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ARTICLE INFO ABSTRACT

Handling Editor: Jose L Domingo Urban air fine particles are a major health-relating problem. However, it is not well understood how the health-
relevant features of fine particles should be monitored. Limitations of PMy 5 (mass concentration of sub 2.5 pm
particles), which is commonly used in the health effect estimations, have been recognized and, e.g., World Health
Organization (WHO) has released good practice statements for particle number (PN) and black carbon (BC)

concentrations (2021). In this study, a characterization of urban wintertime aerosol was done in three envi-
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Traffic . . . . . .. . .
Biomass burning ronments: a detached housing area with residential wood combustion, traffic-influenced streets in a city centre
Airport and near an airport. The particle characteristics varied significantly between the locations, resulting different

average particle sizes causing lung deposited surface area (LDSA). Near the airport, departing planes had a major
contribution on PN, and most particles were smaller than 10 nm, similarly as in the city centre. The high hourly
mean PN (>20 000 1/cm?®) stated in the WHO’s good practices was clearly exceeded near the airport and in the
city centre, even though traffic rates were reduced due to a SARS-CoV-2-related partial lockdown. In the resi-
dential area, wood combustion increased both BC and PMj 5, but also PN of sub 10 and 23 nm particles. The high
concentrations of sub 10 nm particles in all the locations show the importance of the chosen lower size limit of
PN measurement, e.g., WHO states that the lower limit should be 10 nm or smaller. Furthermore, due to ultrafine
particle emissions, LDSA per unit PMy 5 was 1.4 and 2.4 times higher near the airport than in the city centre and
the residential area, respectively, indicating that health effects of PMj 5 depend on urban environment as well as
conditions, and emphasizing the importance of PN monitoring in terms of health effects related to local pollution
sources.

Human respiratory tract
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1. Introduction

Urban air pollution is a major climate- and health-related problem
worldwide. One of the main contributors on urban air pollution and its
effects is fine particulate matter (particles with a diameter smaller than
2.5 pm). Fine particles have been estimated to cause millions of pre-
mature deaths globally, and the estimates vary e.g., between 3.3 and
10.2 million premature deaths per year (Lelieveld et al., 2015; Cohen
et al., 2017; Vohra et al., 2021). Other major contributors on urban air
quality are e.g., nitrogen dioxide (NO3), sulphur dioxide, ozone, and
carbon monoxide. Exposure to different air pollutants is typically the
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highest in cities where various sources of atmospheric pollutants are
combined with high population density. Emissions e.g., from traffic and
biomass combustion can worsen urban air quality (Saarikoski et al.,
2021), but air quality is also depended on distant emissions sources and
long-range transported (LRT) aerosol (e.g., Pirjola et al., 2017).

Over the years, urban air quality has been considered in legislation
and there are regulations regarding the concentrations of different pol-
lutants. Due to these regulations on atmospheric concentrations as well
as due to emission limits for individual pollutant sources, air quality has
improved e.g., in Europe (Sicard et al., 2021). However, pollutants and
fine particulate matter still cause hundreds of thousands of premature
deaths annually in Europe (EEA, 2021; Sicard et al., 2021).

Health effects of fine particles are often associated with PMs 5 (e.g.,
Dockery et al., 1993; Burnett et al., 2014), which is the mass concen-
tration of particles with a diameter smaller than 2.5 pm. In fact, PMy s,
alongside with PM;( (diameter smaller than 10 pm), is the main metric
for particulate pollution in the World Health Organization’s (WHO)
global air quality guidelines (WHO, 2021) and in legislation (Gemmer
and Xiao, 2013). For example, WHO’s PM; 5 guideline levels for 24-h
and annual mean concentrations are 15 and 5 pg/m>, respectively.
Current legislation assumes all particle mass concentrations as equally
harmful, even though the association between the premature deaths and
PM, 5 depends on the country (Li et al., 2019). Also, there are major
differences in chemical composition as well as in mass- and number size
distributions within the PMy 5 (e.g., Pirjola et al., 2017), emphasizing
the need to understand the characteristics of the local fine particulate
matter in terms of health effects. Furthermore, most urban air fine
particles are ultrafine, i.e., smaller than 100 nm (e.g., Kumar et al.,
2010). Due to the small size, ultrafine particles do not contribute to
PM, 5 notably as their mass is insignificant. Thus, there is a need for
different metrics, alongside with PM; 5, when estimating the health ef-
fects caused by local particle pollution.

In addition to PMy 5, particle concentrations can be monitored e.g.,
with ultrafine particle number (PN) concentration and black carbon
(BC) mass concentration. As most urban air particles are smaller than
100 nm, the local emissions (e.g., traffic) are usually more easily
detected with PN than with PMs 5. In a review study by Ohlwein et al.
(2019), ultrafine particles were linked to short-term effects on human
health such as changes in inflammatory status and cardiovascular con-
ditions. Despite the evidence on negative health effects, there is still a
large need for more quantitative evidence on the individual health im-
pacts of PN. For example, the lower limit of the measured size range of
ultrafine particles significantly affects the measured PN, and this lower
measurement limit varies usually from a couple of nanometres up to 23
nm, depending on the study. Also, the EU emission standards for vehicle
emission consider 23 nm as the lower limit for PN of solid particles even
though most of the emitted particles are smaller (Ronkko et al., 2017). In
the new WHO, 2021 air quality guidelines, monitoring of PN has been
introduced as a good practice statement, but WHO decided not yet to
formulate guideline levels for PN concentration. However, WHO rec-
ommends distinguishing between low and high PN concentrations to
guide the decisions on the priorities of ultrafine particle emission source
control. PN concentrations higher than 10 000 1 /cm® (24-h mean) and
20 000 1/cm® (1-h mean) can be considered as high PN concentration.
WHO also stated that the lower limit of the measurement size range
should be 10 nm or smaller.

Ambient black carbon is one of the main components of the ambient
particulate matter. BC is emitted from incomplete combustion processes
and, therefore, it is a good tracer for emissions e.g., from traffic and
biomass combustion. In addition, BC can induce adverse health effects
by itself or by carrying other harmful components on its surface into the
human respiratory tract (e.g., Cassee et al., 2013). Thus, BC is an
important metric when considering the health effects of local combus-
tion emissions. Typically, the fraction of BC in urban air PM3 5 is 5-20%,
depending on the environment (Luoma et al., 2021). It has been found
that the association between the negative health effects (e.g.,
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cardiovascular diseases) and BC may be stronger than the respective
association with PMy 5 (Janssen et al., 2011). Monitoring of BC has also
been added to the new WHO guidelines (WHO, 2021) as a good practice
statement, similarly as PN. However, exact limits for high BC concen-
tration are not provided, and the urgent need for new research-based
information, systematic measurements, emission inventories, and
source apportionment is indicated.

As all the mentioned metrics (PMy5, PN, BC) emphasize certain
features of ambient fine particles, it is important to understand, which
metrics are the most important in terms of air quality and adverse health
effects. One option to estimate the potential negative health effects of
fine particles is the measurement of lung deposited surface area (LDSA)
of particles. LDSA estimates the surface area concentration of particles
that deposit in the alveolar region of the human respiratory tract. It has
been found that the surface area could be the most relevant feature when
considering the health effects of ultrafine particles (Brown et al., 2001,
Oberdorster et al., 2005). The alveolar region is considered crucial as the
interaction between the respiration and the pulmonary circulation oc-
curs there. It has been observed that the association between the nega-
tive health effects (Aguilera et al., 2016; Patel et al., 2018), including
mortality (Hennig et al., 2018), and LDSA could be stronger than with
PM, 5 or PM;(. Thus, LDSA is another very potential tracer to analyse
health effects caused by fine particles. Also, particle deposition in other
regions of the human respiratory tract, e.g., in head airways, could cause
adverse health effects. For example, there is a risk that particles could
damage the human brain by entering directly through the olfactory
nerve (Maher et al., 2016). Also, long-term exposure to fine particles
increases e.g., the risk of Alzheimer’s disease (Jung et al. 2015), indi-
cating that fine particles have effects on the human brain.

