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ABSTRACT

Due to their small size and ability to penetrate deeply into the respiratory system, ultrafine
particles (UFP) pose a significant health risk. Their concentrations and sources are not consistently
monitored and regulated in urban areas, including Paris. This study aims at presenting an overview
of UFP measurements carried out in Paris from October 2019 to December 2022 using a mobility
particle size spectrometer (MPSS). An averaged particle number concentration (PNC) of 8,100 £
4,800 # cm~ was recorded between 8 and 100 nm on the analysis period, which was consistent
with UFP concentrations usually observed in urban background conditions (< 10* # cm™). The
maximum PNC often exceeded World Health Organization (WHO) indicative values (10,000 # cm™
and 20,000 # cm~ daily and hourly averages respectively), thus emphasizing the need for ongoing
UFP monitoring in Paris city. At the annual scale, averaged UFP concentrations were lower in
2020 (6,600 + 3,900 # cm™3) compared to 2021 and 2022 (8,100 + 4,600 # cm~ and 8,700 + 4,700
# cm™, respectively). This variability is depending on meteorological conditions and pollutant
emissions, particularly during the first COVID-19 lockdown phase. UFP cycles can be attributed to
anthropogenic emissions, mainly from road-traffic, with hourly maximum concentrations correlated
with black carbon (BC, r = 0.50 with p < 0.05). A correlation analysis with other pollutants also
allowed to confirm road-traffic as a major UFP source in Paris due to high UFP associations with
nitrogen dioxide (NO2, r = 0.58 with p < 0.05) and organic matter (OM, r = 0.53 with p <0.05).
Concerning particle number size distribution (PNSD) measurements, a predominant particle mode
between 20 and 30 nm (Aitken mode) was observed and linked to vehicular emissions. Finally,
this study is worthwhile to support policymakers and to supply future epidemiological studies to
better assess UFP health impacts with the ultimate aim of defining regulation thresholds.

Keywords: UFP, Urban air quality, MPSS, Number size distribution, Paris city

1 INTRODUCTION

Ultrafine particles (UFP) constitute a research subject of growing interest, both in the deployment
and application of new technologies dedicated to their measurements in specific contexts as well
as in the knowledge of this emerging pollutant in atmospheric sciences. Particular attention is being
paid to their sources, variabilities, but also to the processes governing their formation and aging
in the atmosphere (Cassee et al., 2019; Knibbs et al., 2011; Rivas et al., 2021; Trechera et al., 2023).
UFP are defined by the CEN/TC 264/WG 32 standard as aerosols with a diameter of 0.1 m (Dp <
100 nm) or less. These particles have the particularity of being difficult to qualify by gravimetric
measurements, since they contribute very little to overall particle mass loading, notably for PM1o
and PM2.s monitored under European and national regulations (Kwon et al., 2020). In urban areas,
UFP contribute to more than 80% of total particle number concentrations (Dall’Osto et al., 2013;
Gani et al., 2020) and may originate from a wide range of primary anthropogenic sources, mainly
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related to combustion processes and gas-to-particles conversions (Gani et al., 2020; Jimenez et
al., 2009; Setyan et al., 2014; Xiao et al., 2015; Zhang et al., 2007). Due to their small size and large
specific surface area, they can penetrate deep into the respiratory system, cross the alveolar-
capillary barrier, reach sensitive organs and adsorb greater quantities of pollutants that can generate
oxidative stress (Oberdorster et al., 2005; Terzano et al., 2010; Maher et al., 2016; Schraufnagel
etal., 2019; Kwon et al., 2020). Although many publications prove the existence of any relationships
between short-term exposure to UFP and the occurrence of health impacts on the population
(where causality currently seems to be accepted), existing literature suggests, however, that
there is a lack of available scientific data to conclude on their potential long-term effects on the
human body.

Several long-term datasets on aerosol particle number concentrations (PNC) and number size
distributions (PNSD) were already obtained using stationary or mobile measurement sites in
different cities (Hussein et al., 2004; Charron and Harrison, 2003; Casquero-Vera et al., 2021;
Hopke et al., 2022; Thén and Salma, 2022). More recently, a European study has published first
results on UFP and PNSD collected in twenty-seven air quality monitoring sites from 2017 to 2019
(Trechera et al., 2023). Itis important to note that Paris (France) has not been included in this study
due to the non-availability of data on this time period. However, it is worthwhile performing an
unpublished comparable analysis for this city, as Paris is of a great interest for epidemiological
studies due to its large amount of heath data and its high population density which provides a
unique statistical power.

In that way, the present study should allow feeding into these health studies, which are partly
based on the World Health Organization (WHO) recommendations. WHO recently proposed
informative values to which UFP ambient concentrations can be compared in order to assess
their dangerous nature and thus, guide decisions on priorities for controlling UFP sources (WHO,
2021). In accordance with the revision of the current ambient air quality directives (2008/50/EC
and 2004/107/EC), the monitoring of total particle number concentrations (PNC) for particles in
a diameter range from 10 nm to a few Um is highly recommended (European Parliament, 2022).
When PNC are evaluated and compared to indicative values, it is of a great interest that
policymakers can propose effective abatement strategies improving air quality and consequently,
the knowledge of their main emitting sources is crucial. Nevertheless, only measuring total PNC
does not meet such expectations. Only the use of a MPSS (Mobility Particle Size Spectrometer) can
provide a more detailed documentation of submicron particle number levels and characterization
of specific emission sources and/or formation processes.

