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Anthropogenic particulate matter with sizes smaller than 1 pm (PM;) is a concerning air pollutant that can affect
human health. In this study, we present PM; measurements performed in a small town in northern Finland that is
exposed to contrasting sources (residential wood burning, traffic, industrial activities). The study was conducted
in winter 2021, with a mobile laboratory equipped with sophisticated on-line aerosol instrumentation. The re-
sults showed a significant increase in particulate mass and number concentrations from biomass burning in
residential areas and town centre due to the high share of residences using biomass burning. Organics and
equivalent black carbon (eBC) clearly dominated the PM; composition during the highest pollution levels, fol-
lowed by inorganics (sulfate, nitrate and ammonium). PAHs and a few elements (e.g. K, Cl, Zn) were as well
higher during evening. A source apportionment confirmed the association between high PM; values and biomass
burning, even though the traffic contribution was also important. PM; measurements at an industrial area
showed an increase in sulfate, organics, eBC, and a few elements (e.g. Cl, Na, Fe), and characteristic size dis-
tributions. Simultaneous measurements of lung deposited surface area (LDSA) of particles showed the source-
specificity of biomass burning, traffic and industrial emissions on LSDA size distributions. Overall, the results
enlighten the impact of relevant pollution sources on Nordic towns air quality during the coldest months and
show the importance to also consider the chemical composition, particle numbers, and LDSA in future air quality
metrics.

Sources contribution

where air quality levels exceed WHO recommendation limits for par-
ticulate matter (WHO, 2022).

1. Introduction

Air quality is one of the most critical problems facing humanity. The
rapid economical and industrial developments over the past century
have caused an increase in the production of pollutants and their
emissions into the atmosphere, with a consequent decrease in air quality
(e.g. Chan and Yao, 2008). Poor air quality is responsible for a signifi-
cant share of annual morbidity and mortality around the world due to
several respiratory, cardiovascular, immune, and nervous system dis-
eases (e.g. Brauer et al.,, 2021; Varghese et al., 2022). In 2019, air
pollution accounted for an estimated 6.7 million deaths that is about
12% of all deaths registered in the same year (Brauer et al., 2021).
Currently, almost the entire world’s population (99%) lives in places

The air quality is greatly impacted by the chemical and physical
properties of atmospheric particulate matter (PM), even though tech-
nological developments and legislation have been implemented in the
past decades to reduce PM emissions. These chemical and physical
properties are highly variable over time due to changes e.g. in source
intensity, atmospheric conditions, and regional characteristics such as
geographic location (e.g. Barreira et al., 2021). PM is composed of a
complex mixture of chemical constituents, such as organic species,
inorganic salts, black carbon (BC), metals, and other constituents, which
are originated from many different biogenic and anthropogenic sources
(Chen et al., 2022; e.g. Pan et al., 2022). From organic constituents,
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polycyclic aromatic compounds (PAHs) and a group of compounds
commonly called by BTEX (benzene, toluene, ethylbenzene and xylenes)
are of particular concern to human health, being among the priority
pollutants list in European Union and US Environmental Protection
Agency (EPA) due to their carcinogenic and mutagenic properties.
Typically, benzo(a)pyrene is chosen as a tracer for PAH compounds, but
fragments of PAH compounds measured by mass spectrometer in-
struments have been as well used as a proxy for these polyaromatic
compounds (Lee et al., 2023; e.g. Ye et al., 2017). BC emissions can also
have a negative impact on health and environment, even though they
are currently underregulated (e.g. Tiwari et al., 2021). In addition,
particulate metals are of concern since some of these elements can have
several toxicological effects even at trace concentrations (e.g. Wani
et al., 2015).

Furthermore, aerosol particle size distribution is important in terms
of air quality. Most urban air particles are ultrafine (<100 nm), which
have been linked with deteriorating effects on human health such as
changes in inflammatory and cardiovascular conditions (Hakkarainen
et al., 2022; e.g. Ohlwein et al., 2019). The lung deposited surface area
(LDSA) is a metric that estimates the surface area concentration of
particles that deposit in the alveolar region of the human respiratory
tract. Even though this metric does not provide toxicological informa-
tion of measured particles, it is considered relevant to predict the
negative health effects of aerosol particles since an association between
LDSA and health issues has been previously reported (e.g. Aguilera et al.,
2016; Patel et al., 2018). Once particles deposit in the alveolar region,
they can both cause local pulmonary effects and enter the blood stream,
potentially affecting the function of several vital organs e.g., the human
brain (Heusinkveld et al., 2016). Therefore, ultrafine particles can
contribute notably to LDSA despite contributing poorly to PM mass
compared to bigger particles. In fact, in a recent study, the percentage of
particle mass that deposits in lungs was higher in Helsinki than in the
capital region of Delhi due to the smaller median particle size (Salo
et al., 2021). The monitoring of ultrafine particles with particle number
(PN) concentration has been recently introduced in the WHO air quality
guidelines as a good practice statement (WHO, 2021).