To understand how urban air fine particles should be monitored and
regulated in terms of health effects, it is necessary to know how the fine
particle characteristics depend on the urban environment, and how the
different particle metrics can detect the health-relevant features of the
particulate pollution. In our study, we analysed short-term physical and
chemical characteristics of wintertime aerosol in different urban envi-
ronments in the Helsinki metropolitan area, Finland. The chosen envi-
ronments were a detached housing area with residential wood
combustion, traffic-influenced streets in the city centre, and an airport.
The objective was to understand the features and effects of different
emissions sources in terms of air quality and possible health effects. The
sizes and concentrations of particles were analysed in detail by
measuring PN separately for particles larger than 2.5 nm, 10 nm, and 23
nm, including size distributions in the size range of 2.5 nm-2.5 pm.
Furthermore, the volatility of particles was analysed by utilizing a
thermal treatment in the sample line. Previous studies of the in-detail
characteristics of sub 23 and 10 nm particles have mainly considered
road traffic, according to our knowledge. In addition, PMy s and BC
concentrations as well as the chemical composition and morphology of
particles were analysed. The potential health effects of fine particles are
discussed by estimating particle respiratory tract deposition, including
LDSA concentrations and size distributions. According to our knowl-
edge, the characteristics and sizes of particles causing LDSA near air-
ports have not been analysed in previous studies. Also, the
concentrations of CO, and NOy were measured. We provide estimations
of emission factors for ambient PM; 5, PN, BC and NOy, and for non-
volatile PM5 5 and PN.

2. Materials and methods
2.1. Measurement locations and campaign conditions

The measurements were conducted in a detached housing residential
area, in the city centre, and next to an airport in the Helsinki metro-
politan area (population ~1.2 million) on March 1st — 11th, 2021
(Fig. 1). Measurements were done by focusing on one location on each
measurement day (8 a.m.-10 p.m.) by utilizing the Aerosol and Trace-
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Fig. 1. Measurement locations on map. The stationary measurement locations are marked with circles (black: urban background, brown: residential area, red: street
canyon, blue: airport). The driving route in the city centre is marked with a red line. Furthermore, pictures from the street canyon, Airport B, and residential area

measurement sites are provided.

gas mobile laboratory (ATMo-Lab, e.g., Ronkko et al., 2017; Lepisto
et al., 2022) in both stationary and driving measurements. The mea-
surement days, locations, and weather conditions are shown in Table 1.
During the campaign, ambient temperature varied between —11.6 °C
and +4.1 °C, and wind speed was mainly moderate.

The residential area measurements were conducted as stationary
measurements in Ruskeasanta, Vantaa (60.3120 N, 25.0110 E). Rus-
keasanta is a detached housing area where residential wood combustion
is common in fireplaces and sauna-stoves. The site is approximately 700
m away from Tuusulanvayla highway (48 100 vehicles/day, Finnish
Transport and Infrastructure Agency). The closest runway of Helsinki-
Vantaa airport (~4.3 million passengers in 2021, Finavia) is approxi-
mately 1500 m away.

The measurements in the city centre were conducted as both sta-
tionary and driving measurements. The stationary location was on a
kerbside in Makelankatu street canyon next to an air quality monitoring
supersite (60.1963 N, 24.9523 E) operated by Helsinki Region Envi-
ronmental Services Authority (HSY). In 2019, an average traffic rate on
the street (Makelankatu) was 28 000 vehicles/day on weekdays, but
during the campaign, SARS-CoV-2-related partial lockdown signifi-
cantly reduced the traffic rates. The canyon is 42 m wide and buildings
on both sides are 17 m tall, weakening the dilution process of pollutants
(Karttunen et al., 2020, see also Barreira et al., 2021). The driving
measurement route consisted of the main streets in the Helsinki city
centre, including the street canyon (Makeldnkatu) and e.g., traffic-light
junctions, traffic-jams, street canyons and sidewalks, as well as a park
section and a short stationary urban background measurement next to
the sea in Hietaniemi (60.1722 N, 24.9040 E). However, the concen-
trations measured in the park section and the background site were not
included when analysing the results of the city centre driving
measurements.

Next to Helsinki-Vantaa airport, two measurement sites were utilized
depending on the wind direction. The location A (60.3140 N, 24.9917 E)
was south-east from the airport, approximately 500 m away from
runway 2. The location B (60.3196 N, 24.9133 E) was west from the
airport, approximately 200 m away from runway 3. During the mea-
surements, the closest roads, Katriinantie (4700 vehicles/day) and
Tuusulanvayla, were in upwind directions, thus not significantly
affecting the measurements. The aircrafts departed mainly from the

runway 3. Due to the SARS-CoV-2 outbreak, air traffic was significantly
reduced during the campaign. The measurements in both locations were
mainly done during times when the activity in the airport was close to
the typical day-time activity before the outbreak (take-offs approxi-
mately every 5 min). Otherwise, the measurements were done in the
residential area during the airport measurement days.

In addition to the measurements during March 1st — 11th, a short
measurement to characterize emissions of a coffee roastery (see Tim-
onen et al., 2013; Carbone et al., 2014; Kuula et al., 2020) near the street
canyon was conducted with the same setup on March 15th. Due to the
relatively short campaign period and varying conditions, the results of
this study should be considered as snapshots of urban wintertime aerosol
in certain locations and during certain conditions and should not be
generalized as average long-term characteristics of urban aerosol in the
studied sites. The presented results are selected from periods when the
contribution of the local emissions was clear to understand the in-detail
effects of the studied pollution sources. The amount of data in each of
the studied locations is provided in Supplementary (Table S1).

2.2. Measurement setup and instruments

The measurements were conducted with the ATMo-Lab measure-
ment van. In the ATMo-Lab, the sample was taken in the front of the car
above the windshield at the height of 2.2 m, and then divided for the
instruments installed in the back end of the van.

The particle number concentrations were measured with a CPC
battery, i.e., parallel Condensation Particle Counters (CPC) with
different cut-off diameters (2.5 nm (TSI 3756), 10 nm (Airmodus A20)
and 23 nm (Airmodus A23)). A bifurcated flow diluter (dilution ratio 14)
was used to reduce the measured particle concentrations with the CPCs.
Particle mass concentration and number size distributions were
measured with an electrical low-pressure impactor (ELPI+, Dekati Oyj,
Keskinen et al., 1992; Jarvinen et al., 2014). In the ELPI+, particle size
distributions are measured as a function of the aerodynamic diameter in
the size range from 6 nm to 10 pm. Furthermore, the ELPI + enables an
accurate measurement of LDSA concentration and size distribution in
the whole measurement size range (Lepisto et al., 2020), which differs
from the typical sensor based LDSA measurement (e.g., Fissan et al.,
2006; Fierz et al., 2014) which is reasonably accurate only for
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Table 1

Campaign measurement days, measurement times and average weather condi-
tions (temperature (T), wind direction, wind speed and relative humidity (RH))
during measurement days (8 a.m.-5 p.m.) and evenings (5 p.m.-10 p.m.).
Measurements were not conducted on March 7th.