In that context, this paper presents UFP measurements performed at a Paris urban background
station using a MPSS. The objectives of this study were to (1) document the UFP concentrations,
(2) describe their temporal variabilities, (3) provide a primary identification of UFP sources
through a correlation study including particulate and gaseous pollutants, supplemented by an
analysis of PNSD profiles, and (4) compare the measured concentrations to those observed in
several world cities.

2 METHODS

2.1 Sampling Site and Measurement Period

The sampling site involved in this work is an urban background station located in the centre of
Paris (48°51'44""N-2°20'41"E) in the Nelson Mandela garden nearly to the Forum des Halles mall
(Fig. 1) in @ much-used pedestrian environment both on weekdays and weekends. Apart from
direct emission sources, this station is representative of average public exposure to air pollution
levels in the Parisian conurbation. Considered as a reference site for the monitoring of various
gaseous pollutants (NOx, O3, CO/CO2/CHs, NH3) and physico-chemical parameters of interest in
terms of aerosol health impacts (including PM2s/PM1o mass concentrations, particulate matter
in terms of number, size, chemical composition, precursor gases, oxidative potential), this station
is considered as a supersite, in line with the WHO and European Parliament’s recommendations.

The measurement period included a full three years (2020, 2021, and 2022) from October 15,
2019 up to December 31, 2022. It is important to note that 2020 was particularly marked by the
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Fig. 1. Location of the Airparif’s supersite in Paris-City, with a zoom at the neighborhood scale (right panel). (Sources: Carto
Positron, Google Earth).

COVID-19 pandemic for which policy responses (public health measures, lockdowns, ...) adopted
worldwide were also implemented in France to limit the spread of the virus. They led to a significant
reduction in economic activities and mobility, particularly in the transport sector (e.g., roads, civil
aviation, railways). Such temporary restrictions have continued to take place through the year
2021. A gradual return to a pre-pandemic situation was noticeable in 2022.

2.2 Instrumentation

Ultrafine particles measurements were carried out using an electrical mobility spectrometer
called MPSS in this paper (U-SMPS; PALAS GmbH, Karlsruhe, Germany) to monitor submicron
PNSD. The U-SMPS includes a bipolar X-ray neutralizer (model 1297; PALAS GmbH), an electrostatic
classifier (DEMC, models 1000 and 2000; PALAS GmbH) and a condensation nucleus counter (CNC,
ENVI-CPC, model 100; Palas GmbH). The CNC was calibrated once a year and the X-ray source was
changed every 8,000 hours in accordance with the CEN/TS 16976:2016 technical specification.
Recommendations for MPSS measurements from 10 to 800 nm were also followed in this study
(CEN/TS 17434:2020). Based on Wiedensohler et al. (2012), ACTRIS (2021) recommendations for
the outdoor measurement of both UFP-PNSD and PNC are close to the CEN standards by allowing
measurements below 10 nm if required. Such recommendations (Wiedensohler et al., 2012,
2018) were followed concerning the operation, calibration and measurement uncertainties of
the involved MPSS. For this study, the MPSS size range in terms of electrical mobility diameter
(dme) was covering 108 particle size classes ranging from 8 to 400 nm.

In parallel, black carbon (BC) concentrations were measured using an aethalometer (model
AE33; Magee Scientific, Berkeley, California, USA) which allowed the identification of fossil-fuel
(BCtr) and biomass burning (BCwb) fractions. The real-time chemical composition measurements
of submicronic aerosols were provided by a quadrupole aerosol mass spectrometer (Q-ACSM;
Aerodyne Research, Inc., Billerica, Massachusetts, USA). Although there are no regulations and
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normative references for these two instruments, the quality assurance and control measures
have been achieved in accordance with manufacturers' recommendations.

PM10 and PM2 .5 mass concentrations were also monitored using an optical spectrometer (model
FIDAS 200; Palas GmbH, Karlsruhe, Germany). Carbon monoxide/dioxide (CO, CO;), methane (CHa),
and ammonia (NHs) were measured by Cavity Ring-Down Spectroscopy (CRDS, models G2401 and
G2103, Picarro). Ozone (0Os) was monitored by ultra-violet photometry (models 03-42M and 03-42e,
ENVEA), while nitrogen monoxide and dioxide (NO, NO2) were measured by a chemiluminescence
analyzer (model 42i; Thermo Fisher Scientific, Waltham, Massachusetts, USA). The informations
related to the quality assurance and control measures are presented in Table S1 for PM and
Table S2 for gases, respectively.

2.3 Data Processing and Treatment

MPSS data were recorded with a 5-min time resolution and stored in a PostgreSQL database.
Data processing and analyses were carried out using the R statistical software (v.4.1.2) and more
precisely with the MyPUF package which is an open-source R library under a GNU license
exclusively developed by Airparif. These were performed for averaged hourly PNC (in particles cm™=,
i.e., # cm™) from 8 to 400 nm (Ntor: Ns-a00), UFP size range (Nurr: Ns-100) and for the nucleation
(Nnuc: Ng-20), Aitken (Nai:: N20-100) and accumulation (Nacc: N1oo-a00) modes (ANSES, 2019; Kulmala
et al., 2004; Setyan et al., 2014; Ling et al., 2019; Chen et al., 2022). The graphical visualization of
UFP number concentrations time series at monthly, weekly and daily scales was made using the
R Openair package (Carslaw and Ropkins, 2012). Calculations of smoothed curves from daily UFP
measurements were performed using the stat_smooth function included in the R ggplot2
package. The R corrplot function was used for the correlations between Nurp, Nnuc, Nait, Nacc, and
other pollutants. The correlation coefficients were calculated with a p-value of 0.05, indicating
that a probability of the observed results having occurred by chance is 5%. With a p-value <0.05,
results are typically considered significant, leading to the rejection of the null hypothesis Ho. The
uncertainties shown for PNSD statistical diameters were obtained from laboratory tests on the
reproducibility of four U-SMPS calculated according to ISO 5725-2 (1994).

