.5-2.7 ug m~>), as well as in the five S European UB sites at
GRA, ATH, MAR, BCN and MAD and at ISP_RB (1.2-2.0 ug m73), and
were intermediate in the UK and C European cities (LND2_UB, LIL_SUB,
LEI_UB, MUL_UB, LND_UB, BIR_UB, ATH_SUB, DRE_UB and PAR_SUB)
and the TR sites of DRE, STO and HEL (0.91-1.1 ng m’g). The lowest
concentrations were recorded in the UB sites of ZUR, ROC and HEL
(0.33-0.48 ug m~3). BUD, with high levels of traffic-related pollutants,
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Table 2

Instruments used to measure UFP-PNSD and BC in the different stations. ND,
Not-determined; SMPS, Scanning Mobility Particle Sizer; CPC, Condensation
Particle Counter; MAAP, Multi-Angle Absorption Photometer; DMPS, Differen-
tial 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;
UB, Urban Background; TR, Traffic; SUB, Suburban Background; RG, Regional
Background.

Station UFP-PNSD Equipment Range BC Equipment
Name (nm)
ATH_UB SMPS TSI 3080L + CPC TSI 10-467 Magee Scientific
3772 Aethalometer AE33
BCN_UB SMPS TSI 3080 + CPC TSI 12-478 THERMO 5012
3772 MAAP
BIR_UB SMPS TSI 3082 + CPC TSI 13-552 Magee Scientific
3750 Aethalometer AE33
BUD_UB DMPS + CPC TSI 3775 11-816 ND
DRE_UB TROPOS-TSMPS uses a Vienna- 10-800 THERMO 5012
type DMA 28 cm + CPC TSI MAAP
3010/3772
GRA_UB SMPS TSI 3082 + CPC TSI 11-496 THERMO 5012
3772 MAAP
HEL_UB TDMPS Hauke-type DMA 10.9 10-794 THERMO 5012
cm + CPC TSI 3025 MAAP
LAN_UB SMPS TSI 3080 + TSI 3772, 10-544 ND
rebuild at TROPOS incl.
software
LEI_UB TROPOS-TDMPS uses a 10-800 THERMO 5012
Vienna-type DMA 11 cm + MAAP
UCPC TSI 3025
LND_UB SMPS TSI 3080 + CPC TSI 17-604 Magee Scientific
3775 with long DMA Aethalometer AE33
LND2_UB SMPS TSI 3080 + CPC TSI 17-604 Magee Scientific
3775 with long DMA Aethalometer AE33
MAD_UB SMPS TSI 3080L + CPC TSI 15-661 Magee Scientific
3775 Aethalometer AE33
MAR_UB SMPS TSI long DMA 3081A + 15-661 Magee Scientific
CPC TSI 3752 Aethalometer AE33
MUL_UB SMPS TSI 3080 + CPC TSI 14-496 Magee Scientific
3772 Aethalometer AE33
ROC_UB SMPS TSI 3071 + CPC TSI 11-467 Magee Scientific
3010 Aethalometer AE21
ZUR_UB SMPS TSI 3034 + Nafion 17-478 Magee Scientific
aerosol dryer Aethalometer AE33
DRE_TR TROPOS-SMPS uses a Vienna- 10-800 THERMO 5012
type DMA 28 cm + CPC TSI MAAP
3772
HEL_ TR UHEL DMPS Vienna-type DMA 11-800 THERMO 5012
+ CPC Airmodus A20 MAAP
LEI TR TROPOS-TDMPS uses a 10-800 THERMO 5012
Vienna-type DMA 11 cm + MAAP
UCPC TSI 3025
LEI2_ TR TROPOS-TDMPS uses a 10-800 THERMO 5012
Vienna-type DMA 11 cm + MAAP
UCPC TSI 3025
LND_TR SMPS TSI 3080 + CPC TSI 17-604 Magee Scientific
3775 with long DMA Aethalometer AE33
STO_TR SMPS TSI 3071 + CPC TSI 10-410 Magee Scientific
3775 Aethalometer AE33
ATH_SUB SMPS TSI 3080 + CPC TSI 10-550 Magee Scientific
3772 Aethalometer AE33
LIL_SUB SMPS TSI 3082 + CPC TSI 20-594 Magee Scientific
3750 Aethalometer AE33
PAR_SUB SMPS GRIMM 5416 + OPC 11-792 Magee Scientific
GRIMM Aethalometer AE33
PRA_SUB SMPS TSI 3034 rebuilt at 10-519 ND
TROPOS
ISP_RB DMPS Vienna-type, home- 10-800 THERMO 5012
made + CPC TSI 3010/3772 MAAP

did not measure BC.

3.2. Particle number size distributions

The variability of UFP-PNSD concentrations over time is complex
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due to dynamic processes such as meteorology, emissions and atmo-
spheric processes such as NPF (nucleation), evaporation, condensation,
coagulation and deposition (Bousiotis et al., 2021; Harrison et al., 2019;
Qi et al., 2015).