Day Time of Measurement T (°C) Wind Wind RH
March the day locations direction Speed (%)
2021 (m/s)
Mon Day (8 a. Residential +3.1 West 4.1 78
1st m.-5 p. area +4.1 West 5.3 71
m.) Residential
Evening area
5 p.
m.-10 p.
m.)
Tue Day (8 a. Street canyon +3.7 North- 7.2 66
2nd m.-5 p. Street canyon +2.4 west 5.1 70
m.) West
Evening
5 p.
m.-10 p.
m.)
Wed Day (8 a. Residential +3.2 West 5.6 70
3rd m.-5 p. area & Airport +3.5 West 6.0 80
m.) A
Evening Residential
(5p. area
m.-10 p.
m.)
Thu Day (8 a. Residential -1.6 North- 5.6 61
4th m.-5 p. area & Airport -3.3 west 3.8 81
m.) A North-
Evening Residential west
5 p. area
m.-10 p.
m.)
Fri 5th Day (8 a. Residential —4.0 North- 5.0 54
m.-5 p. area & Airport -5.0 west 3.7 61
m.) A North-
Evening Residential west
G p. area
m.-10 p.
m.)
Sat 6th Day (8 a. Residential —0.4 North- 7.1 86
m.-5 p. area & Airport +1.3 west 6.8 84
m.) A West
Evening Residential
G p. area
m.-10 p.
m.)
Sun 7th
Mon Day (8 a. Street canyon -8.8 North- 4.6 57
8th m.-5 p. Street canyon -5.6 west 1.9 58
m.) North-
Evening west
5 p.
m.-10 p.
m.)
Tue Day (8 a. Residential —10.5  East 6.9 88
9th m.-5 p. area & Airport —11.6  North- 8.0 77
m.) B east
Evening Residential
G p. area
m.-10 p.
m.)
Wed Day (8 a. Residential —11.6  East 6.3 64
10th m.-5 p. area & Airport —11.6  East 4.9 68
m.) B
Evening Residential
G p. area
m.-10 p.
m.)
Thu Day (8 a. Street canyon —4.0 South- 6.8 84
11th m.-5 p. - -2.0 east 8.8 67
m.) South-
Evening east
(5 p.

Environmental Research 231 (2023) 116068

Table 1 (continued)

Day Time of Measurement T(°C) Wind Wind RH
March the day locations direction Speed (%)
2021 (m/s)

m.-10 p.

m.)

approximately 20-400 nm particles (e.g., Todea et al., 2015).

Particle chemical composition was analysed with a Soot Particle
Aerosol Mass Spectrometer (SP-AMS, Aerodyne Research Inc, Billerica,
US; Onasch et al. (2012)). In this study, the SP-AMS was operated with a
15 s time-resolution near the airport and during the city centre driving
measurements, and with a 60 s time-resolution in stationary measure-
ments (residential area and street canyon). When driving and in near
airport measurements a mass spectra mode was used to obtain the
nitrate-equivalent concentration of the measured constituents (Jimenez
et al., 2003; Canagaratna et al., 2007). During the stationary measure-
ments, a half of the measurement time the instrument operated in a
Particle Time-of-Flight mode to obtain size distributions.

Ambient black carbon (BC) was measured with an AE33 Aethal-
ometer (Magee Scientific, Drinovec et al., 2015), which determines BC
mass concentration by measuring the attenuation of light at the wave-
length of 880 nm. Data from other wavelengths (370-950 nm) were
utilized in source apportionment analysis by calculating the absorption
Angstrém exponent (AAE) (Sandradewi et al., 2008). For example, AAE
of traffic-influenced aerosol is typically ~1 (Kirchstetter et al., 2004;
Helin et al., 2018), whereas AAE of biomass combustion influenced
aerosol can be 1.1-2.2 (Helin et al. 2018, 2021). The calculation method
for AAE and source apportionment analysis (Zotter et al., 2017) is shown
in Supplementary (Equation S1).

Particle elemental composition and morphology was investigated by
collecting particles after thermal treatment onto holey-carbon grids by
utilizing a flow-through sampler. The collected particles were then
analysed with a (Scanning) Transmission Electron Microscope (S/TEM,
Jeol JEM-F200). The particle morphology was analysed with TEM and
the elemental composition was investigated by an energy-dispersive
spectrometry (EDS) included in the S/TEM. Several particle samples
were collected in each studied environment during the measurements.

The non-volatile aerosol particle fraction was investigated by using a
thermodenuder (Heikkild et al., 2009; Amanatidis et al., 2018), where
the sample is heated up to temperature of 265 °C causing the evapora-
tion of the volatile particle compounds which are then collected into an
active charcoal filter. Thus, only the non-volatile particle cores are left in
the sample after the thermodenuder. During the measurements, the
thermal treatment was switched on and off to study both ambient and
non-volatile particles in turns. The thermal treatment was used in front
of the CPCs, ELPI+ and particle collection (S/TEM) in the sample line.

CO, and NOx concentrations were measured with a LI-COR LI-7000
and a Teledyne Model T201, respectively. Regional background con-
centrations of PMs 5 and BC (measured with a MAAP, Thermo Electron
Corporation) were measured in HSY’s rural background site in Luukki,
locating approximately 18 km west from the residential area, 20 km
north-west from the street canyon and 15 km west from the airport. The
weather data is from Helsinki-Vantaa airport. A backward wind
trajectory-analysis was done by using the National Oceanic and Atmo-
spheric Administration’s (NOAA) HYSPLIT-model (Stein et al., 2015;
Rolph et al., 2017).

2.3. Data processing

The upper limit of the particle size range was chosen to be 2.5 pm to
reduce uncertainties related to inertial particle losses in the sampling
system of the ATMo-Lab. The reported particle number concentrations
and size distributions have been corrected by estimating the particle
losses due to diffusion according to the equations reported by Willeke
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and Baron (2005). Particle losses in the thermodenuder were corrected
according to the calibration by Heikkila et al. (2009). The presented
results were calculated by using a 1-min arithmetic mean of the
measured concentrations.

With the ELPI + data, the particle effective density was assumed to
be 1 g/em®. For example, Rissler et al. (2014) reported effective den-
sities of 0.66-1.38 g/cm® for 100 nm particles in urban air. Also, the
potential effects of particle hygroscopic growth in the human respiratory
tract were assumed to be negligible, which is a common approximation.
With traffic-originated particles, this approximation can lead to slightly
overestimated lung deposition of particles smaller than 200 nm and
underestimated lung deposition of particles larger than 200 nm. In the
residential area, the hygroscopicity-related uncertainties can be
assumed to be insignificant (Kristensson et al., 2013). The particle size
distributions are presented as a function of the aerodynamic diameter
based on the ELPI -+ measurement. However, one additional size fraction
was added in the number size distributions for sub 10 nm particles based
on the measured concentration difference between the CPCs with cut-off
sizes of 2.5 nm and 10 nm.

A source apportionment analysis of organic aerosol (OA) was per-
formed with the residential area data. The OA at the residential area was
divided into four factors: biomass burning OA (BBOA), hydrocarbon-like
OA (0OA), semi-volatile oxygenated OA (SV-OOA) and low-volatility
oxygenated OA (LV-OOA). Similar factors have been identified in
another residential suburban area in Helsinki (Teinila et al., 2022). The
OA source apportionment was also made with the street canyon and the
airport data, but they are not shown as they did not provide any addi-
tional information about the sources of ultrafine particles at those
locations.

Furthermore, emission factors of ambient PM5 5, PN, BC and NOy,
and non-volatile PM; 5 and PN from road and air traffic were calculated
by analysing their relationship with simultaneously measured CO»
concentration. In-detail calculation method for emission factors is
shown in Supplementary (Equations S2-3).