Over the study period, more than 90% of data were available for processing and analysis—the
missing data covering periods from April 19t to June 8™, 2021 and from December 14", 2021 to
January 24, 2022 were due to technical issues and calibration phases. All dates and hours
referred in this article are in UTC (Coordinated Universal Time).

2.4 Dispersion Normalization Using Meteorological Data

To ensure a comparison of annual pollution concentrations by eliminating meteorological
constraints, the “dispersion normalization” method (Chen et al., 2022; Gani et al., 2020; Sujatha
et al., 2016; Yang et al., 2019) has been used. Designed to reduce the influence of atmospheric
dispersion, this method aims to determine a ventilation coefficient (VCi) for each i measurement,
calculated as the product of boundary layer height (BLH, in meter) and wind speed (WS, in m s73):

VGi = BLH; X WS; (1)

UFP number concentrations (Nurri) were therefore normalized as Nurpnorm,i to the average VC (v_c)
calculated over the whole analysis period as:

Nurpnorm,i = Nurpi X VCnorm,i (2)
With VCnorm,i = VCi/ ve (3)

In this study, WS were recorded at the Paris-Montsouris weather station operated by the French
national meteorological service Météo-France, while BLH were obtained from the Mesoscale
Meteorological Mode version 5 (MM5) meteorological model (Dudhia and Bresch, 2002) using
the geographic coordinates of the monitoring station. Both parameters were obtained at a 1-h
time resolution.
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Fig. 2. Monthly timeseries of wind speed (WS) and wind direction (color scale), boundary layer height (BLH) and
normalized ventilation coefficient (VCnorm, shaded areas corresponding to periods with VCnorm > 1) in Paris over the
studied period.

3 RESULTS AND DISCUSSION

3.1 Overview of the Meteorological Parameters

Paris experimented a wide range of meteorological conditions with seasonal and diurnal variations
in terms of ambient temperature, WS and BLH. Their seasonal and temporal evolutions are shown
in Fig. S1. Fig. 2 shows the monthly variation of averaged WS and wind directions (color scale),
BLH and VCnorm over the study period. The average WS was around 3.1 m s> + 0.1 m s™* and
remained within the same order of magnitude in 2020, 2021, and 2022 (3.2 m s, 3.1 ms™, and
2.9 m s, respectively). Maximum WS were reached in February 2020 (up to 4.5 m s~ on monthly
average). This situation was also observed in terms of BLH with an altitude of 1,200 m. This results
in a high VCnorm coefficient (> 2), illustrating that February 2020 was particularly favorable to
pollution dispersion.

It also should be noted that meteorological conditions were more dispersive in 2020 than in
2021 and 2022 (averaged VCnorm: 1.1 versus 0.96 and 0.93, respectively). The periods from February
to March 2020, March to May 2021, and February and March 2022 (with the highest VCnorm
values) mainly occurred under the influence of southwesterly winds, which are characteristic of
a disturbed oceanic flow associated with favorable pollution dispersion conditions (wind, rain
and generally high BLH). Conversely, November 2020 and the second half of years 2021 and 2022
were poorly dispersive periods, i.e., represented by VCnorm values less than 1.

3.2 Size-dependant Particle Number Concentrations

Table 1 presents averaged PNC for Nurr (8—100 nm) and Nror (8—400 nm) and associated standard
deviations measured at the Paris-Les Halles station for 2020, 2021, and 2022 years. Global hourly
averages of 8,082 + 4,772 # cm™ and 9,021 + 5,145 # cm™ were calculated during the study period
for Nure and Nror, respectively. Such concentrations are in accordance with UFP concentrations
measured in urban background situations (e.g., < 10,000 # cm™), as suggested by Cassee et al.
(2019).

The relative percentage of Nurp in Ntotr may be as high as 89.6%, with PNC between 7,454 +
4,316 # cm= (2020) and 9,659 * 5,031 # cm™ (2022) in the 8-400 nm diameter range. The same
proportion has already been observed in previous studies performed in urban background sites
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Table 1. Average hourly median, mean, minimum and maximum PNC (# cm™3) for Nuep (8—100 nm),
and Nror (8—400 nm) measured in Paris over the period and for the years 2020, 2021, and 2022.
“n” corresponds to the number of samples considered and Std correspond to the mean standard

deviations.
Over the all period 2020 2021 2022
(n=28512) (n=8784) (n=8760) (n=8759)
Nurp (# cm™) Median 7,037 5,791 7,156 7,775
Mean 8,082 6,552 8,115 8,734
Std 4,772 3,910 4,588 4,691
Min. 482 587 482 662
Max. 38,982 30,742 36,314 37,969
Nror (# cm™) Median 7,929 6,629 8,094 8,621
Mean 9,021 7,454 9,083 9,659
Std 5,145 4,316 4,970 5,031
Min. 516 700 516 734
Max 40,113 33,724 38,888 39,577
Nurr/N7oT (%)  Mean 89.6 87.9 89.3 90.4

(Airparif, 2022a; Baldauf et al., 2016; Dall’Osto et al., 2013; Gani et al., 2020; Solomon, 2012; Sun
et al., 2019; Trechera et al., 2023). The differences recorded between the lowest (500 and 700
#cm™3) and highest (30,000 and 40,000 # cm™3) concentrations illustrate the considerable
variability in hourly average Nurr and Nrot levels, compared to that usually observed for PM1o and
PM:.5 mass concentrations (Airparif, 2022a, 2022b). In addition, WHO Air Quality Guidelines state
that high Ntor concentrations can guide decisions on priorities for controlling UFP emission
sources, when daily and hourly averages exceed 10,000 # cm™ or 20,000 # cm™ respectively
(WHO, 2021). The WHO daily informative value was exceeded during 353 days, around one-third
of the studied period. Therefore, this study shows that measurements in the Paris supersite can be
characterized by high Ntor compared to WHO guidelines.