As stated in the methodology, comparing concentrations in the
compiled PNC datasets was difficult due to the different size detection
limits used. Furthermore, in five datasets (BCN_UB, LIL_SUB, MAR_UB,
PAR_SUB, ZUR_UB) drastic positive or negative concentrations jumps in
the ending lower sizes were detected (Figure S2). This directly affects
the UFP PNC and it is for this reason that it has been decided to remove
these lower size ranges. This signal is most likely the result of a com-
bination of real concentrations at these sizes and measurement chal-
lenges at the low end of size distributions. In the urban environment,
size distributions are highly dynamic and variable over a time scale
ranging from seconds to minutes. Size distributions are measured by
sequentially scanning or stepping through the size range. Close to a
source of ultrafine particles, such as in traffic environments, a very
localised plume can consequently influence only one or a few size bins.
Furthermore, at size ranges close to 10 nm data inversion will amplify
small errors due to concurrent low detection efficiency of the CPC and
challenges in setting small classification voltages precisely and consis-
tently. This challenge is evident in the study by Wiedensohler et al.
(2012) as a higher instrument-to-instrument variability in the size range
below 20 nm. The next step to improve the data quality is utilisation of
specific instruments for the smaller size ranges (Kangasluoma et al.,
2020), which would be operated in parallel with the DMPS/SMPS sys-
tems. In this study, to circumvent these challenges for the measurement
of UFP-PNSD, the concentration values of the size bins lower than 12 nm
in BCN_UB, 20 nm in LI, SUB, 15 nm in MAR_UB, 11 nm in PAR_SUB and
17 nm in ZUR_UB were deleted (see ‘corrected range’ in Table S1 and
Figure S2). Thus, the minimum detection sizes at all the twenty-seven
sites ranged from 3 to 20 nm and the maximum detection sizes ranged
from 410 to 1000 nm. The coarser detection size has a small influence on
the total PNC. However, the lower size detection limit has a considerable
impact, especially on the Nucleation mode (Ny.25) concentrations. As an
example, HEL_UB measured UFP-PNSD with a size coverage from 3 to
794 nm and Lille from 20 to 594 nm. If we consider the range of 10 to
794 nm or 20 to 794 nm for HEL_UB the total PNC is reduced by 14% or
35% with respect to the 3 to 794 nm measurement. The nucleation mode
PNC is reduced by 33% from N3.55 to Njg.25 and by 82% from N3 55 to
Nog.25. However, for HEL_UB, the difference in the PNC from 3-794 nm
and 3-594 nm is <0.1%, because the low PNC in the coarse range of the
Accumulation mode.

However, only fifteen of the datasets had >70% data availability for
the study period and seven even had data availability of <50%. This
deficiency reflects the complexity of the UFP-PNSD measurements and
the need for detailed supervision and frequent instrumentation main-
tenance. RI-URBANS strongly recommends not only following the CEN
and ACTRIS protocols for measuring PNSD, but also following the
guidelines provided by Wiedensohler et al. (2012 and 2018) for the
harmonisation of technical standards and data structures to facilitate
high quality long-term observations of atmospheric PNSDs and cali-
bration procedures by Wiedensohler et al. (2012 and 2018).

This study analysed the N1¢.ggp and Nas5.ggo concentrations to reduce
this effect. In any case, when comparing PNC, one should consider site-
specific lower detection sizes. For instance, Nyg.594 (LIL_SUB) and Nj.
g00 (HEL_UB) were compared as N1g.goo = PNC, despite their different
sizes.

Once the datasets were corrected and the Njg.goo selected, Fig. 2
shows the UFP-PNSD data were classified into the following four groups
(as shown Fig. 2):

TR sites (DRE, HEL, LEI, LEI2, STO, LND). These sites have generally
high PNCs, with the highest values in the Nucleation mode due to freshly
emitted and quickly nucleated particles from traffic exhaust emissions
(Harrison et al., 2011; Ronkko et al., 2017; Sun et al., 2019; Wehner
et al., 2002; among others). LND presents low concentrations in the
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Fig. 2. Averaged 2017-2019 particle number size distributions for Traffic, Urban background sites from S, C and E Europe, Urban background from N, C Europe, UK

and N US, and Suburban and Regional background sites.

Nucleation mode and a prominent size mode around 30 nm because the
station is in a street canyon with high wind speeds. In this case, particles
are being transported and grow due to dynamic processes (Harrison
et al., 2019). However, an underestimation of the lowest size fractions
cannot be ruled out due to their detection limit (17 nm).

UB sites from S, C and E Europe (ATH, BCN, BUD, GRA, LAN, LEI,
MAD, MAR, MUL). Most of these sites also recorded high PNCs, but UFP-
PNSDs varied widely. Thus, BCN, MAR, LEI, LAN and MUL are charac-
terised by maxima PNC towards the finer sizes (pointing to a high impact
of fresh traffic emissions and NPF). At the same time, ATH had a wide
mode at 50 nm (indicating a more aged UFP and/or a relevant regional
contribution (Kalkavouras et al., 2021)). The PNSDs at the remaining
sites (GRA, BUD and MAD) have an intermediate prevalent mode in the
aitken sizes (25-30 nm, indicating an important traffic or airport in-
fluence) despite high PNCs in the Nucleation mode.

UB sites from N and C Europe, UK and N US (BIR, DRE, HEL, LND,
LND2, ROC, ZUR). These sites recorded relatively low PNCs and a
prevalent Aitken mode size (30-40 nm) indicating traffic influence, or
possibly airport influence as pointed out by Rivas et al. (2020), with a
relatively high load of the Nucleation mode in the cases of DRE, HEL and
ROC.

SUB and RB sites (ATH, LIL, PAR, PRA, ISP). These sites recorded
PNCs similar to the UB sites in N Europe but with a slightly coarser
prevalent mode (50 nm, indicating growth by ageing). As was expected,
the PNSD of the RB site (ISP) had a prevalent 100 nm mode, due to the
growth processes of the regional UFP in a highly polluted region such as
the Po Valley (Sandrini et al., 2014).

3.3. Particle number concentrations

Table 3 summarises the average concentrations of UFP-PNSD,
including Nucleation, Aitken and Accumulation modes (N1¢.25, N2s-100
and N19.g0o, respectively), Nos.goo and PNC (N1¢.goo)- All concentrations
are given in # cm ™S,

Focusing on UB sites, the highest PNCs were recorded in BCN, BUD,
GRA and MAR (11,200 to 10,300 # cm ™), followed by LAN, MUL, ATH,
LEI, MAD and DRE (10,000 to 6200 # cm_B) and LND, LND2, ROC, HEL,
ZUR and BIR (4500 to 3500 # cm’3) (Fig. 3). The above concentrations
fall in the lower range reported by globally focused studies of UFP. De
Jesus et al. (2019) reported a concentration range of 8000 to 19,500 #
em ™ for 10 cities located in North America, Europe, Asia, and Australia.
The concentration range reported in this present study is similar to that
obtained in each of two studies based on data from four European cities
(Hofman et al., 2016; Rivas et al., 2020), with 4800-11,300 # em S
These values are very close to the < 10,000 # cm ™ typical concentra-
tions at urban background concentrations suggested by Cassee et al.
(2019). Furthermore, and considering that WHO (2021b) Air Quality
Guidelines states that high UFP concentrations can be considered as a
health issue if daily averages exceed 10,000 # em 3, or 20,000 # cm 3
on 1-h mean, many of the study sites can be considered as high UFP ones.