In this study, the chemical and physical properties of PM; in ambient
air were investigated during winter in a small town (Raahe) located in
northern Finland and exposed to contrasting local aerosol pollution
sources (e.g. biomass burning, traffic, industry). A mobile laboratory
containing a variety of sophisticated instruments was used to carry out
measurements at different locations and during different times of the
day to study the time-dependent contribution of pollution sources to
PM; properties. The study allowed to understand how the separate
pollution sources influence differently the PM; chemical composition,
size distributions, and LDSA concentration.

2. Experimental section
2.1. Measurement sites

Comprehensive online PM; measurements were performed in Raahe
(64°41'N 24°29E, 8 a.s.l.), northern Finland, from 25th of January to
February 4, 2021. Raahe is a small town with about 25 000 inhabitants.
The town has several PM; emission sources, including detached-housing
residential areas; a relatively large industrial area located in the south-
west (approx. 4 km away of the town centre); a highway (E8); and one of
the busiest ports by cargo tonnage in Finland. The measurements were
carried out in the town centre, residential areas, the industrial area and
on the highway with a mobile laboratory (see e.g. Lepisto et al., 2022;
Ronkko et al., 2017) to evaluate the contribution from the separate
sources to PM; properties (chemical composition, particle size distri-
butions, and LDSA).

The residential areas included Lapaluoto (Res I), Varvi (Res II), and
Velkapera (Res III) (Fig. S1), which are all detached-housing areas. Res
III (Velkapera) uses both district heating and biomass burning for
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residential heating, while Res I and Res II (Varvi and Lapaluoto) rely
predominantly on biomass burning. The centre of the town contains
apartment buildings and communal services in addition to detached-
housing residences using both district heating and biomass burning.
The traffic-environment measurements were performed at the E8 high-
way. In addition, measurements were conducted in the industrial area.
Furthermore, background aerosol concentration and properties were
measured in Siniluoto (approx. 2 km south from the industrial areas and
6 km from the town centre). However, the background site was occa-
sionally exposed to PM emissions from the previously mentioned areas
due to regional transport.

The differences between areas were studied by driving three mea-
surement routes. Route A included the residential areas and the town
centre whereas route B included the highway and the background
measurement site (Fig. S2). The industrial area route consisted of driving
near different zones inside the industrial area (e.g. coal fields, harbor,
furnace, smelter). Route A had a duration of approximately 20-25 min
from the start to the end point and allowed to compare residential areas
and town centre. Route B also lasted 20-25 min while the driving at the
industrial area took 1-2 h. The measurement periods at studied locations
during the campaign are shown in Fig. S3. These chosen routes and
duration periods allowed to obtain a reasonable characterization of
particulate matter at each location.

2.2. Instrumentation

2.2.1. Soot particle aerosol mass spectrometer (SP-AMS)

The chemical composition of PM; was measured by a soot particle
aerosol mass spectrometer (SP-AMS; Aerodyne Research Inc, Billerica,
US; Onasch et al. (2012)), which allows the on-line and fast measure-
ment of several non-refractory (e.g. organics, nitrate (NO3), ammonium
(NH4) and sulfate (SO4)) and refractory (e.g. rBC and metals) PM
constituents.

In this study, the SP-AMS was operated with a 15 s time-resolution in
a mass spectra mode to obtain the nitrate-equivalent concentration of
measured constituents (Canagaratna et al., 2007; Jimenez et al., 2003),
except at the background station and on the 28th of January at the in-
dustrial area where the time resolution was 60 s. The size-range of
particles detectable by the SP-AMS is approximately from 50 nm to 1
pm. The effective nitrate response factor (RFyo3) and relative ionization
efficiency of sulfate (RIEsps) were determined by performing an
instrumental calibration to convert analyte signals into nitrate equiva-
lent mass concentrations using dried and size-selected (300 nm of
mobility diameter) ammonium nitrate and ammonium sulfate particles.