The analysis of averaged annual Nurr indicated lower concentrations in 2020 compared to 2021
and 2022 (Table 1). An increase in UFP concentrations of around 25% has been found between
2020 and 2022. This was more pronounced between 2020 and 2021 (+19%) than between 2021
and 2022 (+7%). This finding may be partly explained by the COVID-19 pandemic and the gradual
return to a pre-pandemic situation. However, the associated impact study on Nurp could not be
assessed due to the lack of historical data (first UFP measurements on site in October 2019).

As the variability of pollutant concentrations is also depending on meteorological conditions,
it was necessary to estimate Nurp by applying the dispersion normalization method (see sub-section
2.4, Eqgs. (2-3)). During the studied period, a Nurpnorm Value of 7,191 # cm™ was calculated. This may
vary between 6,584 # cm= (2020), 6,653 # cm™ (2021), and 7,660 # cm™ (2022). A less marked
increase in Nurpnorm Was thus observed between 2020 and 2022 (+13% versus +25% with Nuep).

In the same way, Nurpnorm/Nurp ratios (calculated on the basis of annual Nure averages) showed
respective values of 1.0, 0.82, and 0.88 for 2020, 2021, and 2022, thus highlighting a stronger
impact of weather conditions for pollutant accumulation in 2021 and 2022.

3.3 Temporal Evolution of UFP Number Concentrations (Nugp)

A significant variability in daily averaged UFP concentrations ranging from 1,500 to 19,000 # cm™
was observed from October 2019 to December 2022 (Fig. 3, in grey). High daily Nurr concentrations
(>15,000 # cm™3) were recorded during a couple of days at the beginning of the sampling period.
As ambient temperatures gradually decline in autumn and winter seasons, an increase in UFP
emissions related to a greater use of residential heating was added to emissions from road-
traffic, combined with meteorological conditions favorable to the accumulation of locally emitted
pollutants (Airparif, 2022a). In this way, highest Nurr monitored during this period were associated
with low VCrorm (< 1.0) (Fig. 2). Conversely, high Nurp concentrations were observed in warmer
months with VCnorm > 1, more prominently in summer 2020 due to photochemical reactions, i.e.,
secondary aerosols formation.
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Fig. 3. Evolution of the daily average Nurr concentrations from October 2019 to December 2022 (in grey). The
black curve represents the smooth-trend curve of the data and the shaded areas show the 95 confidence
intervals of the fit. Orange zones illustrate the related-COVID 19 lockdown periods in France (I: from March, 17t
to May, 11% 2020; II: from October, 30" to November, 15 2020; III: from April, 3™ to May, 3™ 2021).

The smooth-trend curve, displayed from rolling monthly averaged UFP data (Fig. 3, in black),
highlights that 2020 was an atypical year with high Nurp at the beginning which gradually declined
until the first COVID-19 lockdown was implemented. A sharper decrease in UFP concentrations
was found at that time in response to policy decisions (e.g., reduction of economic activities and
mobility). From that period, the black curve illustrates a “plateau” until the end of the same year
due to successive fluctuations between high and low averaged daily Nurr concentrations. During
the 2™ national lockdown (with fewer restrictions), daily Nurr were in the same order of magnitude
than those monitored in the first half of 2021. A significant increase in Nurp concentrations was
then evidenced from the second half of 2021, thus coinciding with the return to normal post-
pandemic activities and seasonal emissions (such as residential heating). Similar Nurr concentrations
were observed until the end of the year 2022.

Figs. 4(a), 4(b), and 4(c) present the averaged daily, weekly and monthly Nure concentrations
at the Paris-Les Halles supersite for the years 2020, 2021, and 2022. Hourly Nyrp profiles (Fig. 4(a))
showed elevated concentrations in the morning (between 6 am and 12 pm), then lower ones in
the afternoon (minimum recorded at 3 pm), and finally the highest concentrations in the evening
(between 6 pm and 11 pm). This diurnal pattern is consistent with those observed in urban
background sites (Airparif, 2022a; Trechera et al., 2023) and corresponds to morning and evening
rush hours, and therefore to enhanced local anthropogenic emissions. More intense Nurp
concentrations in the evening than in the morning were due to primary emissions, as well as lower
photochemical reactions and atmospheric dynamics (with a lower BLH leading to accumulation
phenomena). Conversely, lowest Nurp have been noticed at night (from midnight to 6 am) and in
the afternoon, due to both less anthropogenic activities and more dispersive meteorological
conditions with VCnorm values > 1 (maxima at 3 pm, Fig. S1).

However, significant differences in intensity of Nurr concentrations were noticeable. In 2020,
lowest and highest daily average levels were less intense (4,000—-6,000 # cm~ and 8,000-10,000
# cm™3, respectively) than in 2021 and 2022 (5,000-8,000 # cm™ and 10,000-14,000 # cm3,
respectively). This finding may also be linked to the context of COVID-19 restrictions.