3. Results and discussion
3.1. General overview

The average measured PM; 5 and BC during the measurement days
and evenings, as well as the average regional background concentrations
from the rural background site, are shown in Fig. 2. The average
chemical composition of submicron particles measured with the SP-AMS
is in Supplementary (Fig. S1-2). During the first eight days of the
campaign when the wind was from the west, the background PMy 5 and
BC concentrations were low (0.9-3.0 pg/m® and 0.06-0.27 pg/m?,
respectively), and the chemical composition was dominated by organic

[ Residential Area PM2.5 I Airport & Residential Area PM2.5
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compounds and soot. The regional background concentrations increased
as the weather got colder and the wind turned to blow from the east
(PMa.5: 3.3-7.6 pg/m>, BC: 0.29-0.72 pg/m®). During the eastern wind,
the contribution of sulphate and ammonium increased in the particulate
matter. A long-range transported (LRT) aerosol -episode on the 11th day
contributed to high background particle concentrations and increased
the nitrate levels that otherwise were very low. The yearly averaged
PM, 5 and BC in different measurement sites in the Helsinki metropol-
itan area were 4.6-6.3 pg/m3 and 0.2-0.6 pg/m3 in 2020, respectively
(HSY, 2021). Thus, during the last three days of the campaign, the
measured particle concentrations were closer to the typical concentra-
tions in Helsinki than those measured in the beginning of the campaign.

In the residential area, the measured concentrations were close to the
background concentrations during the days and warmer evenings.
During the first measurement week, the average daytime PM; 5 and BC
in the residential area were 1.4 (standard deviation: 1.0-1.9) pg/m°® and
0.46 (0.15-0.77) pg/ms, and during the second week, 4.1 (2.9-5.3) pg/
m® and 0.51 (0.22-0.79) pg/m°, respectively. The residential wood
combustion increased during the colder evenings, and the highest
contribution of wood combustion was observed on the 5th day evening,
when the average PMys and BC were 9.3 pg/m° and 2.40 pg/m?
respectively. During the second week, the weather got colder, but
stronger wind limited the contribution of combustion activities in the
measured concentrations.

In the city centre, contribution of local traffic emissions was low due
to the SARS-CoV-2-related partial lockdown. On the 2nd day, the
average PMy 5 and BC were 2.9 pg/m® and 0.47 pg/m?, and on the 8th
day 3.6 pg/m? and 0.49 pg/m>, respectively. The measured concentra-
tions were slightly higher in the driving measurements: The average
concentrations on the 2nd and 8th day for PMj 5 were 3.7 pg/m® and 6.6
pg/m?, and for BC 1.25 pg/m> and 1.20 pg/m>, respectively. Especially
the measured PM5 5 was lower than typically before the pandemic. For
example, Luoma et al. (2021) reported long-term averaged PMy s of
5.6-11.3 pg/m® and BC of 0.7-1.0 pg/m> at traffic sites in Helsinki
before the pandemic.

Near the airport, the measured particle concentrations were low,
except during aircraft take-offs, which caused significant peaks in the
measured PN concentrations in Airport B, especially with particles
smaller than 10 nm (Fig. 3, discussed in-detail in Section 3.2.3). Similar
peaks were not detected with PMj 5 or BC which were 5.0 and 0.84 pg/
m® on average in Airport B, respectively. Airport A was further away
from the runway 3 and, therefore, the number concentration peaks were
not as evident although the PN concentrations increased occasionally. In
Airport A, the average PM, 5 and BC were 1.6 and 0.21 pg/m°, respec-
tively, which correspond well with the regional background concen-
trations during the measurements there (Table 1, Fig. 2).

Background PM 25 Fig. 2. The measured average PM, s and BC concen-

trations during the measurement days (D: hours 8-17)

[ Street canyon PM2_5 I 5C Background BC and evenings (E: 17-22). The measurement locations
during the day or evening are indicated with colours.
12r Also, the regional background concentration levels
(measured in the rural site in Luukki, Espoo) are
10 shown. Measurements were not done in daytime on
g - March 7th and during the evenings of March 2nd, 7th,
™ and 11th. BC concentration was not measured on
E 6L March 11th. During the other periods BC concentra-
g tions are included in the presented PM,s
4k concentrations.
2 -
0 : —1 11 B
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Fig. 3. Examples of a) ambient and b) non-volatile particle number (PN)
concentration timeseries with different lower limits of the detected particle size
in Airport B. Each PN concentration peak in the timeseries was measured
directly after a plane take-off. Notice different scales on y-axes.

3.2. Fine particle characteristics, chemical composition, and morphology

3.2.1. Residential area

In the residential area, the highest contribution of the residential
wood combustion was observed on the evenings of March 4th, 5th, and
6th, and, therefore, this section focuses on these days and evenings.
During March 4th and 5th, the temperatures were cold, and the wind
speed was moderate (Table 1). March 5th was Friday and 6th was Sat-
urday, which are both traditional days to warm up saunas in Finland,
which could contribute to the higher measured concentrations. Inter-
estingly, there were notable differences in the particle characteristics
during these evenings. Number size distributions of ambient and non-
volatile particles during these evenings and the average from the day-
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41 — 4th Evening
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dN/dlogdp (1/cm?®)
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time measurements are shown in Fig. 4. Also, the average measured
concentrations are collected in Table 2.

Asseen in Fig. 4 and Table 2, the average particle size profiles varied
between the evenings. On the 4th evening, the contribution of both
ambient and non-volatile particles smaller than 100 nm was higher,
whereas on the other evenings, the relative fraction of soot mode par-
ticles around the size of 100 nm (and larger) increased. PN and NOx
concentrations were higher on the 4th evening than on the other eve-
nings whereas, on the 5th evening, the highest average PM; 5 and BC
were measured with a significant margin. High PMs 5 and BC typically
suggest contribution of residential wood combustion (Luoma et al.,
2021, Saarikoski et al. 2021). The particle characteristics on the 6th
evening were similar as on the 5th day except that the concentrations
were lower.

The high PN and low mass concentrations on the 4th evening may
suggest some other residential emission source, e.g., oil combustion.
However, there were not significant differences in the chemical
composition of particles between the 4th and 5th evenings as both were
dominated with organics and biomass burning related BC (Fig. S1).
According to the source apportionment analysis of organic aerosol (OA)
(Fig. S3), biomass burning OA (BBOA) dominated OA composition
during these evenings, constituting about 55% of total OA mass on both
evenings. These results support the idea that the residential wood

Table 2

The average measured PN, PM, BC, and NOx concentrations in the residential
area during March 4th — 6th. Also, 10th and 90th percentiles of the measured
concentrations are shown in brackets. The number concentration of particles
smaller than 23 nm were not determined on the 4th evening.