TR sites record high PNCs, with 13,500 to 10,500 # cm ™ at the LEI,
LEI2, LND and HEL sites; followed by 8800 and 5100 # cm > at DRE and
STO (Fig. 3). There are no TR sites supplying UFP-PNSD data in S and E
Europe. Kumar et al. (2014) reported differences on into the cities by a
factor of 2 to 9 in European cities, with higher concentrations closer to
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Table 3
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UFP-PNSD arithmetic averages concentrations and their standard deviations, containing Nucleation, Aitken and Accumulation mode (Ny¢.25, N2s.100 and N1go.g00,
respectively), Nos.goo and PNC (N10.g00) from all different stations collected in RI-URBANS. ND, Not-determined; UB, Urban Background; TR, Traffic; SUB, Suburban

Background; RG, Regional Background.

Station Name Nio-25 610-25 N2s-100 625100 Nio-100 610-100 Ni100-800 6100-800 Nas.800 625-800 Nio-800 610-800
#cm™2 #cm™2 #cm™2 #cm™2 #cm™3 #cm™3 #cm™3 #cm™3 #cem™3 #cem ™3 #cem ™2 #cem™3
ATH_UB 1503 1312 5338 4642 6841 5448 1711 2060 7049 6393 8552 7064
BCN_UB 4245 4141 5560 3820 9805 6641 1380 901 6940 4441 11,186 7481
BIR_UB 661 632 2197 1813 2858 2263 673 647 2871 2318 3532 2725
BUD_UB 3691 3075 4973 3333 8664 5785 2173 1465 7146 4408 10,837 6653
DRE_UB 1935 2322 3038 2529 4973 4019 1242 1000 4280 3236 6215 4524
GRA_UB 3129 2677 5629 4160 8758 6230 1776 1431 7406 5395 10,535 7305
HEL_UB 1419 1526 2144 1764 3563 2913 644 507 2789 2056 4208 3119
LAN_UB 4628 4491 4074 2762 8702 5890 1254 888 5328 2999 9956 6657
LEI_UB 3236 4076 3524 2818 6760 5691 1403 1067 4928 3528 8163 6093
LND_UB 614 560 2983 2433 3597 2790 891 1003 3874 3223 4489 3535
LND2_UB 540 405 2912 2256 3452 2509 964 999 3875 3106 4415 3316
MAD_UB 1997 1908 4806 3632 6803 4942 1134 923 5940 4313 7937 5702
MAR_UB 2679 1760 5894 3881 8573 5160 1723 1539 7618 5161 10,297 6274
MUL_UB 2810 2139 5058 3375 7868 4955 1062 804 6120 3855 8930 5351
ROC_UB 1434 1428 2370 1849 3804 2867 602 430 2973 2105 4407 3076
ZUR_UB 296 264 2845 2156 3141 2336 1061 707 3905 2696 4201 2860
DRE_TR 3647 2939 3892 2499 7539 4655 1252 809 5144 3077 8791 5051
HEL_TR 6091 6704 3357 2816 9448 8698 1009 704 4366 3322 10,457 9088
LEI_TR 6711 5725 5272 3062 11,983 7750 1580 936 6852 3696 13,563 8134
LEI2 TR 5249 5252 5075 3368 10,324 7331 1699 1142 6774 4217 12,023 7860
LND_TR 1961 1270 6753 3943 8714 5045 1900 1261 8653 5016 10,614 6070
STO_TR 1646 1441 2756 1807 4402 2848 653 416 3409 2005 5056 3016
ATH_SUB 1654 2749 3245 2469 4899 4561 1203 725 4449 2923 6103 4892
LIL_SUB 560 625 4148 2829 4708 3230 1421 1103 5569 3557 6129 3890
PAR_SUB 1022 1055 2567 1997 3589 2789 876 708 3443 2510 4465 3241
PRA_SUB 2209 2689 3722 2636 5931 4471 1508 1101 5230 3312 7439 4875
ISP_RB 996 1231 4058 2459 5054 2924 2319 2133 6377 4189 7373 4351
433
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Fig. 3. Regional variability of averaged 2017-2019 particle number concentrations (in # cm 2 10°%) size fractions (in # cm 2 10°%) and black carbon (BC in ng m3)
in Europe. For Njg.o5, only sites with a lower size detection limit of 10-14 nm are included. UB, Urban background; TR, traffic; SUB, Suburban background; RB,
Regional background. Shadowed areas include the UB sites recording the lowest (green), intermediate (orange) and highest (grey) concentrations. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the traffic sites, however in this study this factor is considerably lower
(1.2 to 2.5). Moreover, Morelli et al. (2015), Sanchez Jiménez et al.
(2012) and Sun et al. (2019) reported the high PNC concentrations for
TR sites from 5 European countries, with values of 11,100 to 25,000 #
em 2.

Additionally, the SUB and RB sites recorded relatively low concen-
trations, with 7400 to 4500 # em ™ in PRA_SUB, ISP_RB, LIL_SUB,

ATH_SUB and PAR_SUB (Fig. 3). Vratolis et al. (2019) reported a mean
value of 7600 # cm ™ in the size range 13 to 661 nm for the period June
to August 2012 at the ATH_SUB station. The results thus show, in
addition to the higher TR UFP concentrations generally reported by
other studies, such as Sanchez Jiménez et al. (2012), Sun et al. (2019),
Thén and Salma (2022), among others, a clear increasing trend of UB
PNC from N (3500-4500 # cm ) to C (6200-10,000 # cm ) to S
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(10,300-11,200 # cm™2) Europe (Fig. 3); this is probably associated
with higher pollution levels, insolation (and NPF) and the impact of
shipping emissions. This European spatial pattern is quite similar to that
found for O3 (EEA, 2021), although no correlation has been found be-
tween O3 and PNCs in the present study. The increase in both PNCs and
O3 is most likely favoured by atmospheric conditions and emission
patterns in S and E Europe (Carnerero et al., 2019).