Nure concentrations varied over the week (Fig. 4(b)) with higher concentrations between
Wednesday and Friday and lower ones on Saturday and Sunday, representing a characteristic
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Fig. 4. (a) Averaged daily, (b) weekly, and (c) monthly Nure concentrations at the Paris-Les Halles
supersite for the years 2020, 2021, and 2022. Shaded areas indicate the 95" confidence intervals
of the mean. For readability purposes, graphics are not on the same scale in terms of concentrations.

cycle of anthropogenic activities into urban areas (Gani et al., 2021; Straaten and Weber, 2021;
Khoder and Hassan, 2008). The weekday/weekend ratios showed a decrease of around 15% in
2020, 12% in 2021, and 6% in 2022 on weekends, thus reflecting the impact of human activities
associated to road-traffic in UFP concentrations. Indeed, this annual variation is still consistent
with that observed from loop-based counting systems (considered as a relevant traffic flow
indicator) located near the sampling site and provided by the municipality of Paris (31%, 29%,
24% for respective years) (Paris Opendata, 2024).

Finally, it is worth noting that no clear monthly or seasonal trends in Nurp concentrations were
observed over the study period (Fig. 4(c)). This result can be mainly explained by differences in the
emission sources and processes allowing particle dispersion and/or formation. Local UFP production
can be high in autumn and winter due to combustion processes (road-traffic, domestic heating, ...),
according to the meteorological context (with colder or milder temperatures) and atmospheric
dispersion. In spring and summer, intense sunshine and high temperatures can favor the new
particle formation (NPF) (Bousiotis et al., 2021; Rose et al., 2021; Sun et al., 2019). Specific events,
such as the heat wave occurring in March 2022, also contributed to the production of secondary
aerosols.

3.4 Insight of UFP Emission Sources in Paris

Several studies have already examined the relationships between UFP and other gaseous and
particulate compounds (Beevers et al., 2012; Grundstrom et al., 2015; Johansson et al., 2007;
Morawska et al., 1998; Rodriguez and Cuevas, 2007; Sdnchez Jiménez et al., 2012; Shi et al., 2001;
Sun et al., 2019; Trechera et al., 2023; Wu et al., 2015), thus allowing to provide a first overview
of the major UFP sources.

For BC, a positive correlation with UFP (Pearson correlation coefficient (PCC) = 0.50) has been
found over the whole analysis period (Fig. 5). This value was of the same order of magnitude
than UFP with BCs (r=0.51). However, the correlation was lower with BCwb (r = 0.33). These findings
thus reflect the greater influence of road-traffic emissions compared to wood-burning emissions
in Paris. Although these two sources were clearly identified as major UFP emitters, their PCC
values were still moderate. This can be explained by the fact that, unlike BC, UFP have very little
mass but are present in very high numbers in the atmosphere, thus confirming the observations
issued from temporal profiles. Moreover, the comparison of Nure and BC profiles showed good
consistency for the morning (from 6 am to 8 am) and evening peaks, that can be easily associated

Aerosol and Air Quality Research | https://aaqr.org 8 of 19 Volume 24 | Issue 12 | 240093


https://doi.org/10.4209/aaqr.240093
https://aaqr.org/
https://aaqr.org/

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.240093

PM2.5
PM10

o)
& o =
5 o 5 & = S o) 3

Chl

Nyre

09

0.8

0.71

0.61

0.51

041

0.32

0.22

0.12

0.02

Fig. 5. Pearson's correlation coefficient (r) of Nurr with particulate matter, including Black Carbon
(BC), Black Carbon derived from fossil-fuel (BCt) and wood-burning (BCws) combustion, organic
matter (OM), sulfate (SO4), nitrate (NO3), ammonium (NHa), chloride (Chl), PMa.s, and PM1g with
a p-value <0.05.

with local anthropogenic emissions. The daily variability of Nure in the late morning did not
coincide with that of BC (Fig. S2(a)), thus indicating the presence of other sources in an urban
environment. Indeed, this mid-day UFP peak is attributed to the formation of new particles from
regional and urban photochemical processes (Trechera et al., 2023).

For OM, a moderate correlation (r = 0.53) was also observed with Nurp. Indeed, organic matter
can be categorized into either primary organic aerosols, directly emitted from anthropogenic (from
incomplete combustion processes) and biogenic sources, or secondary organic aerosols resulting
from gas-particle conversions. Sulfate, nitrate and ammonium ions (S04, NOs, NHa) represent
major PM inorganic compounds (Favez et al., 2021; Petit et al., 2015) and are also formed from
nucleation processes involving gaseous precursors. For these components, poor correlations with
Nure (r= 0.02—-0.1) were found. This finding also showed that Nurr concentrations do not necessarily
exhibit the same behaviour as PM10 and PM25s mass concentrations. The correlations between
Nurp and PMy were positive and moderately low (r=0.32 for PMig and r = 0.27 for PM2). de Jesus
et al. (2019) also found low correlations with PMzs in a global study involving ten cities located
in the North America, Europe, Asia, and Australia.