2.2.2. Aethalometer

The measurement of equivalent BC (eBC) was performed by a dual-
spot aethalometer (AE33, Magee Scientific; Drinovec et al. (2015)).
The AE33 allows for real-time measurement of particulate light ab-
sorption at seven different wavelengths (370-950 nm), and it compen-
sates for filter loading artifacts and tape advancement errors when
measuring eBC concentrations at 880 nm (Drinovec et al., 2015). The
instrument sampling flow rate was 5 L min~! and the inlet cut-off size
was 1 pm (sharp cut cyclone, BGI model SCC1.197). A time resolution of
1 s was employed. A M8060 filter tape (Magee Scientific), containing
tetrafluoroethylene (TFE)-coated glass fiber filters, was used.

To estimate the contribution from wood burning and fossil fuel to
eBC, the source apportionment method referred as the aethalometer
model was employed (Sandradewi et al., 2008). Briefly, the light ab-
sorption coefficients measured at 470 nm and 950 nm wavelengths are
used to estimate the contribution of BC from biomass burning (BCwg)
and fossil fuel (BCgg). The absorption Angstrém exponent used for fossil
fuel (app) was 0.9, while the corresponding exponent for wood burning
(owp) was 1.68. These values have been recommended in another study
(Zotter et al., 2017).
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2.2.3. Electrical low-pressure impactor

An Electrical Low-Pressure Impactor (ELPI+, Dekati Oyj, Keskinen
et al. (1992), Jarvinen et al. (2014)) was used for real-time particle size
distribution measurements. In the ELPI+, the sampled particles are
charged in a unipolar diffusion charger and classified in a cascade
impactor according to their aerodynamic diameter. The impactor has 14
stages that are connected to electrometers for the measurement of
electrical current as a function of particle size. The electrical current
data is subsequently converted to particle number concentration. The
ELPI + enables both the measurement of particle number size distri-
butions and the determination of LDSA size distributions in the size
range of 6 nm-10 pm (aerodynamic diameter) (Lepisto et al., 2020). The
time resolution of ELPI + size distribution measurements was 1 s.

2.3. Data handling

The SP-AMS data was analysed with a ToF-AMS high resolution (HR)
Analysis software (SQRL 1.65C and PIKA 1.25C), running in IGOR PRO 7
(Wavemetrics Inc., USA). A chemical time-dependent collection effi-
ciency was calculated according to Middlebrook et al. (2012) to correct
for losses of particles due to e.g. aerodynamic lens, widening particle
beam and bouncing off the vaporizer before flash vaporization. As an
exception from Middlebrook et al. (2012), a collection efficiency of 0.45
was used when ammonium concentration was below the detection limit.
The limit of detection (LOD) for ammonium was determined by adding a
HEPA filter to the sampling line, averaging the measured mass con-
centrations of ammonium using a collection efficiency of 0.5, and
multiplying the resulting standard deviation by three. The obtained LOD
value for ammonium was 0.03 pg m . The LOD for organics, nitrate,
and sulfate were also determined as for ammonium, and the obtained
values were 0.4, 0.36, and 0.10 pg m >, respectively.

The sources of organic aerosol (OA) were investigated by Positive
Matrix Factorization (PMF) analysis, using a CU AMS PMF Execute Calcs
Tool v3.00 A (Ulbrich et al., 2009; Zhang et al., 2005), running in IGOR
Pro 7. The number of factors studied varied between 1 and 10. Based on
the evaluation of Q/Qexpected and residuals, a 4-factors solution was
selected. A validation test was also performed for the 4-factor solution
by varying fpeak (delta fpeak of 0.5), and the results obtained with the
different fpeak values were stable.

The concentrations of a few PAH species were estimated by selecting
PAH-related ion fragments (C1oHg, C12Hg, C12H{o, C13H{o, C14HT0, and
C18H12) from high resolution mass spectra analysis similarly as in Her-
ring et al. (2015). An RIE of 1.35 was employed as in Slowik et al.
(2004). The individual species were then evaluated to study the
source-dependency of composition and concentration of PAH species in
PM;. However, even though high-resolution data was used, other
non-PAH constituents with the same molecular formula may have still
contributed to the measured PAH concentrations. Therefore, the total
concentration of PAHs was also determined as in Dzepina et al. (2007)
from the unit mass resolution data and used for the comparison with the
total concentration of the referred fragments. As for HR data, an RIE of
1.35 was employed for UMR PAH concentration. Note also that C;gH{s
has a slightly higher mass-to-charge (m/z) than the mass range of the
calibration curve employed in the SP-AMS analysis (17.0027 (O") to
183.9509 (*¥*W™)), which may impact slightly its determination.