4th Evening 5th Evening 6th Evening 4th — 6th Day
Ambient PN - 16 600 11 500 8000
> 2.5 nm (6800-33 (9400-13 (5100-11
1/ecm®) 300) 500) 500)
Ambient PN - 9000 5700 3500
>10 nm (2900-20 (4300-6400) (1800-4800)
(1/cm®) 400)
Ambient PN 12700 5900 4400 2800
> 23 nm (4100-24 (2300-11 (3500-5100) (1500-4000)
(1/em®) 200) 600)
PMa s (ng/ 4.0(22-7.2) 93 3.7 (2.6-5.0) 1.6 (1.1-2.8)
m®) (2.5-15.0)
BC (ng/m®  1.22 2.40 1.19 0.29
(0.46-2.10) (0.42-3.36) (0.31-2.76) (0.11-0.49)
NOx (pg/ 26.3 16.0 16.8 10.0
m?) (14.1-35.2) (8.4-25.9) (9.5-18.2) (5.7-13.5)
b) «10% Non-volatile
15 " "
—~~
™ s
L10¢1
=
N
Q
kel
()]
k)
T 97
~
Z
o
0 SR E— |
-8 -7 -6
10 10 10

Particle size (m)

Fig. 4. The average a) ambient and b) non-volatile particle number size distributions measured in the residential area during March 4th — 6th. The dotted line below
the size of 107 m represents CPC results. However, CPC results for the number size distributions were not determined on the 4th evening. The ambient and non-
volatile particles were not measured simultaneously. Notice different scales on y-axes.
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combustion was the dominant source of particles on both evenings (e.g.,
Harni et al., 2023). Interestingly, the contribution of hydrocarbon-like
OA (HOA) was higher during the 5th evening (33%) than on the 4th
evening (19%). This difference could be related e.g., to meteorological
conditions or household solid waste combustion, which could increase
the ultrafine particle emissions (Timonen et al. 2021). However, the low
NOx concentration on the 5th evening excludes traffic as the source of
the increased HOA. In general, the results on the 4th — 6th evenings
indicate wood combustion as the main source of particles even though
contribution of other residential sources cannot be fully excluded.

The results suggest that residential wood combustion is an important
source of nanoparticles smaller than 23 nm. Especially with the non-
volatile particles, a significant fraction of particles was observed to be
smaller than 10 nm. This result indicates that primary emission particles
from wood combustion can be very small even though wood combustion
is usually considered to be a source of rather larger soot-mode particles
and, thus, mainly a source of BC and PM; 5 (e.g., Luoma et al., 2021;
Saarikoski et al. 2021; Harni et al., 2023). Furthermore, previous studies
considering primary emission particles smaller than 10 nm have mainly
focused on combustion engines and traffic (e.g., Ronkko et al., 2017).
Thus, the results emphasize a gap of knowledge in the characteristics
and sources of the smallest primary particles emitted by biomass com-
bustion. Furthermore, the high fraction of sub 10 nm particles is an
important observation in terms of the new WHO guidelines where the
size range of ultrafine particles is not strictly defined (WHO, 2021). Also,
the results during the 4th evening show that high concentration of ul-
trafine particles was not always connected with high BC and PMs s,
highlighting that the contribution of the smallest ultrafine particles
should not be forgotten when considering the monitoring of particulate
emissions from residential sources. Unfortunately, there is no data of the
smallest particle fraction during the 4th evening due to a CPC mal-
function. Interestingly, in addition to the wood combustion, PN con-
centrations were clearly increased by the western wind during daytime
on March 2nd and 3rd (Fig. S4), indicating that particle emissions from
the airport or highway (Tuusulanvayld) may have contributed to
increased PN during these days.

In the S/TEM analysis, the collected particles from residential area
represented typical particle morphologies and elemental compositions
related to wood combustion. For example, large (>0.5 pm) soot ag-
glomerates and tar balls were found in the samples. In addition to ele-
ments which are always present in the samples (e.g., carbon and
oxygen), particles containing potassium, silicon, and sulphur were
regularly found in the samples (Fig. S5), which is typical with residential
sources (Torvela et al., 2014; Pirjola et al., 2017). The comparison of
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S/TEM-sample results between the environments is discussed later and
example samples are presented in Fig. 8.

3.2.2. Street canyon and city centre

The measured concentrations and particle number size distributions
in the city centre (during 2nd and 8th of March) are shown in Fig. 5 and
Table 3. On March 11th, a LRT-episode affected the concentrations
significantly and, therefore, the results of March 11th are discussed later
in Section 3.2.4. In general, the measured concentrations in the city
centre were low in comparison with previous campaigns conducted in
Helsinki (e.g., Hietikko et al., 2018; Lepisto et al., 2022), likely due to
the lockdown and SARS-CoV-2 outbreak.

In ambient particle number size distributions, both nucleation and
soot mode of particles were present as typically observed in traffic sites
(e.g., Hietikko et al., 2018). The non-volatile particle size distributions
consisted of particles smaller than 10 nm and soot agglomerates
(20-200 nm) (see Ronkko et al., 2014). Thus, the results in the street
canyon represent rather typical characteristics of vehicle emissions. It
should be noted that the majority of both ambient and non-volatile
particles were smaller than 10 nm, indicating that most primary parti-
cle emissions from vehicular traffic are significantly smaller than 23 nm,

Table 3

The average PN, PM, BC, and NOx concentrations in the city centre on March
2nd and 8th. Also, 10th and 90th percentiles of the measured concentrations are
shown in brackets.

Street Canyon, Street Canyon, Driving 2nd, Driving 8th,
2nd March 8th March March March
Ambient 43 600 52200 (19 35000 65 300 (16
PN > 25 (6600-107 800-91 300) (5800-66 500-147
nm (1/ 400) 000) 400)
cm®)
Ambient 10 700 15 000 6400 16 700
PN > 10 (2900-23 (8300-22 (2500-13 (7800-36
nm (1/ 500) 100) 800) 100)
cm®)
Ambient 4300 5900 3900 7900
PN > 23 (1700-7700) (3500-8800) (1800-6200) (4000-12
nm (1/ 200)
cms)
PM, s (ng/ 2.9 (1.9-4.0) 3.6 (2.4-5.2) 3.7(1.1-7.4) 6.6
m®) (2.0-17.2)
BC (pg/m®)  0.47 0.49 1.25 1.20
(0.14-0.93) (0.25-0.80) (0.19-2.86) (0.35-2.06)
NOx (ng/ 50 (18-93) 50 (18-104) 106 (23-207) 139
m?) (40-272)
b) «10* Non-volatile
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Fig. 5. The average a) ambient and b) non-volatile particle number size distributions measured in the city centre during March 2nd and 8th. The dotted line below
the size of 10~ m represents the CPC results. The ambient and non-volatile particles were not measured simultaneously. Notice different scales on y-axes.
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which is the lower size limit used e.g., in the EURO emission standards.
Also, when considering the WHO’s statement for ultrafine particles, the
measured PN concentrations in the city centre clearly exceeded the
limits of high short-term (1-h average) PN concentration (20 000
1 /cms), despite the reduced traffic rates due to the lockdown. In
contrast, the measured PMj 5 concentration was low and clearly below
the WHO’s recommendation (15 pg/m® for 24-h average). Thus, the
elevated particle number emissions from road traffic were not
well-observed with PM; 5. Furthermore, in a recent study by Damayanti
et al. (2023), it was observed that the concentrations of 7-30 nm par-
ticles from traffic have not decreased as clearly as the concentrations of
particles larger than 30 nm during recent years. These observations
highlight the importance of PN concentration monitoring in traffic sites
in the future. Also, the observed high concentrations of sub 10 nm
particles reveal the need to understand the trends with particles smaller
than 7 nm which were not considered by Damayanti et al. (2023). In all,
the results emphasize the fact that the selected lower limit of PN mea-
surement size range has a major impact on the measured concentrations
in traffic-influenced streets which should be considered in the future
regulations and long-term studies.