About gaseous compounds, a moderate positive correlation was reached between NO; and
Nurp (r = 0.58) (Fig. 6). This PCC was broadly comparable to that identified in Cattani et al. (2017)
(r=10.62) and is in the same order of magnitude than BC, since both compounds are predominantly
emitted from fossil fuel combustion processes. NO and NOx presented lower correlations (r= 0.5
and 0.34, respectively) with Nurp. As for NO2, CO is a primary pollutant resulting from incomplete
combustion, regardless of the type of fuel used. The relationship between Nurr and CO was still
positive and moderately low (r = 0.36) than NOz. Correlations of Nurp with CO2 and CH4 were also
low (r=0.22 and 0.15, respectively). As with NHs, a low PCC was found (r = 0.24) and was however
higher than NH4 (r = 0.07). Only ozone displayed a negative correlation with Nure (r=—0.24). Except
for NO2, the presence of these other gases did not allow to characterize a common emission
source with UFP.
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Fig. 6. Pearson’s correlation coefficient (r) of Nurr with gaseous compounds, including nitrogen
dioxide (NO2), monoxide (NO) and oxides (NOx), carbon monoxide (CO), carbon dioxide (CO2),
ozone (03), ammonia (NHz), and methane (CHa), with a p-value < 0.05.

Finally, Nurr and meteorological parameters (such as ambient temperature, wind speed and
direction, BLH and VC) were very poorly correlated (r ranging from —0.21 to 0.06) (Fig. S3), making
impossible to demonstrate a direct and clear connection between meteorology and UFP by
considering the whole sampling period. These PCC could be more significant if more restrictive
time periods are considered for analyses.

3.5 Particle Number Size Distributions

The averaged 3-years PNSD measured at the Paris-Les Halles supersite highlighted a major
modal diameter around 25 + 10 nm (Fig. 7). This particle size range is usually attributed to the Aitken
mode and reflects both the growth of particles formed from ambient-temperature gas-to-particle
conversion (nucleation processes) and particles directly emitted by combustion processes and
more particularly by the road-traffic source (Harrison et al., 2019, 2011; Ogulei et al., 2006). These
results emphasized that road-traffic can be considered as a major contributor to UFP emissions
in Paris in 2020, 2021, and 2022. This finding was consistent with the conclusions of Trechera et
al. (2023), regarding similar PNSD profiles measured in European cities such as London and Madrid.

To a slightly lesser extent, another population of particles could be observed between 200 and
300 nm and would be associated to secondary particles with a diameter range included in the
accumulation mode (Gu et al., 2011; Rivas et al., 2020).

In addition to the modal diameter, PNSD can also be characterized in terms of median and
mean dme (Table 2). The analysis of PNSD allowed to show that mode and median diameters were
smaller in 2021 and 2022 (22-23 nm and 29 nm) than in 2020 (27 nm and 32 nm, respectively).
This difference in particle size between 2020 and 2022 is more visible for the mean diameter
(50 nm versus 44 nm). These three parameters globally showed diameters of 20 to 50 nm.

The highest uncertainties were only recorded for the modal diameter (26—27%). However, they
were narrower for median and mean dme (from 3% to 6% and 4%, respectively).
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Fig. 7. Averaged 2020-2021-2022 particle number size distributions at the Paris-Les Halles
supersite in the 8400 nm electrical mobility size range.

Table 2. Statistical diameters (in terms of electrical mobility diameter (dme)) calculated from
average particle size number distributions (mode, median and mean diameters) for 2020, 2021,
and 2022 years. Uncertainties correspond to reproducibility standard deviations (STDr) calculated
according to ISO 5725-2 standard.

2020 2021 2022
dme
Average (hnm) STDgr (nm) Average (nm) STDr(nm) Average (nm) STDgr (nm)
Modal 27 17 22 16 23 16
Median 32 2 29 1 29 +1
Mean 50 +2 47 2 44 2

3.5.1 Nucleation mode (Nnuc = Ng-20)

The averaged nucleation-mode particle concentration (Nnuc) was characterized by a value of
2,794 * 1,966 # cm™ over the studied period, varying between 1,978 (2020) and 3,125 # cm™
(2022). The analysis of particle number concentrations ranging from 8 to 20 nm showed an
increase of 37% between 2020 and 2022 (+31% between 2020 and 2021 and +9% between 2021
and 2022). It further illustrates a more visible impact of restrictive measures occurring in 2020 in
the nucleation-mode particle concentrations. Indeed, these particles are mainly emitted by local
pollution sources (such as road-traffic in urban areas) and driven by gas-to-particle conversion
processes. Since they have a very short lifespan (i.e., in the order of minutes) due to their rapid
coagulation or random impaction on surfaces, the evolution in the nucleation-mode particles
concentrations can be considered as a relevant indicator for specifically characterizing the fresh-
particles emissions which were lower during the COVID-19 pandemic.

During the study period, the nucleation-mode particles concentrations accounted for around
30% of the total measured particle number concentrations (Nvor). The correlations of Nnuc with
auxillary pollutants were broadly low (PCC < 0.4) (Fig. S4). Highest correlations were recorded
with NO: (r = 0.37) and to a lesser extent with NOx, OM, BC, and BCs (0.27 > r > 0.2), thus
highlighting the influence of road-traffic in the nucleation mode.

3.5.2 Aitken mode (Nait = N20-100)

The averaged Aitken-mode particle concentration (Nait) was characterized by a value of 5,288
+ 3,276 # cm™ over the whole sampling period, varying annually between 4,574 (2020) and 5,610
# cm™ (2022). As for the nucleation mode, the evolution of concentrations for particles ranging
from 20 to 100 nm also showed an increase of 19% between 2020 and 2022. This percentage is
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broadly consistent with that observed for Nurr (see sub-section 3.2). It also should be noted that
the Aitken-mode particles concentrations accounted for almost 60% of Nror, i.e., 8-400 nm,
further emphasizing the fact that most of particle number concentrations measured in Paris were
associated with this particle mode. This analysis confirms the urban background environment of
the monitoring site since this station is located far from any direct source of pollution. Therefore, it
is rather representative of UFP pollution from the growth of aerosol particles by condensation
and coagulation phenomena, initially emitted in the nucleation mode.