Six elements (K, Cl, Cr, Cu, Fe, Na, V, and Zn) were detected by the
SP-AMS. Some of these elements are ionized by both the laser and at the
surface of the Tungsten ionizer. This makes quantitation challenging
since e.g. their relative ionization efficiencies are difficult to obtain and
there is a potential prolonged instrumental response that results from
measurement signals during beam closed operation (Carbone et al.,
2015; Salcedo et al., 2012). Therefore, the results from elements
measured in this study may be interpreted as semi-quantitative. Note
also that the amounts of zinc were obtained from the isotope at m/z 68
due to an overlay of its main isotope with SO4 at m/z 64.

For most of the figures of this study, the data points were averaged
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over all measurement periods at studied sites (Res I-IIl, town centre,
highway, background, and industrial area). However, AE33 and ELPI +
data were pre-averaged to 15 s resolution for residential areas, town
centre, highway, and industrial area, and 60 s for the background site, to
match the time resolution of the SP-AMS and reduce uncertainties
(except on the 28th of January at the industrial area where a time res-
olution of 60 s was used for SP-AMS, which was considered when pre-
averaging the AE33 data since concentrations were directly compared
between both instruments in the manuscript). For the source appor-
tionment of BC (to obtain BCpr and BCwp; see Sect. 2.2.2), the data
points were pre-averaged over the measurement period (day or evening)
at the referred sites as the biomass burning percentage (BB %) used to
calculate BCpp and BCyp is not reliable when using 15 s data.

For the determination of LDSA from ELPI + measurements, a model
for particle deposition in the human respiratory tract presented in a
report by International Commission on Radiological Protection (ICRP,
1994) was used as in Lepisto et al. (2020). Briefly, this model determines
semi-empirically the particle deposition in respiratory tract regions. The
simplified equations employed in the model can be found e.g. in Hinds
and Zhu (1999) and take into consideration different parametrical
values, such as gender, age, and breathing rate.

Weather data (temperature, wind speed, and wind direction) was
measured at an FMI weather station located in Lapaluoto. The data is
freely available for download at FMI's website.

Since the PM sources at the studied location were assumed to have
distinct diurnal cycles, we divided the measured periods into day (8:00 h
to 17:00 h) and evening (17:00 h to 24:00 h) times for evaluating the
changes in chemical composition, source contributions, and particle
number and LDSA size distributions. All data is displayed in local time
(UTC+2).

3. Results and discussion
3.1. Chemical characterization of atmospheric PM;

3.1.1. Concentration and relative contribution of major PM; constituents

The mean, median, and 25% and 75" percentiles of major PM;
constituents (organics, NO3, NHy, SO4, and eBC) measured during day
(8:00 h to 17:00 h) and evening (17:00 h to 24:00 h) at each of the
measurement locations by the SP-AMS and AE33 are represented in
Table S1. The overall PM; composition, concentration, and corre-
sponding atmospheric conditions (temperature, wind speed, and wind
direction) over the measurement days are shown in Fig. S4. As observed
in Fig. 1, the average concentration of PM; was about 3 times higher
during evening than during daytime at the residential areas (Res I—Res
I1I). Organics contributed the most to the high evening PM; concentra-
tions, followed by eBC (Table S1). The evening-time increase in PM; has
been previously observed at residential sites in northern Europe during
the coldest months of the year, and is mostly caused by both increased
biomass burning and stagnant atmospheric conditions (Glasius et al.,
2018; e.g. Saarikoski et al., 2021).