When the Njsggo values were compared to UFP concentrations
(Fig. 3) without the artefact of the different lower size detection limit, a
similar (to PNC) N-C-S Europe increasing trend and higher TR-UFP
concentrations were again observed. Thus, TR sites reached 4400 to
8700 # cm ™ Nos.g00, except for STO_TR (3400 # cm’3). For UB sites,
the highest concentrations were reached in S and E European sites
(5900-7600 # cm_g), intermediate concentrations in C European sites
(3900-6200 # cm’3), and the lowest concentrations in N European sites,
including the UK and ROC (2800-3900 # cm’3). The main difference
found between the spatial pattern of Ny5.ggp and that of Nyq.ggo was the
inclusion of ATH_UB in the S European high concentration range of Nys.
800, but in the intermediate range of N1g.goo, which indicates the low
relevance of NPF processes in ATH compared to cities in the W
Mediterranean.

Alternatively, the preservation of the N-C-S Europe increasing N-C-S
Europe UFP trend when evaluating Nos goo points to higher pollution
over S and E Europe as the primary cause of this spatial trend, to a
greater degree than higher NPF associated with meteorological char-
acteristics. This finding is also supported by the spatial patterns of
concentrations of BC (Fig. 3), which are very close to those of Nas5.ggo.
First, the TR sites reached the highest BC (0.99-2.7 ug m™>), with the
highest concentrations in LND (again, the reader might consider that TR
sites from S and E Europe were not included in this study). For the UB
sites, the highest BC concentrations were reached again reached in S
Europe (1.2 and 2.0 ug m’3), the intermediate concentrations (0.74-1.1
pg m~3) in C Europe and the UK, excluding ZUR (0.48 ug m~2), and the
lowest concentrations (0.32-0.43 ug m~>) in N Europe and ROC in N US.
The main difference in the spatial patterns of UB sites in Europe is the
inclusion of the UK sites in the intermediate concentration range
(comparable to C Europe) for BC and the low range (comparable to N
Europe) for Nas_goo. According to prior studies (i.e., Reche et al., 2011),
the main source of BC in urban areas of European cities is road traffic
(especially pre-Euro5 diesel vehicles), however the contribution of other
sources such as biomass or agricultural burning cannot be excluded. The
typical diurnal patterns of BC associated with hourly traffic (see below)
in these cities points to road traffic as the major source.

3.4. Particle number concentrations according to size

The aforementioned differences in lower size detection limits and the
correction of diffusion losses for the datasets compiled in this study was
a significant drawback when comparing Nj¢.25. Thus, independently of
the location and type of site, for those starting measurements at 10-14
nm the Nucleation mode reached 34 + 11% of PNC, while for those
starting at 15-20 nm it reached only 16 + 7%. Therefore, the pro-
portions of the Nucleation/Aitken/Accumulation modes in PNC are only
discussed for those distributions starting at 10-14 nm. For this subset of
sites, the highest Nucleation mode proportions in PNC were reached at
the TR sites (42-58%, excluding STO, 33%). For UB sites, the lowest
proportions were reached in ATH and BIR (18 and 19%, respectively),
intermediate proportions (30-34%) in GRA, BUD, MUL, HEL and DRE,
and the highest proportions (38-46%) in BCN, LEI and LAN. Conse-
quently, for the UB: (i) the highest proportion of Nucleation mode
concentrations was reached not only at sites from S Europe, but espe-
cially in C Europe (LEI and LAN), followed by one site in S Europe (BCN);
and (ii) one S Europe site (ATH) had the lowest proportions due to the
high concentration sink in this urban zone, which produced high con-
centrations of Aitken and Accumulation modes (Vratolis et al., 2019). In
addition, moderately low Nucleation mode proportions were found at
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the SUB sites of PRA, ATH and PAR (32, 27 and 23%), with the lowest at
ISP_RB (14%). Accumulation mode proportions for PNC reached only
10-20% in all evaluated datasets, excluding ISP_RB at 31%. Aitken mode
proportions reached 32-44% of PNC at the TR sites, excluding STO at
54%; 41-57% at the UB sites (with the highest at BIR and ATH, both
62%); and 48-57% at all SUB and RB sites.

The percentage of UFP (N1¢.100) in PNC reached an average of 84 +
3.7% for all TR, UB and SUB sites with measurements starting at sizes
ranging from 10-14 nm, and 69% in the RB. The data cannot resolve the
contribution of sub-10 nm aerosols. Consequently, processes such as
formation of newly formed particles by nucleation occur below the
detection limit (Okuljar et al. 2021; Ronkko et al. 2017).

The higher Nucleation mode proportions for PNC in specific UB sites
of C Europe (LAN and LEI), with lower insolation than in S Europe,
suggest that photochemical regional or urban NPF did not exclusively
drive the high proportions of the Nucleation mode, as previous work has
concluded (Dall’Osto et al., 2013), but is also influenced by traffic
contributions (Bousiotis et al., 2021: Harrison et al., 2011; Sun et al.,
2019; Wehner et al., 2002) and the fumigation of the surface by higher-
altitude atmospheric layers enriched in Ny 25 by NPF processes during
the growth of the planetary boundary layer (PBL) (Junkermann et al.,
2016); the impact of airports (Rivas et al., 2019), shipping, power plants
or industrial pollution plumes might also play a significant role (Cheung
et al., 2011; Diesch et al., 2013; Junkermann et al., 2016; Petzold et al.,
2008; Stacey et al., 2021; Thomson et al., 2018). A relevant contribution
to PNC from regional transport of UFP and the inhibition of relevant NPF
might be major causes of the lowest proportion of Nucleation mode
particles in ATH and coarser UFP compared with other UB sites (Kal-
kavouras et al., 2021).