For Nurp, correlations are slightly higher with Nait (r = 0.95) than Nnuc (r = 0.85) (Fig. S3). Highest
PCC of Nait were found with BC, and in particular with its fossil-fuel fraction (r = 0.61)—compared
with its wood-burning fraction (r = 0.42)—and with organic matter (r = 0.63). In addition, PMj
were better correlated with Nait than Nurp, although their correlations were globally low (r=0.35
and r = 0.42 for PM2s and PMso, respectively). Sulfate, nitrate and ammonium ions (SO4, NOs,
NHa4) showed very poor correlations with Nait (0.07 < r <0.24) (Fig. S5, left panel).

Concerning gaseous compounds, Nait showed the strongest correlations with nitrogen oxides,
particularly with NO; (r = 0.62). A slightly higher correlation was found with CO (r = 0.44). The
remaining gases considered in this study presented poor PCC (r below 0.4), even a negative
correlation for Oz (r = —0.24). (Fig. S5, right panel). As for Nure, very weak correlations were also
found with meteorological parameters.

3.5.3 Accumulation mode (N100-200)

The accumulation-mode particles concentrations (Nacc), corresponding to the 100400 nm size
range, accounted for only 10% of Ntor. The averaged particle number concentration recorded in
this mode during the whole measurement period was of 939 + 700 # cm™3, with stable values in
2020, 2021, and 2022 (902, 968, and 924 # cm™). The annual differences represented less than
1% of Ntor concentrations, which is not meaningful regarding to those recorded in the two other
modes.

The accumulation mode (Nacc) presented the highest correlations both with particulate and
gaseous components (Fig. S6). Indeed, it was the only particle mode which displayed strong
correlations with BC (r = 0.85) and organic matter (r = 0.83), Nacc being better correlated with
BCub (r = 0.82) than BCss (r = 0.77). These results perfectly illustrate that primary UFP sources are
mainly related to road-traffic activities and that biomass combustion emissions have also a
significant contribution on the UFP size range but also on larger particles diameters (> 100 nm).
This principle also applies for secondary inorganic aerosols. After being formed in the nucleation
mode, these compounds rapidly grow in the Aitken and then the accumulation modes. That is
the reason why moderate correlations of Nacc with NO3 and NHa (r = 0.56 and r = 0.52, respectively)
were found. However, PCC remained weaker for SO4 and Chl (r = 0.34 and r = 0.43), since these
compounds have lower mass contributions than ammonium nitrate ones.

Contrary to the first two particle modes, the accumulation mode displayed strong correlations
with PM2s and PMyo (r=0.77 and r = 0.69, respectively). This result highlights that the accumulation
mode contributed significantly to PM1o and PM2s mass concentrations although they were far
less numerous than Nurr (Kwon et al., 2020). Nacc were well correlated with gaseous compounds,
with coefficients that can however be weakly to strongly moderated (0.4 < r < 0.7). As for Nnuc
and Nait, the accumulation mode also showed a negative coefficient with ozone (r =-0.32).

3.6 Comparison of UFP Concentrations Observed in Paris with the Literature

The RI-URBANS project (Research Infrastructures Services Reinforcing Air Quality Monitoring
Capacities in European Urban & Industrial Areas, the European Union’s Horizon 2020 research
and innovation program, n°101036245) allowed to gather and evaluate available UFP/PNC data
from urban areas in several countries and to conduct comparisons with these concentrations. In
the absence of a Paris’ urban site for the aforementioned study, any comparison could not be made
and is then carried out in this paper.

The averaged number concentrations of particles ranging from 10 to 25 nm (N1o-25), from 25
to 100 nm (N2s-100) and from 10 to 100 nm (N1o-100, representative of UFP size range) observed in
Paris in 2022 were compared to those measured in fifteen European cities (+1 in the USA) over
the 2017-2019 period (Table 3). The decision to lead this comparison for the year 2022 was
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guided by the fact that a normal return of anthropogenic activities (representative of the emissions
intensity before the pre-pandemic period) was occurred. This study thus establishes a reliable
and relevant comparison with concentrations measured before 2020.

The highest Nure concentrations were recorded in Barcelona, Granada, Langen, Budapest, Marseille,
Paris and Miilheim (7,868-9,805 # cm™), followed by Athens, Madrid, Leipzig and Dresden (4,973—
6,841 # cm™) and Rochester, Helsinki, London_1, London_2, Zurich and Birmingham (2,858—
3,804 # cm™).

For N1o-25 concentrations, they were globally from 540 to 4,628 # cm™3, with highest number
concentrations in Central, Eastern and South-Western Europe (2,800—-4,600 # cm™3, including
Paris (3,688 # cm™)) and lowest levels in northern Europe, in the UK and in the northern USA
(700-1,400 # cm=3, except for Zurich with 300 # cm™). This spatial distribution in the Nio.2s
concentrations can be associated to cities located in southern Europe and mainly affected by
photo-nucleation processes favored by intense temperature and sunshine conditions. In addition,
other contributors such as the road-traffic emission source and various physico-chemical processes
can also affect the number particle concentrations in this particle size range.