Surprisingly, the evening PM; concentration was the highest at the
town centre, with an average of 17.07 pg m > (Table S1). As for resi-
dential areas, organics and eBC clearly dominated the evening PM;
composition at this location (Fig. 1 and Table S1). The high PM; during
evening time at Raahe’s town centre contrasts with what has been
previously observed in downtown locations of capital areas where the
concentrations are frequently higher during morning rush hours (Aurela
et al., 2015; e.g. Barreira et al., 2021). The PM; levels were also higher
than in the studies performed at residential areas in Helsinki during
winter (Aurela et al., 2015; e.g. Teinila et al., 2022). The most plausible
explanation for the high evening PM; in our study is the fact that Raahe
has a significant share of residences using biomass burning in the centre
of the town, causing an increase in wood burning emissions, which is not
seen in the downtown of the biggest northern European cities.
Furthermore, the temperature at northern latitudes is on average lower,
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Fig. 1. Mean concentrations and relative amounts of PM; species (organics, NO3, NHy4, and SO,4), measured by the SP-AMS, and of eBC measured by the Aethalometer
at residential areas (Res I-III), town centre, highway, background site (Bkgd), and industrial area (Ind) during day and evening.

which promotes the intensification of biomass burning for heating
purposes.

The average concentration of non-refractory inorganics (i.e. the sum
of sulfate, nitrate and ammonium concentrations) was also more
elevated (approx. 1.5 times) during evening at residential areas and
town centre (Fig. 1 and Table S1). This result strongly suggests the ex-
istence of a local source of inorganics, especially since the increase was
not observed at the background and highway sites excluding a dominant
meteorological effect. Since the primary emission of inorganic aerosol
from biomass burning is rather negligible, it is likely that these com-
pounds were formed chemically from their atmospheric precursors (e.g.
SO,, NH3, NOy) (Souri et al., 2017).

The average evening PM; mass concentration at the highway was
only 1.1 times higher than the concentration during daytime, likely
reflecting a small effect from boundary layer height decrease in the
evenings and/or a slight increase in traffic, while the average concen-
tration at the background site was 1.2 times higher during daytime than
during evening (Table S1). The daytime concentration of PM; at these
sites was generally similar to the ones at the residential areas and town
centre (Fig. 1). This result seems to indicate that local sources had a
higher influence on PM; mass concentration during evenings than dur-
ing mornings, and that the highway was a minor source of atmospheric
pollutants to the inhabited areas of the town.

The PM; concentration inside the industrial area was the highest one
from all measured sites during daytime but smaller than the evening
concentrations at the residential areas and town centre (Fig. 1). Organics
and eBC were the dominant PM; constituents inside the industrial area
(Fig. 1). These constituents also had high standard deviations (Table S1),
which reveals the occurrence of concentration spikes. These spikes were
not observed at the other studied locations. On the other hand, the
average concentration of nitrate and ammonium were relatively low.
Generally, the chemical composition of PM; at the industrial area was
similar to the one at the other sites, but the concentration of sulfate, eBC,
and organics was significantly larger during daytime when industrial

measurements were performed (Fig. 1 and Table S1). Note as well the
high standard deviations for sulfate (Table S1), which were also not
observed at other studied locations.

Large eBC or EC and organics concentrations have been previously
observed in studies performed inside industrial sites, such as steel mills,
even though their absolute and relative concentrations have varied
significantly according to the site/activity (Dall’Osto et al., 2012; e.g.
Sylvestre et al., 2017; Tsai et al., 2007). However, the concentrations of
organics and eBC can have a strong contribution from vehicles circu-
lating inside  the  industrial areas, especially  from
heavy-duty/street-maintenance vehicles (e.g. Karjalainen et al., 2019),
and therefore it is not possible to determine the fraction of these com-
pounds that is directly associated with the industrial emissions. High
sulfate emissions from industrial production have also been previously
reported, being inclusively the dominant particulate component e.g. in
steel factories. On the other hand, the concentrations of ammonium and
nitrate concentrations have been low in the mentioned studies, even
though their absolute concentrations were as well highly dependent on
the industrial processes.

In order to investigate the impact of industrial emissions in more
detail, PM; concentrations at the residential area, town centre, highway
and background were separated according to the northern and southern
winds. The concentration of PM; increased at all studied sites during
southern winds, especially when wind speed was moderate (Figs. S4 and
S5). This result suggests that industrial emissions may have had an
impact on the PM; chemical composition at nearby populated areas.
However, southern winds only occurred during two campaign days
(28th of January and 2nd of February) and for a few hours, which
limited the evaluation of the influence of industrial emissions on PM;
composition at the studied populated areas.