3.4.1. Nucleation mode (N19.25)

Considering only those sites with <14 nm as lower size limit for the
PNSD measurements, the absolute Nucleation mode concentrations
were lower at the SUB (10002200 # cm —>) and RB (1000 # cm~>) sites
and markedly higher at the UB (1500-4600 # cm ™, excluding BIR_UB,
with 700 # cm’s) and TR sites (3600-6700 # cm’3, excluding STO_TR,
with 1600 # cm ™). Considering only UB sites, N1g.25 were higher in C, E
and SW Europe (2800-4600 # cm’g, excluding DRE, 1900 # em3) and
lower in N and SE Europe and N US (700-1500 # cm~>). The highest UB
Nucleation mode concentrations were recorded at the following sites in
the order: LAN > BCN > BUD > LEI > GRA > MUL > DRE > ATH > ROC
> HEL. Therefore, as previously stated, it is not the case that S Europe
(with higher insolation) records the highest concentrations of the
Nucleation mode, but the contribution of other sources and processes
(see above) probably significantly contributes to increasing the finest
UFPs, especially in C and E Europe.

3.4.2. Aitken mode (N25_100)

For the Aitken mode, all twenty-seven datasets were considered since
all sites started measurement at lower sizes than 25 nm. Small differ-
ences were found between the Aitken mode concentrations obtained at
TR sites (2800-6800 # cm™>) and those obtained at UB (2100-5900 #
cm73), SUB (26004100 # cm~>) and RB (4100 # cm™>) sites. However,
in the last case, the reader must consider that ISP is located in the Po
Valley. The lack of data from TR sites in S Europe makes it difficult to
compare concentrations at TR versus UB sites across Europe. However,
for UB sites, marked regional trends were again found, with the highest
concentrations in S Europe (4800-5900 # cm_s), intermediate con-
centrations in C Europe (2800-5100 # c¢m~3) and the lowest concen-
trations in N Europe, the UK and N US (2100-3000# cm’s); again, this
runs parallel to the air pollution trends.

3.4.3. Accumulation mode (N1¢¢-800)

The Accumulation mode concentrations at the UB sites were also
higher in S Europe (1400-2200 # cm’3, excluding MAD, 1100 # cm™3)
than in C (1100-1400 # cm>) and N Europe, the UK and N US
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(600-1000 # cm3). Variability was high at the SUB and RB sites, with
three SUB sites in the range 1200-1500 # cm >, PAR_SUB at 900 # cm >
and ISP_RB at 2300 # cm™°. Because the coarser detection limit varies
across these datasets from 400 to 800 nm, it is difficult to make robust
conclusions for this size mode.

3.5. Time variability, daily and seasonal patterns of PNC and BC

BC and PNC concentrations have parallel daily patterns, with the
highest concentrations found during traffic rush hours at most sites
(Fig. 4), as observed in many prior studies (Joerger and Pryor, 2018;
Rivas et al., 2020; Sun et al., 2019; Von Bismarck-Osten et al., 2013;).
Furthermore, a considerable number of these (LEI_UB, BCN_UB, LEI_TR
and LEI2 TR, LAN_UB, MUL_UB, DRE_TR, BUD_UB, GRA_UB, ATH_UB,
ATH_SUB, PRA_SUB and DRE_UB) recorded late morning-midday PNC
peaks with very low BC (Fig. 4). In these cases, the intensity of the PNC
midday peak varied widely, from those sites where similar concentra-
tions to those found in the traffic rush hour peak were reached (the three
LEI sites, BCN_UB, ATH_SUB, MUL _UB, the two DRE sites, BUD_UB and
LAN_UB) to others where the midday peak was markedly lower than
concentrations from traffic (ATH_UB, GRA_UB and PRA _SUB). Fig. 5
reveals that Nucleation mode peak concentrations, mainly caused by
this midday PNC increase, were higher than those recorded during
traffic rush hours for a considerable proportion of the sites (see the three
LEI sites, BCN_UB, LAN_UB, MUL_UB, the two DRE sites, ATH_UB,
ATH_SUB, PRA_SUB and ISP_RB). In these cases, the aforementioned
photochemical nucleation and the fumigation of higher-altitude air
layers rich in Nucleation mode particles, along with pollution plume
impacts, made relevant contributions to PNC, and especially to N1¢.25.

When simultaneously evaluating daily and seasonal patterns of PNC
and BC, the following three types of sites were considered:

Road traffic controlling ambient PNC (Ny¢.ggo): This type of site,
of which ATH_UB is an example (see bottom of Fig. 6), had a PNC peak at
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traffic rush hours and a PNC which was co-variant with BC (and NO»,
NO, NOy and CO, not shown). Furthermore, the seasonal trends of BC
and PNC were very similar, with high winter and low summer concen-
trations. At these sites, the midday PNC peak was very weak (or absent)
compared with peaks during traffic rush hours. Thus, the daily BC and
PNC trends were also very similar. In this case, the highest (but still very
soft) midday Nucleation mode occurred in winter-autumn, not in sum-
mer as in most cases. Furthermore, these sites were characterised by
markedly lower weekend concentrations of both BC and PNC, pointing
to a high impact of traffic emissions on the concentrations of both var-
iables. The study sites with similar behaviour are GRA_UB, HEL_TR,
MAD_UB, MAR_UB, PAR_SUB, ROC_UB, STO_TR and ZUR_UB (Table S3).

Conversely, some sites had higher midday/morning PNC, than
traffic rush hour: An example is LEI_UB (see top of Fig. 6), in which the
highest PNC was recorded outside traffic rush hours, at around 11-12 h.
Hourly variations of averaged PNC were in parallel with O3 (both
maximising at midday) and anti-correlated with BC (PNC maximising at
midday and BC being the lowest at midday and the highest at traffic rush
hours). The midday PNC peak occurred (in summer, and also in spring
and autumn with lower intensity) with very low BC concentrations. This
can be attributed to regional or urban photo-nucleation and fumigation
from higher atmospheric layers (enriched in Nucleation mode UFP and
O3 and depleted in BC, as the PBL grows by convective dynamics), and/
or shipping and aviation and/or power plants and industry (see refer-
ences above). In these cases, PNC maximised in summer and BC
exhibited an opposite seasonal trend, with higher winter values. In most
cases, weekend BC and UFP concentrations were lower. Sites included in
this type are LEITR, LEI2_ TR, DRE UB, LAN_UB and PRA_SUB
(Table S3).