There were not major differences between the stationary and driving
measurements in the particle size distributions (Fig. 5), but the
measured concentrations were slightly higher in the driving measure-
ment than in the street canyon, except the PN on March 2nd. The higher
concentrations during the driving measurements are likely explained
with the shorter distance from tailpipes compared to the stationary
measurement on the kerbside. Thus, the measurement results in the
street canyon can be considered to represent the typical characteristics
of particles in traffic-influenced streets of Helsinki city centre. The
contribution of fossil fuel-originated BC was similar on both days.
However, on March 8th, the contribution of organics and sulphates
increased the total PMj 5 concentration (Fig. S1). This difference is likely
related to the weather conditions as, on March 8th, the temperature was
colder and the wind speed was lower, indicating reduced dispersion of
pollutants.
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The S/TEM samples were dominated with soot agglomerates. The
non-volatile particles smaller than 10 nm were very difficult to observe
with the S/TEM which suggest carbonaceous composition as the TEM
grid film material was carbon. However, with larger particles (>200
nm), various elements, e.g., aluminium, sodium, magnesium, potassium,
chloride, phosphorus, sulphur, and calcium were found in the samples
(Fig. S6-8). These elements may indicate some variation in the particle
sources as potassium, calcium, phosphorus, and sulphur are found e.g.,
in diesel exhaust emissions (Kuuluvainen et al., 2020), whereas sodium,
magnesium and chloride could be originated from the sea or road salt.
Also, a C-rich tar-ball was found in the samples.

In addition to traffic, a coffee roastery near the street canyon (see e.
g., Kuula et al., 2020) was observed to be a major source of ultrafine
particles, and average PN of particles larger than 2.5 nm, 10 nm and 23
nm of a plume originated from the roastery were 27 800, 15 400 and 13
000 1/cm®, respectively (additional results in Fig. $9-11). This result
shows that air quality near similar non-regulated local sources can be
poor. It is likely that the relative contribution of similar sources will
increase in the future as the emission control of vehicles and other
sources improve. The example with the coffee roastery shows the
importance of dense air quality monitoring in cities to recognize the
contribution of local individual sources on urban air quality.

3.2.3. Airport

As seen in Fig. 3, departing aircrafts caused significant increases in
PN outside the airport, especially in the second measurement location
(Airport B). As Airport B can be considered to represent emissions from
aircrafts more clearly, the focus in this section is on the results from
Airport B. The measured particle number size distributions and con-
centrations measured in Airport B are shown and compared with the
other studied environments in Figs. 6 and 7. The average concentrations
in Airport B are collected in Table 4. The compared results from the
residential area and the street canyon in Figs. 6 and 7 are selected from
periods which represented the contribution of the local emissions the
clearest. In the residential area, the chosen period was the 5th evening

b) «10% Non-volatile
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Fig. 6. The average a) ambient, and b) non-volatile particle number size distributions during the chosen representative periods of the studied environments. Also,
normalized c) ambient, and d) non-volatile particle number size distributions are shown. The dotted line below the size of 10”8 m represents the CPC results. The
ambient and non-volatile particles were not measured simultaneously. Notice different scales on y-axes.
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Fig. 7. The average a) ambient, and b) non-volatile particle number (PN)
concentrations with three different lower limits of the detectable size range
during the chosen representative periods of the studied environments. The
ambient and non-volatile particles were not measured simultaneously. Notice
different scales on y-axes.

while, in the street canyon, the data from both 2nd and 8th day was
chosen. Additionally, results from Airport A are provided in Supple-
mentary (Fig. S12-14).

In Figs. 3, 6 and 7, particle emissions from aircrafts were clearly
dominated by ultrafine particles smaller than 50 nm, most particles
being smaller than 10 nm. A major contribution to PN can especially be
seen when comparing the airport with the other environments. In the
street canyon, the relative fraction of ambient particles smaller than 10
nm was rather similar as in the airport. However, with the non-volatile
particles, the relative fraction of sub 10 nm particles in the airport was
significant in comparison with the street canyon, emphasizing the air
traffic as a source of the smallest ultrafine particles. On the other hand,
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number of particles smaller than 10 nm were not detected only in
Airport B as similar particle characteristics were also observed in Airport
A (Fig. S12-14).

Despite the high ultrafine particle concentrations, the average PMj 5
and BC concentrations during the measurements in Airport B were low
(Table 4: 5.0 and 0.84 pg/m®, respectively). By taking the regional
background (PM 5: 3-4 pg/m® and BC: 0.3-0.4 pg/m?®) into account, the
results suggest that the air traffic was not a major source of PMs 5 or BC.
This result is supported with the particle number size distributions and
the SP-AMS which did not observe any mass concentration peaks near
the airport due to the small particle size. The results near the airport
suggest that the high PN concentrations measured in the residential area
during the western wind (Fig. S4) could be originated from the airport
(see also Hudda et al. 2014 and Keuken et al., 2015), emphasizing the
role of air traffic in urban air quality even far away from the airport. The
major ultrafine particle emissions from aircrafts have been observed in
previous studies, but the lower limits of the measurement size ranges
have typically been larger than 2.5 nm (Stacey, 2019). Thus, according
to our results, despite that the air traffic has been known to be a major
emission source of ultrafine particles, a significant fraction of these
particles are in previously unobserved size ranges, emphasizing the need
to study nanocluster aerosol emissions of aviation. Furthermore, these
high ultrafine particle concentrations are not easily detected with par-
ticle mass measurement and the emissions can increase the PN con-
centrations clearly above the WHO’s suggested limit for high short-term
PN (20 000 1/cm®). The results emphasize the need for long-term
measurements of ultrafine particles, especially the sub 10 nm fraction,
near airports, and highlight the importance of the chosen lower limit of
PN measurement size range, which should be recognized e.g., in the
future regulations.

Examples of the S/TEM images of the samples from Airport B,
including the other studied environments, are shown in Fig. 8. The
samples from the airport suggest that the non-volatile sub 10 nm par-
ticles were carbonaceous as they were difficult to observe with the S/

Table 4
The average PN, PM, BC, and NOx concentrations in Airport B. Also, 10th and
90th percentiles of the measured concentrations are shown in brackets.

Airport B

88 000 (6700-299 000)
30 800 (3400-94 800)
19 600 (2600-56 300)
5.0 (1.6-7.6)

Ambient PN > 2.5 nm (1/cm?)
Ambient PN > 10 nm (1/cm®)
Ambient PN > 23 nm (1/em?)
PM, 5 (ng/m*)

3
the relative fraction of soot mode particles near the airport was smaller BC (ng/m )3 0.84 (0.27-1.06)
: . . . NOx (pg/m”) 30.2 (12.4-45.0)
than in the other environments. It should be mentioned that the high
Residential area Street canyon Airport

Fig. 8. Example S/TEM images of collected soot agglomerates (SA) in all the studied environments. Also, C-rich tar-balls (TB) can be seen in the samples from the
residential area and the street canyon. Furthermore, examples of barely observable approximately 20 nm carbonaceous nanoparticles (NP) are shown in the samples

from the street canyon and the airport.
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TEM, similarly as in the street canyon. Again, a significant fraction of
soot agglomerates was found in the samples. However, in comparison
with the other environments, there seemed to be more variability in the
elemental composition of particles: Various elements, e.g., aluminium,
zine, iron, titanium, sodium, magnesium, sulphur, and potassium were
found (Fig. S15-16). These elements were mainly found in particles
larger than 100 nm. Especially aluminium, zinc, iron, sodium, magne-
sium, and titanium have been associated with aircraft exhaust before
(Abegglen et al., 2016; Turgut et al., 2019).

The estimated emissions factors for PN, PM, BC, and NOx in the street
canyon and near the airport are collected in Supplementary (Table S2).
In general, the estimated emission factors in the street canyon were
lower than in previous studies conducted in Helsinki (Enroth et al.,
2016; Hietikko et al., 2018). The decreased emission factors may indi-
cate that the vehicular emission regulations have improved the urban air
quality over the years. Near the airport, all the estimated emission fac-
tors were significantly higher than in the street canyon. Especially, the
PN emission factors were approximately 10-100 times higher in the
airport. According to previous studies (e.g., Lobo et al., 2012; Schripp
et al., 2018) and the results (Fig. S17), the emission factors depend on
the plane type, emphasizing the importance and need for emission
regulating technologies with aircrafts. Interestingly, in the residential
area, it was observed that the emission ratio of non-volatile PN as a
function of CO5 (with PN > 10 nm: 314 1 /cm3ppm) was higher than, in
the street canyon (114 1/cm®ppm), highlighting the wood combustion
as a source of ultrafine particles.