For N2s-100 concentrations, the averaged particle number concentrations recorded in urban
background conditions were from 2,144 to 5,894 # cm=. As for Trechera et al. (2023), it is important
to note that marked South-Center-North (S-C-N) N2s-100 trends were observed, with the higher
concentrations in southern Europe, notably in Madrid, Athens, Barcelona and Marseille (4,800—
5,900 # cm™3), and then intermediate number concentrations (2,800-5,100 # cm~) were found
in Zurich, Leipzig, Miilheim, Budapest and Paris (N2s-100 = 4,591 # cm™3). The lowest particle levels
were again recorded in Northern Europe, in the UK and in the northern USA (2,100-3,000 # cm™).

Relatively high number particle concentrations within Nurp, N10-25, N2s-100 (8,300, 3,700, and 4,600
# cm=, respectively) were found in Paris and can mostly be associated with emissions from road-
traffic (also confirmed by the correlation study, see sub-sections 3.4 and 3.5), as for other European
cities with similar characteristics. However, it is also important to mention that particle-counting
monitoring technologies used in these studies may differ from one city to another, thus leading
to balance some elements of this comparison. Indeed, this lack of harmonization in terms of
instrumentation, calibration chain and data processing should soon be standardized to make
these analyses strictly comparable.

Table 3. Averaged particles number concentrations and their standard deviations for N1o-25, N2s-100,
N1o-100 (Nurp) from 16 urban background sites (2017—-2019 period, Trechera et al., 2023) compared
to Paris (year 2022).

Station name N1o0-25 G10-25 N2s-100 G25-100 Nurp (N10-100)  G10-100
(#cm3)  (Hcm3)  (#Hcm3)  (#HmSE) (#comDd) (#cm™)
This work (Paris) 3,688 2,301 4,591 2,701 8,279 4,530
Athens 1,503 1,312 5,338 4,642 6,841 5,448
Barcelona 4,245 4,141 5,560 3,820 9,805 6,641
Birmingham 661 632 2,197 1,813 2,858 2,263
Budapest 3,691 3,075 4,973 3,333 8,664 5,785
Dresden 1,935 2,322 3,038 2,529 4,973 4,019
Granada 3,129 2,677 5,629 4,160 8,758 6,230
Helsinki 1,419 1,526 2,144 1,764 3,563 2,913
Langen 4,628 4,491 4,074 2,762 8,702 5,890
Leipzig 3,236 4,076 3,524 2,818 6,760 5,691
London_1 614 560 2,983 2,433 3,597 2,790
London_2 540 405 2,912 2,256 3,452 2,509
Madrid 1,997 1,908 4,806 3,632 6,803 4,942
Marseille 2,679 1,760 5,894 3,881 8,573 5,160
Milheim 2,810 2,139 5,058 3,375 7,868 4,955
Rochester 1,434 1,428 2,370 1,849 3,804 2,867
Zirich 296 264 2,845 2,156 3,141 2,336
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4 CONCLUSIONS

Since October 2019, continuous ultrafine particles (UFP) measurements were performed at an
urban background supersite in Paris using an electric mobility particle size spectrometer (MPSS), thus
complying with the WHO recommendations and the future EU air quality directive. In this study,
UFP data were collected until December 2022. The results revealed high UFP number concentrations
compared to other major cities, with an hourly averaged value of 8,100 + 4,800 # cm™ over the
study period. The annual concentrations could fluctuate from 6,600 + 3,900 # cm~ in 2020 to
8,700 + 4,700 # cm™3 in 2022. Hourly maximum UFP concentrations reached 30,000 and 40,000
# cm™3. The WHO daily informative value (i.e., Ntor with Nure included > 10,000 # cm™) was then
exceeded during 353 days, around one-third of the studied period. These results indicate that
Paris city is one of the European cities mostly affected by UFP pollution, thus underlining the
need to implement effective air quality management strategies.

This study also highlighted the important variability in UFP number concentrations, in comparison
with PM1o and PM2s mass concentrations. An expected daily pattern was identified with high
concentrations in the morning and evening rush-hour periods mainly associated to anthropogenic
activities, especially road-traffic. Additional UFP peak concentration was observed at mid-day
and can be attributed to the formation of new particles from nucleation processes. These
phenomena contribute to the complexity in the UFP understanding and their dynamics within
the greater Paris area. Moreover, no clear monthly or seasonal UFP variability was observed.

Correlations of UFP with other pollutants varied generally from weak to moderate, with highest
relationships obtained with combustion pollutants, such as NO; (r=0.58) and BC, more particularly
from fossil fuel (BCs, r = 0.51) whereas UFP showed a weaker correlation with the wood-burning
source (BCuwb, r=0.33). In addition, the analysis of particle number size distributions (PNSD) allowing
to characterize the relative contributions of nucleation, Aitken and accumulation modes to the
whole measured size range (i.e., 8400 nm) were about 30%, 60%, and 10%, respectively. This
confirmed that road traffic was the main UFP source in Paris since the Aitken mode was mainly
correlated to BC and its fossil-fuel fraction.

Since April 2022, the MPSS and CNC-combined particle monitoring, in addition to existing real-
time measurements of the aerosol chemical composition, should further improve the
understanding of UFP sources and formation mechanisms. A long-term analysis of UFP data will
allow to better characterize their main sources and identify specific events influencing UFP
number concentrations. The understanding of UFP spatio-temporal variabilities and the analysis
of PNSD profiles are worthwhile to implement effective air quality management plans and
support policy decisions aimed at controlling UFP emissions, especially within the greater Paris
area. Such particle number concentrations monitoring has also recently been completed by
oxidative potential measurements to refine knowledge of the impact of particulate matter on
human health.
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