Intermediate type sites (different degrees of the prevalence of
traffic/midday peaks and weak seasonal patterns): An example is
BCN_UB (see middle of Fig. 6). At this site, both traffic and midday peaks
were present. Thus, PNC was parallel with BC except during the midday
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Fig. 6. Daily and seasonal patterns of UFP and BC for three Urban background stations in South Europe: LEI UB, BCN_UB and ATH_UB.

peak, but no seasonal patterns were noticeable, with similar PNC and BC numerous sites in Germany.
all year. These sites also had high summer Nucleation mode peaks at
midday, with lower intensities in spring and autumn. Weekend BC and 3.6. Correlation of PNCs with ancillary pollutants and meteorological

PNC were markedly lower. These sites had weak seasonal patterns or no parameters

covariation of BC with PNC. However, some of these sites (BIR_UB,

MUL_UB, HEL_UB, LIL_SUB, LND_UB, LND2_UB and LND_TR) had  36.1. Black carbon

greater prevalence of traffic, with weak or no midday peaks and with Using the twenty-four averaged dataset concentrations supplying

traffic rush hour peaks. Other stations (ATH_SUB, BUD, DRE_TR and PNC and BC data, it was observed that BC concentrations were poorly

ISP_RB) had greater prevalence of midday peaks, but did not exhibit the correlated with Nqg.05 (R% = 0.14, Figure S3). However, the correlation

typical behaviour of high PNC and low BC values in summer (Table S3). was high (R% = 0.81, Figure $3) for Nas.100 as a result of the major traffic
This categorisation is similar to that proposed by Sun et al. (2019) for contribution to this mode and the absence of the effect of differences in
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the lowest size detection limits used. As for BC (Fig. 4), the Aitken mode
peaked at traffic rush hours (Fig. 5). This result was expected given that
the reported size mode of traffic contributions to ambient urban PNC is
around 40 nm. Road traffic is also the main source of BC in European
cities producing very high correlations of PNC and BC during traffic rush
hours (Rodriguez and Cuevas, 2007; Sun et al., 2019). However, at
traffic sites, this peak could also be in the Nucleation mode (Brines et al.,
2015; Harrison et al., 2019, 2011; Hopke et al., 2022; Rivas et al., 2020;
Wehner et al., 2002). The correlation of BC with Njgo.go0 was also high
but lower than for Nos.100 (R? = 0.65, Figure S3), indicating a major
traffic origin with partial contributions of other sources, such as regional
aerosol transport (among others).

Correlation of BC with PNC (N1¢.ggo) and Nas.ggp was high, with RZ=
0.60 and 0.85, respectively, when including the averages of all sites; R2
= 0.26 and 0.89 for TR sites; R? = 0.71 and 0.85 for UB sites; and R? =
0.85 and 0.90 for SUB and RB sites (Figure S4). High correlations be-
tween these factors were also found by Sun et al. (2019) for numerous
sites in Germany. The high correlation of average BC with Nas5.ggo re-
flects the impact of traffic pollution on air quality; thus, cities which are
highly polluted have higher concentrations of co-pollutants than cleaner
cities. However, when considering Njg.goo and Njg.o5 (Figures S3 and
S4), the correlation decreased markedly because (i) the Nucleation
mode particles have mixed origins (traffic, nucleation, aviation, ship-
ping, fumigation for upper atmospheric layers, and biomass burning,
among others) and (ii) the differences in the lower size detection limits
are considerable. When correlating BC and PNC individually for each
site using hourly data for 2017-2019, high correlation (R? = 0.60-0.66)
was obtained for three sites, and moderate correlation (R? = 0.39-0.57)
for the other ten sites; while for the other eleven sites, the correlation
was low (R? = 0.18 with an exceptionally small value at LEI_UB of R? =
0.01) (Table S4). When considering Nas.goo instead of PNC, the corre-
lation with BC markedly increased in such a way that the correlation was
high for six sites R?= 0.60-0.78), moderate for another ten sites R? =
0.40-0.46) and lower in the remaining eight sites (R = 0.26-0.34, with
the exception of LEI UB at R? = 0.05) (Table S4).

The correlation of Nys.1099 and Ngg.goo with BC was high ®R%2=0.72
and 0.62-0.88) for one and nine sites, respectively; and moderate (R? =
0.40-0.56 and 0.40-0.58) in the other eight and thirteen sites, respec-
tively, of the twenty-four sites that measure UFP and BC (Table S5). For
Nig.25, the correlation was very low in nineteen out of the twenty-four
cases (R? = 0.04-0.10) and low to moderately low in the other five
(R? = 0.16-0.36) (Table S5).

The above correlation ranges are again similar to those found by Sun
et al. (2019) and Wu et al. (2015) in Germany and streets in Edinburgh
during different campaigns and at different sites, and it is essential to
highlight that:

i. The correlation of BC with the mean N;¢_ggo and Nas5.ggg values of
the sites indicates that these equally reflect the impact of road
traffic emissions on air quality;

ii. The correlation analysis of individual sites shows that for BC vs.

N1o-800 69% of the sites reached moderately-high (39%) and

moderately-low (35%) correlations, but for 26% of the sites the

correlation was low;

For Njs5.go0 the correlation with BC increased at 96% of the sites

(high 70%, moderate 26%);

Adequate monitoring of the Nucleation mode UFPs might supply
information very relevant to monitoring the impact of other
sources and processes.

iii.

iv.

However, it is recommended that future studies:

-

. Start measurements at sizes even lower than 10 nm by using in-
struments such as co-located Particle Size Magnifiers (PSM) or Nano-
CPCs;

ii. Meet ACTRIS and CEN requirements on size measurements (N19.goo)-
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This will allow harmonised and systematic data compilation for, e.g.,
aerosol health studies, more detailed process-level studies, and better
interpretation of the results.