3.1.2. The contribution of measured constituents to PM; pollution level
The concentration and relative contribution of major PM; species
(organics, eBC, NO3, NHy4, and SO4) during day and evening categorized
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to different PM; levels are shown in Fig. 2. The concentration and
relative contribution of organics and eBC clearly increased with PM;
levels, showing a total contribution higher than 60% above 10 pg m ™ of
PM;. Organics were particularly important at high PM; levels, with their
daytime concentrations overcoming 20 pg m > for levels above 25 pg
m . However, the contribution of eBC relatively to organics increased
during evening for PM; levels above 25 g m~3, which was not signifi-
cantly verified for PM; levels below this value. Interestingly, the day-
time and evening eBC concentrations were also similar for PM; levels
below 25 pg m~> but the evening one increased sharply above that
concentration. Therefore, eBC was particularly relevant during high
pollution events, with biomass burning being likely a determinant
source.

On the other hand, non-refractory inorganic constituents dominated
PM; composition at concentrations below 5 pg m~>, but their concen-
tration was low for all PM; levels and their contribution decreased
sharply above 5 pg m~ of PM; because of the high increase in organics
and eBC concentrations. Inorganic salt emissions are typically low in
Finland and their increase in concentration is usually caused by long-
range transport (Barreira et al., 2021; Niemi et al., 2009; Timonen
et al., 2013).

3.1.3. Chemical composition of polycyclic aromatic compounds

At residential areas and town centre, PAHs were 6-10 times higher
during evening comparatively to daytime (Fig. 3, black dots). This result
suggests the important contribution of biomass burning to PAH emis-
sions. The daytime PAH concentration at the industrial area was much
larger than the ones at residential sites and town centre, but it was only
slightly higher than the evening concentrations at the forementioned
sites. On the other hand, the PAH concentration at the highway was
significantly smaller, although the daytime concentration was similar to
the ones measured at residential areas and town centre.

The concentration of PAH-related ions was evaluated to determine if
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the PAH composition was dependent on the sources. Even though non-
PAH constituents with the same molecular formula may contribute to
the concentration of PAH species (as referred in Sect. 2.3), the correla-
tion between total PAHs obtained from UMR data and the sum of PAH-
related ions showed a high correlation (R? = 0.87) and therefore the
PAH-related ions were assumed to have a major contribution from PAHs.
The most dominant PAH-related ion fragments at residential and town
centre areas were CoHg and C18H1+2, with an average evening concen-
tration ranging between of 0.01-0.02 ug m 3, followed by C12Hg com-
pounds (average evening concentrations of about 0.01 pg m~>). The
remaining measured PAH-related ions (C12H{o, C13H{y and C;4H7o) at
the referred locations constituted all together an average evening con-
centration of about 0.01 pg m™>.

Interestingly, the CigH{,> concentration at the industrial area was
higher than the ones measured at residential and town centre areas
during evening, with an average concentration of 0.02 pg m 3, while all
other concentrations of PAH-related ions were lower. This ion also
increased at the background site during daytime (average concentration
of 0.01 pg m~3). A possible explanation for these results could be related
to a preferential production of these compounds by industrial activities
as the site was mainly downwind the industrial area due to the northern
wind. In fact, the coefficient of determination of this ion with BCyp was
low (R2 = 0.39), contrary to what was observed for the remaining
measured PAH-like ions (R? values ranging between 0.61 and 0.84)
(Table S2). The differences in the relative contribution of PAH-related
ions at the studied locations may be important since the PAH health
effects are highly compound specific (da Silva Junior et al., 2021; e.g.
Sahoo et al., 2020).

3.1.4. Chemical speciation of trace elements

The concentration of eight elements (K, Cl, Cr, Cu, Fe, Na, V, and Zn)
in PM; was evaluated (Fig. 4). The highest total amount of these ele-
ments was observed at the background site in the evening and industrial
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Fig. 2. Mean concentration and relative amounts of PM; species measured by the SP-AMS (organics, NO3, NH4, and SO4) and by AE33 aethalometer (eBC) for
different day and evening PM; concentration levels (sum of referred constituents).
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areas (Res I-III), town centre, highway, background site (Bkgd), and industrial area (Ind) during day and evening. The total PAH concentration estimated using the

method described in Dzepina et al. (2007) was also included.
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Fig. 4. Mean amounts of elements (K (x10’3), Na (x10’1), Cl (xlO’l), Fe, Zn,
Cr, Cu, and V) measured by the SP-AMS at residential areas (Res I-III), town
centre, highway, background site (Bkgd), and industrial area (Ind) during day
and evening. Note that the amounts of elements presented in the figure are in
arbitrary unit, and therefore the elements are not quantitatively comparable
(see Sect. 2.3).

area, even though a significant increase was also observed at residential
areas and town centre during evening. On the other hand, the total
amount of elements at the highway was similar to the one at residential
and town centre areas during daytime. Note, however, that the results of
this study are semi-quantitative, and therefore a conversion of obtained
signal into concentrations could change the total quantity of elements at
the studied sites.