3.2.4. LRT-episode

On March 11th, air masses originating from Baltics and Poland
(Fig. S19) caused a LRT-episode, which clearly increased the back-
ground PMy 5 (Fig. 2). In particle size distributions, the LRT-episode was
seen with the accumulation mode particles (Fig. S20-21). Furthermore,
concentrations of nitrates, sulphates and ammonium increased during
the LRT-episode (Fig. S1). However, the LRT-episode was not observed
with ambient PN: In the street canyon, the average concentration of
particles larger than 2.5 nm, 10 nm and 23 nm on March 11th were 37
500, 8000 and 3500 1/cm?, respectively. These concentrations are lower
than the concentrations measured during the 2nd and 8th day in the
street canyon (Table 3). However, the concentration of non-volatile
particles smaller than 50 nm increased notably during the LRT-
episode, which suggest that even the smaller ultrafine particles can
transport to far distances (Fig. S21). On the other hand, the average
PM, 5 during March 11th in the street canyon was 10.4 pg/m3 which is
over three times higher than on March 2nd or 8th. Therefore, even
though the road traffic was a major source of ultrafine particles, PM; 5 in
the city centre was clearly more depended on the regional background
aerosol than on the traffic. Similar observations can be seen in the other
studied urban environments as well even though residential wood
combustion increased also PMj s. Thus, PM; 5 does not indicate well the
ultrafine particle concentrations in cities, emphasizing the need for PN
concentration monitoring in different urban environments when
considering the effects of local emission sources on public health.

3.3. Particle respiratory tract deposition

In section 3.2., it was observed that the urban aerosol characteristics
varied significantly in each of the studied locations and the contribution
of the site-describing pollution source (wood combustion, traffic, avia-
tion) was clear. The varying aerosol characteristics may be crucial in
terms of particle exposure and possible health impacts. For example, the
differences in the particle sizes lead to different particle deposition ef-
ficiencies in the human respiratory tract and, therefore, different lung
exposure of pollutants. In addition, the results indicate different chem-
istry of the inhaled particles, which suggests varying toxicity and health
impacts. In this study, LDSA was used as a tracer of the potential health
effects related to particulate exposure. The comparison of LDSA size
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distributions and concentrations are shown in Fig. 9 and Table 5. Also,
the relationships between LDSA and the other studied particle metrics
(PN, PM, 5, BC) based on the average concentrations are shown in
Table 5. The compared measurement periods in Fig. 9 and Table 5 are
the same as in the previous comparison in Figs. 6 and 7. Additionally, the
data from the urban background site during the LRT-episode (11th
March) was chosen to represent the contribution of the LRT aerosol.

As seen in Fig. 9, the peak sizes of the LDSA size distributions varied
notably in the studied environments. Near the airport, the size distri-
bution was at the highest around the size of 20 nm and the majority of
LDSA was caused by particles smaller than 100 nm which can be seen
also in Table 5 as a high deviation of LDSA caused by sub 55 nm par-
ticles. The major contribution of the smallest ultrafine particles to LDSA
is an important observation as LDSA has usually been linked to soot or
accumulation mode particles near size 100 nm (e.g., Lepisto et al., 2022;
Teinila et al., 2022). 100 nm is also the size which is usually utilized in
the calibration of the sensor-based LDSA measurement (e.g., Fissan
et al., 2006; Fierz et al., 2014) and, thus, the result indicates that ac-
curacy of the sensor-based LDSA measurement may decrease near air-
ports. In the street canyon, the contribution of sub 55 nm particles was
high as well but the relative contribution of 50 nm-100 nm particles was
notably higher there than near the airport. The LDSA size distributions
in the street canyon agreed with previous studies (e.g., Kuuluvainen
et al., 2016; Pirjola et al., 2017; Lepisto et al., 2022), but the fraction of
particles smaller than 100 nm was higher in this study, which empha-
sizes the role of ultrafine particles, along with BC, in LDSA near road
traffic. The differences between the studies may relate to the winter
conditions and reduced traffic rates. In the residential area, the LDSA
size distribution differed significantly in comparison with the street
canyon and the airport, and the distribution was dominated by 50-400
nm particles. Furthermore, during the LRT-episode, the LDSA was
dominated by 200-700 nm particles. These differences highlight the
need to consider particle sizes in LDSA measurements as the accuracy of
the typical LDSA sensors may decrease with larger particles.

The results in Fig. 9 suggest that the characteristics of lung-
depositing particles depend significantly on the urban environment in
Finland. Also, the varying particle sizes contributing to LDSA along the
varying conditions and regional background PM; 5 affect the relation-
ship between LDSA and the other studied metrics. Near the airport,
LDSA per unit PMy 5 was 1.4 and 2.4 times higher than in the street
canyon and the residential area, respectively, whereas, during the LRT-
episode, LDSA per unit PM, 5 decreased significantly. The results suggest
that PMj 5 does not indicate the LDSA concentration caused by nearby
pollution sources and ultrafine particles well. On the other hand, LDSA
per unit PN in the residential area was 5.0 and 4.2 times higher than in
the street canyon and the airport, respectively. Also, the connection
between LDSA and BC varied between the environments. However, it
should be noted that, in the street canyon, the ratio between LDSA and
BC was notably higher than in previous studies conducted in the same
street canyon (7.7-13.5 mm?/gp, Kuula et al., 2020; Lepisto et al.,
2022), which is likely explained with the very low BC concentration. In
the residential area, the ratio between BC and LDSA was close to 8.4
mm?/pg, which is reported from another residential area by Kuula et al.
(2020).

The varying particle characteristics and the connections between
LDSA and the widely measured PMs 5 suggest that the health effects
related to PMy 5 are depended on the location and the dominating
emission source since the lung deposition of particles per unit PMy 5 is
not constant and depends on regional background aerosol. The limita-
tions of PM; 5 can be emphasized also by normalizing the measured PN,
LDSA, and BC concentrations based on PM5 5 (Table S3). For example, in
the street canyon, average PN (>2.5 nm) per cubic centimetre was
approximately 2.9 higher than in the residential area, whereas PN per
particle mass (PMy 5) was over 8 times higher. Thus, by focusing only on
PM; 5 in monitoring measurements, the effects of ultrafine particles
from different emission sources may be missed. For example, it has been
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Fig. 9. The a) average and b) normalized LDSA size distributions during the chosen representative periods of the studied environments and during the LRT-episode.

Table 5

The average LDSA, PN > 2.5 nm, PM, 5, BC concentrations, including 10th and 90th percentiles, during the chosen representative periods of the studied environment
and during the LRT-episode (only average). Also, the size dependency of LDSA and the relationship with PN, PM; 5 and BC concentrations is shown.