3.6.2. Other ancillary pollutants and meteorological parameters

As for the other ancillary pollutants, low correlations were found
between PNC and CO and SO, when considering the 2017-2019 indi-
vidual averages (Table S6), only for UB sites (R? = 0. 21 for both CO and
SO2). When considering Nas.goo rather than PNC, the correlation was the
same for CO and slightly higher for SO, (R? = 0.21 and 0.42, respec-
tively); and for CO, a moderately-low correlation (R? = 0.36) was also
found for TR sites. For the individual sites (Table S4), low to moderate
correlations with PNC (R? = 0.17-0.54) were found only for five sites
out of the seventeen co-measuring SOp; but low to moderately-high
correlations with PNC (R?> = 0.16-0.65) were found in eleven of the
sixteen sites co-measuring CO. For Njs5.ggo, the correlation did not in-
crease for the same five sites with low to moderate correlation (R? =
0.13-0.53) for SO, and the same eleven sites with low to moderate-high
correlation (R2 = 0.13-0.71) for CO.

For NO and NO-, moderate-low correlations were obtained with PNC
when considering the averaged concentrations (Table S6) of only UB
sites (R? = 0.27 and 0.35, respectively); but these increased for Nos.goo at
TR (R? = 0.70 and 0.63 for NO and NO,, respectively) and UB (R®=0.35
and 0.48) sites. For SUB and RB sites, significant moderate-low to
moderate-high correlations were attained for PNC and Nas.goo with NO
(R2 = 0.23 and 0.63). This is because urban NO4 and BC are emitted at a
high proportion by diesel vehicles (Degracuwe et al., 2016; Jezek et al.,
2015; Tunno et al., 2018). Furthermore, Harrison and Jones (2005)
reported similar correlations between PNC and NOy at one TR site
(Marylebone Rd., with R? = 0.63) and at several UB sites (Belfast Centre,
Glasgow Centre, Birmingham Centre and London Bloomsbury, with R?
= 0.37, 0.39, 0.46 and 0.43, respectively). A higher correlation of both
NO and NO3 with Nas.ggp was thus expected at TR sites.

When considering the individual datasets (Table S4), low-moderate
correlations between PNC with NO; and NO R? = 0.22 to 0.58,
slightly higher for NO;) were obtained only at TR sites. For the sixteen
UB sites co-measuring NO» and NO, only twelve and nine, respectively,
reached moderate-low to moderate-high correlations (R2 =0.23t00.68
for NO, and R? = 0.21 to 0.54 for NO), while for SUB and RB sites,
correlations decreased and varied greatly (R? = 0.07 to 0.40) for both
pollutants. Similar results were obtained for Nys.ggo with NOy and NO,
with slightly lower correlations of NO and NO, at TR sites (R% = 0.11 to
0.56), but higher correlations at UB sites: all UB sites had R?=0.16-0.69
for NO, and twelve out of fourteen UB sites had R% = 0.16 to 0.56 with
NO. Again, for the SUB and RB sites, correlations varied greatly (R? =
0.06 to 0.44) for both pollutants. Thus, as for BC, the results show that in
most UB and TR sites, there was a significant co-hourly variation of NO,
and NO with PNC and Nas_goo.

For PNC and PM;( (Table S6), the correlation was negative and
moderate-low for TR sites (R2 = 0.32) and was positive and moderate-
low to moderate-high for UB and SUB + RB sites (R? = 0.37 and
0.68). For Njs.gg0, the correlation markedly increased for UB and SUB +
RB sites (R? = 0.53 and 0.91) but not for TR sites (R? = 0.00). For PMs 5
and PNC (Table S6), the correlation increased from TR (R?=0.05) to UB
(R2 = 0.40) and to SUB + RB (R2 = 0.77); and increased when consid-
ering Nas.goo (R? = 0.77 TR, 0.49 UB and 0.91 SUB + RB). Thus, when
the regions/sites of Europe recorded higher PMj 5 concentrations, PNC,
especially of Nys.ggo, was also high.

However, the results of evaluations of individual sites (Table S4)
differ considerably, -with low PNC- PM; correlations: only eight sites
reached R? = 0.16-0.36 and sixteen reached R? = 0.00-0.12. For Nos.
go0, the correlation with PMj( increased slightly, with twelve sites
reaching R? = 0.16-0.45 and twelve reaching R? = 0.00-0.14. A similar
situation was found for PM5 5 and PNC correlations, with only four sites
reaching R? = 0.19-0.34 and thirteen reaching R? = 0.00-0.14. Again,
for Nas.ggo the correlation increased slightly, with seven sites reaching
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R? = 0.17-0.47 and ten reaching R? = 0.04-0.15. For the different
modes, as expected, the correlations of the Nucleation mode concen-
trations with PM;o and PM; 5 were significantly lower at all sites R =
0.00-0.11 and 0.00-0.07, respectively, Table S5). For the Aitken mode,
low-moderate correlations were only reached at four sites for PM; (R?
= 0.20-0.22) and PMy 5 (R% = 0.16-0.31) and for all other sites, cor-
relations even decreased: R> = 0.00-0.14 and 0.01-0.13, respectively
(Table S5). The correlation increased for the Accumulation mode with
PM, at R? = 0.16-0.64 (R®> = 0.04-0.15 for the remaining five sites).
All seventeen sites measured correlations with PMy 5 reaching R? =
0.19-0.79 (Table S5). De Jesus et al. (2019) found low correlations of
PM; 5 and PNC in a global study involving ten cities located in North
America, Europe, Asia, and Australia, with r? = from 0.01 to 0.48.

Using the averaged concentrations for the different sites, correlations
were low for O3 with PNC and Nas.ggo (Table S6) for UB and SUB + RB
sites (R? < 0.07), with the exception of N5.gop at SUB + RB sites R? =
0.24). Markedly higher negative PNC and N3s5.g99 O3 correlations were
obtained for TR sites, at R?=0.72 and 0.91, respectively. However, for
the individual sites (Table S4), the correlation of PNC and Nas.ggg with
O3 was low and negative in all cases, with only seven and eight out of
twenty-three sites reaching RZ = 0.19 to 0.39, respectively, and much
lower correlations in all the other cases.