The amounts of potassium, chloride, and zinc were higher during
evenings at residential areas and town centre (Fig. 4). Potassium (in
particular its water-soluble fraction) is commonly used as a biomass

burning tracer, in the absence of other significant sources of this
element, and zinc has been previously shown to become enriched in the
fine particle fraction during biomass combustion (Cheng et al., 2013; e.
g. Uski et al., 2015). On the other hand, chloride is usually separated in
two components, the sea-salt chloride and the non-sea-salt chloride,
with the latest component being commonly emitted e.g. by waste
incineration, coal combustion, biomass burning, and secondary organic
aerosol formation (e.g. Sun et al., 2013; Yin et al., 2014; Zhao and Gao,
2008). Generally, sites with low particle pollution have higher correla-
tion between sodium and chloride while this correlation decreases at
sites with heavier particle pollution resulting in non-sea-salt chloride
emissions (e.g. Yin et al., 2014), chiefly because most of fine sodium is
derived from sea salt (e.g. Ooki et al., 2002). In our study, the amounts of
sodium were relatively constant during day and evening, contrasting
with what was observed for chloride and contributing to a poor corre-
lation between these elements (R? = 0.12, Table $2). This finding sug-
gests that chloride was mostly emitted by anthropogenic activities in our
study. Furthermore, the amounts of sodium at the background site were
similar to the ones at populated areas, which indicates that this element
was likely originated from regional/long-range transport.

The amounts of chloride were the highest in the industrial area,
where the amounts of iron also greatly increased. These results seem to
indicate that industrial processes were an important source of these el-
ements. Trace amounts of chromium, copper, and vanadium were also
measured at all studied sites. Nonetheless, these elements did not show
any significant changes between morning and evening, and therefore
these components were likely not predominantly originated from
biomass burning but instead from other sources such as industrial ac-
tivities, fossil fuel combustion, or ship emissions (e.g. Fishbein, 1981;
Rehman et al., 2019; Visschedijk et al., 2013).

High chloride amounts were also seen at the background site and
were likely originated from the industrial emissions. However, those
high concentrations were only observed on one campaign day (29th of
January) when the wind direction was greatly favoring the transport of
those emissions through the background site on the referred day
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(Fig. S4). Characteristic particle size distributions from the industrial
area (see Sect. 3.4) were also observed at the background site during the
correspondent period of time.

3.2. Source apportionment of particulate organics and black carbon

The sources of OA were investigated using the PMF analysis (Fig. 5
and S6). As seen in Fig. S6, OA was divided into 4 factors: biomass
burning OA (BBOA), hydrocarbon-like OA (HOA), semi-volatile
oxygenated OA (SV-OOA), and low-volatility oxygenated OA (LV-
OOA). The mass spectra of BBOA had clear m/z 60 (CoH403) and m/z 73
(C3Hs03) mass peaks, which have been used as tracers for biomass
burning (Alfarra et al., 2007; e.g. Saarikoski et al., 2019). For BBOA, the
oxygen-to-carbon (O/C) ratio was 0.4 and the hydrogen-to-carbon
(H/C) ratio was 1.7. The mass spectra of HOA factor that is usually
associated with traffic emissions (Zhang et al., 2005) was dominated by
CxHy fragments, with the highest signal being obtained for m/z 57
(C4HY). Therefore, its O/C ratio was the lowest (0.07) and the H/C ratio
the highest (2.2) of all factors. SV-OOA had a high signal at m/z 43
(CoH30™") and m/z 44 (CO3). SV-OOA was more oxidized than BBOA,
with O/C and H/C ratios of 0.6 and 1.7 respectively. LV-OOA had the
largest signal at m/z 44 (CO3) but, different from SV-OOA, was missing
m/z 43 (CoH30™) almost totally. That was expected for aged particles.
On the other hand, the O/C and H/C ratios of LV-OOA were smaller than
those of SV-OOA being 0.4 and 1.3, respectively, which suggests a
dominance of long-chain molecules on the LV-OOA spectra.