Location LDSA LDSA <55nm  LDSA 55-260 LDSA >260 PN > PM, 5 (ug/ BC (pg/m®) LDSA/PN LDSA/ LDSA/BC
(umz/cm3) (umz/cms) nm (umz/ nm (pmz/ 2.5nm (1/ m3) (>2.5 nm) PM, 5 (mmz/
em®) em?) em®) (um?) (mm?®/pg)  pg)
Residential 22.6 5.1 11.5 6.0 (1.2-17.6) 16 600 9.3 2.40 14+10~* 2.4 9.4
area (6.9-34.2) (1.7-12.1) (3.1-19.4) (6800-33 (2.5-15.0) (0.42-3.36)
300)
Street 13.2 7.1 4.3 (2.1-7.2) 1.8 (1.0-2.6) 47 400 3.2 0.43 2.8*107* 4.1 30.7
canyon (5.8-21.8) (2.3-13.6) (9300-102 (2.1-4.7) (0.16-0.77)
900)
Airport 29.2 18.6 7.1 (2.9-11.8) 3.5(2.3-6.0) 88 000 5.0 0.84 3.3*107* 5.8 34.8
(7.9-73.5) (2.4-56.1) (6700-299 (1.6-7.6) (0.27-1.06)
000)
LRT 15.4 1.7 5.6 8.1 5000 10.1 - 31*10°* 1.5 -

suggested that the negative health effects per unit PM, 5 increase near
local ultrafine particle sources e.g., traffic (Segersson et al., 2021). Thus,
according to the results, increased lung deposition and LDSA per unit
PM, 5 due to ultrafine particles may have an important role in the results
of epidemiological studies. However, LDSA’s relationships with both BC
and PN were also heavily depended on the location, emphasizing the
need to understand how different metrics in general relate to the health
effects in different environments.

It should be noted that the results in Fig. 9 and Table 5 are based on
short measurements periods during certain conditions. Especially the
effect of weather conditions and seasonality should be mentioned. For
example, residential wood combustion is common only during colder
evenings of winter. Also, LDSA in the street canyon (13.2 pmz/cms) was
notably lower than in August 2019 in the same street canyon (27.2 pm?/
em®, Lepisto et al., 2022). Thus, differences between winter and summer
may be important when considering e.g., the effects of photochemistry,
condensation, as well as dispersion of pollutants even though
SARS-CoV-2 may also have affected the reduced LDSA in the latter
example. Thus, long-term studies of the connection between LDSA and
other metrics would be beneficial to understand the main causes of
particle lung deposition, and possible health effects in different envi-
ronments better.

In all, the results with LDSA highlight the importance of monitoring
the ultrafine particle concentrations in cities, especially near airports
and road traffic. On the other hand, PM; 5 and BC are also important
metrics especially in residential areas and with regional background
aerosol. However, it should be noted that LDSA considers only the
alveolar particle deposition and, therefore, it does not cover and explain
all the health effects caused by ambient fine particles. For example, it is
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likely that particle deposition in the other respiratory tract regions
causes adverse health effects as well. As seen in Section 3.2, significant
fraction of particles in all the studied environments were smaller than
10 nm. According to ICRP (1994) model, approximately 15-50% of
particles with sizes from 2.5 nm to 10 nm deposit in the head airways,
depending on particle size. As mentioned in Introduction, studies have
suggested that particles could enter the human brain directly from head
airways via the olfactory nerve. Thus, high concentrations of sub 10 nm
particles, especially in the airport and street canyon, indicate a major
risk of particle exposure in the human brain. Therefore, in urban areas,
which are near pollution sources emitting nanoparticles (e.g., traffic),
the risk for adverse brain effects caused by particle emissions could be
high. Furthermore, the observed high concentrations of non-volatile
particles below the size of 10 nm in all the environments could be
related to the toxicity of particles that end up inside the human body. For
example, it has been observed that 5 nm primary particles may trans-
locate from the lungs to urine more efficiently than 30 nm particles
(Miller et al., 2017). However, the health effects caused by both, par-
ticles smaller than 10 nm and the non-volatile particles, are still poorly
understood, and therefore, conclusions about the health impacts cannot
be made. Thus, the results emphasize the need for toxicological and
epidemiological studies to understand the role of ultrafine particles in
the health burden caused by ambient fine particles.

4. Conclusions
In this study, wintertime physical and chemical characteristics of

urban air fine particles were investigated in a detached housing area
with residential wood combustion, traffic-influenced streets in the city
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centre and near an airport. It was found that there are significant dif-
ferences e.g., in the particle sizes, volatility and chemical composition in
the studied environments. In addition, a long-range transported aerosol
(LRT) event affecting the measured aerosol concentrations and compo-
sition was observed during the measurements.

In the residential area, the contribution of evening-time wood com-
bustion was observed as increased BC and PMj 5, which was expected.
However, residential wood combustion was also a source of ultrafine
particles smaller than 10 nm and 23 nm. In the city centre, the measured
PM, 5 and BC were low due to SARS-CoV-2-related partial lockdown,
which reduced the traffic rates. Despite the lockdown, the ultrafine
particle concentrations still exceeded the WHO’s definition for high PN
concentration (1-h average > 20 000 1/cm?). Near the airport, departing
aircrafts caused significant peaks in PN concentration, and WHO’s
definition for high concentration was clearly exceeded. However, these
elevated concentrations were not detected well with BC or PM5 5, which
emphasizes the role of air traffic as a source of ultrafine particles, but not
as a major source of particle mass. In both, the city centre and near the
airport, majority of the observed ambient and non-volatile particles
were smaller than 10 nm. These results may indicate underestimation of
the health effects caused by the studied sources in previous studies based
on particle mass measurement.

The observed differences in the particle characteristics suggest
different human exposure in the studied environments. Near the airport,
lung deposited surface area (LDSA) size distribution was dominated by
particles smaller than 50 nm, in the city centre by particles between 20
nm and 100 nm, and in the residential area by particles with sizes from
50 nm to 400 nm. During the LRT-episode, LDSA was dominated with
even larger particles (200 nm-700 nm). These results suggest major
differences in the composition of the lung-depositing particles, indi-
cating different health impacts of particle exposure. Furthermore, the
observed differences in particle chemical and elemental composition in
the studied environments have likely effects on the toxicity of particles
as well. Also, the high concentrations of sub 10 nm particles could
indicate increased risk of particle exposure in the human brain.

The results of this study emphasize the need of various metrics in
urban fine particle monitoring and regulations in addition to PMj 5. For
example, near the airport and in the city centre, high ultrafine particle
concentrations did not correlate well with PM, 5 and BC. In the resi-
dential area, wood combustion contributed to PM; 5 and BC as well, but
throughout the campaign PMj 5 was the most depended on the regional
background concentration and the LRT-aerosol. On the other hand, the
LRT-episode was not observable with PN concentration. Thus, there may
be major differences in health effects caused by local and distant sources
per unit PMy 5. Also, it is likely that the health impacts relating to the
different particle metrics depend notably on the urban environment and
the conditions. For example, due to the major ultrafine particle emis-
sions, LDSA per unit PMj 5 in the airport was 1.4 and 2.4 times higher
than in the street canyon and the residential area, respectively. Also,
even though the LRT-episode contributed to high PMj; s, the role in the
LDSA was low compared to the local sources. Furthermore, the results
show the importance of the chosen lower limit of the particle size range
when measuring the number concentration of ultrafine particles. In the
WHO’s guidelines, it is stated that the lower limit should be 10 nm or
smaller. However, especially near the airport and in the city centre, most
particles were smaller than 10 nm, showing that the chosen lower limit
significantly affects the measured concentrations.

Due to the relatively short measurement campaign and varying
conditions, the measured concentrations of this study should not be
generalized as long-term averages as the results represent the particle
characteristics only during certain situations and conditions. However,
the results emphasize the effects of local emission sources in terms of
urban air quality and the need to understand how these sources affect
human health. Furthermore, the health impacts relating to particles
smaller than 10 nm are still poorly understood even though, according
to this study, majority of urban air particles are smaller than 10 nm. In
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all, there is a need for long-term measurements in various urban envi-
ronments to properly understand the average human exposure as a
function of different metrics, and how these metrics are connected to the
human health.
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