When using 2017-2019 average data for meteorological parameters
from all sites, a moderate-low to moderate positive correlation was
obtained for both PNC and Nas ggo with T and insolation (R% = 0.28 to
0.53) and a negative correlation with relative humidity (R2 = 0.27 to
0.46) was obtained for UB sites (Table S6). This result is probably a
product of the gradient from the low UFP pollution in N Europe to higher
UFP pollution in S and E Europe. When using the single site hourly
datasets (Table S4), correlations were found to be low for all parameters
evaluated (mostly from negative to positive, R? = 0.09), with a more
positive trend for Nucleation mode vs. insolation and a more negative
trend for wind speed with all PNC size modes, relative humidity, and
Nucleation mode particles (Table S5).

4. Conclusions and limitations

This work summarises the first results on ultrafine particle (UFP)
particle-size distribution (PNSD) in urban areas of Europe from the RI-
URBANS project. This includes 2017-2019 datasets from twenty-seven
air quality monitoring sites. The focus is mostly on urban background
(UB) and traffic (TR) concentrations, but it also includes four suburban
(SUB) and a regional background (RB) sites.

4.1. Measurements

Only fourteen out of twenty-seven datasets reached >70% of data
availability, reflecting the complexity of UFP-PNSD measurements,
which require detailed monitoring and constant maintenance of the
instrumentation. Furthermore, the lack of harmonisation of PNSD
measurement accounts for significant differences of the lower size
detection limits (3 to 20 nm), which makes the direct comparison of UFP
and particle number concentrations (PNC) concentrations from different
sites difficult, especially those in the Nucleation mode (<25 nm). To
increase comparability, an effort should be made to implement the
ACTRIS and CEN recommendations in the near future.

From the twenty-seven datasets, only twelve are openly available in
the EBAS data infrastructure, and accordingly, an effort should also
directed at making data open for use in air quality health research and
policy support, especially if the data is obtained with public funds.

4.2. Levels and PNSD
The results show a clear increasing Ny¢.goo UB concentration trend

from Northern to Southern and Eastern Europe, and an even more
marked trend for Nas.190 and Nas.ggo. These trends are similar to those
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found for Black Carbon (BC). As it could be expected, PNCs follow the
TR > UB > SUB trend. However, PNC in the RB of the Po Valley are
equivalent to those of an UB in Southern Europe.

The major contributing source to PNC in urban Europe is road traffic
as deduced from the parallel daily patterns to those of BC, with peak
concentrations at traffic rush hours. However, a relevant number of sites
recorded high PNCs (in some cases exceeding those of traffic) in the
morning-midday coinciding with minimal BC, and the highest temper-
ature, wind speed, insolation and Os. These marked morning-midday
maxima are caused by pronounced increases of Nig.os (Nucleation
mode).

It is important to note that the highest midday PNC-Nucleation
modes are recorded in Central Europe followed by Southern Europe,
so they do not follow only insolation as it should be expected from new
particle formation from regional photochemical nucleation. Thus, the
origin of these midday marked maxima are attributed to: photochemical
nucleation, surface fumigation of high-altitude atmospheric layers
transporting high SOy plumes and plumes from airports, shipping, or
power or industrial plants. In a relevant proportion of the study sites, the
contribution of these sources/processes to the annual PNC is very
significant.

Daily and seasonal patterns are used to classify the PNSD datasets in
three major groups: i) low midday PNC peaks and PNC parallel daily
patterns, with high winter BC and PNC, with low spring-summer Njg.2s;
ii) PNC and BC traffic-related daily patterns, but a major midday PNC
peak with low BC concentrations, with inverse seasonal PNC (highest in
spring-summer) and BC (highest in autumn-winter) patterns, with very
intensive Ny¢.25 midday peaks in spring and summer); and iii) as type ii,
but with dominant traffic-related PNC peaks, but marked midday Njg.25
peaks and no definite seasonal patterns.

Strong correlations between averaged BC and PNC concentrations,
especially for BC and Nas_goo, of the different datasets indicate that there
is a clear impact of road traffic emissions on air quality in UB environ-
ments, with different degree across Europe. However, for the individual
datasets BC-PNC are notably lower, because i) there are more sources
contributing to PNC than traffic; ii) the high midday PNC in many of the
sites decrease BC-PNC correlation. Moderate-correlations are also
attained for the individual sites for No5.goo and NO and NO, for UB and
TR sites.

These findings support the need of measuring PNCs accurately,
especially the Nucleation mode, to properly evaluate the occurrence of
sources other than traffic contributing to the health effects of UFP. To
this end, RI-URBANS strongly recommends starting measurements
below 10 nm by using instruments such as co-located Particle Size
Magnifiers (PSM) or Nano-CPCs and implementing the above recom-
mended protocols for UFP-PNSD measurements.

Further steps in the study of these datasets will focus on source
apportionment analyses and the epidemiological assessments to eval-
uate short-term associations with PNCs, size modes and source
contributions.

4.3. Limitations

As a major limitation we should acknowledge the problems in
directly comparing the datasets due to different protocols used for PNSD
measurements and quality assurance. Thus, the DRE_UB, LAN_UB,
LEI_UB, DRE_TR, LEI and LEI2_TR datasets were obtained following the
ACTRIS protocols for measurements of PNSD, and the instruments are
frequently undergoing quality assurance exercises by the World Cali-
bration Centre for Aerosol Physics (WCCAP, https://www.eurochamp.
org/calibration-centres/wccap). The datasets from ATH_UB, BCN_UB,
GRA_UB, HEL_UB, MAD_UB, HEL_ TR, ATH_SUB, LIL_SUB, PRA_SUB,
ISP_RB are produced by ACTRIS collaborators or partners, and they are
obtained with protocols tending to follow the ones from ACTRIS but
have not recently or have never undergone the quality checks by the
WCCAP. Finally, the datasets of BIR_UB, BUD_UB, LND and LND2 _UB,
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MAR_UB, ROC_UB, ZUR_UB, PAR _SUB, LND_TR and STO_TR are ob-
tained from highly specialized research teams, but data uncertainty re-
mains unknown. The lack of harmonisation has caused variability in the
lower size detection limit leading to large differences in the total number
of measured particles. In this study, this discrepancy is reduced by
comparing concentrations in the range of 10-800 and 25-800 nm, but
there is an urgent need to harmonise measurement protocols such as
following ACTRIS and CEN recommendations to provide directly com-
parable UFP-PNSD datasets.
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