The average concentrations of the PMF factors and their relative
contributions in OA are represented in Fig. 5. Primary organic aerosol
factors, BBOA and HOA, had the highest concentrations during the
measurement period, being particularly large during evenings. The
BBOA evening concentration and contribution were the highest at Res I
(3.85 pg m~3, 51%), but elevated evening concentrations and
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contributions were also measured at other residential areas and town
centre (average of 2.07-2.39 pg m~3, 27-46%). HOA was clearly
dominant at the town centre, with an evening concentration of 5.21 pg
m ™ and the contribution of 59%. The increase in BBOA and HOA in the
evening has also been reported in a recent study at an urban detached
housing area located in Helsinki, Finland (Teinila et al., 2022), the in-
crease explained by both local emission sources and reduced mixing due
to atmospheric inversion episodes.

The lowest concentrations were measured for oxygenated factors,
SV-00A and LV-OO0A, with the maximum average values of 0.96 pg m >
and 0.73 pg m~3, respectively. The concentration of SV-O0OA did not
change significantly between day and evening being also similar in all
measurement sites. Therefore, the SV-OOA was not likely to be pre-
dominantly originated from local sources. On the other hand, the LV-
OOA concentration was slightly higher in residential and town centre
areas during evening, which may have been at least partially caused by
atmospheric accumulation and processing of local emissions.

Concerning the source apportionment for BC, the concentrations of
BCgr and BCyp broadly followed those obtained for HOA and BBOA,
respectively (Fig. 5) with both BCpr and BCwp being higher during
evening at residential sites and town centre. The contributions of BCgp
and BCyp were relatively similar at most of the sites, with an exception
for Res II where the BCyp contribution was clearly higher and highway
where BCpr was larger than BCyg. These results seem to indicate that
both BC from traffic and biomass burning constitute important pollut-
ants during winter evenings.

The high biomass burning emissions of OA and eBC at the town
centre contrasted with what has been commonly observed at more
populated cities in northern Europe where wood burning for heating
purposes has been drastically reduced in the past decades and BBOA
fraction is often challenging to obtain since most of wood burning occurs
in suburban areas (Aurela et al., 2015; Barreira et al., 2021; Saarikoski

BBOA Z HOA [ SV-OOA Z LV-OOA m BCyr B BCy
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Fig. 5. Source apportionment of OA by Positive Matrix Factorization and of eBC using the aethalometer model at residential areas (Res I-III), town centre, highway

(HWY), and background site (Bkgd) during day and evening.
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et al., 2021). The high contribution of emissions from biomass burning
may therefore be characteristic for small towns in northern latitudes,
where a significant share of residences uses biomass burning in the
centre of the town. In fact, a study involving aerosol measurements of
elemental carbon (EC) and organic carbon (OC) at several background
sites in northern Europe identified biomass burning as the major source
of OC at all sites during winter (Glasius et al., 2018). However, it is likely
an issue that is transversal to many residential areas around the globe.
For example, a study performed by Liakakou et al. (2020) in Athens,
Greece, showed that wood burning can contribute as much as fossil fuels
to PM during winter evenings; and Quinteros et al. (2023) and Reyes
et al. (2021) found high concentrations of levoglucosan (wood burning
tracer) at the city of Temuco, Chile. A modelling study on sources of OA
in Europe has also identified wood burning as the dominant source in
winter, constituting about 61% of total OA (Jiang et al., 2019). This
issue may become even more important in future years due to rising
energy prices, which may lead to an increase in the usage of wood
burners as they provide cheap and reliable energy.

3.3. Particle size distributions and respiratory tract deposition

Particle number and LDSA size distributions were also evaluated for
the studied sites. In terms of number size distributions, the contribution
of particles larger than approx. 50 nm increased during evenings at Res
I-III and town centre (Fig. 6). The increase of that size particles can be
linked with the biomass combustion (e.g. Lepisto et al., 2023). The
concentration of particles smaller than 50 nm increased also during
evenings in Res III and town centre, which indicates a larger contribu-
tion from traffic (Barreira et al., 2021; e.g. Ondracek et al.,, 2011;
Ronkko et al., 2017). The increase in particle concentration at Res III for
sizes below 50 nm is likely explained by the fact that this site is located
near the town centre. In the highway, the concentration of particles
smaller than 50 nm was relatively high during daytime suggesting a
clear contribution from traffic, whereas in the evening number con-
centration was smaller. Also, the concentration of particles larger than
50 nm was low in the highway, showing that the effects of evening-time
biomass combustion was not observed in the highway. In the back-
ground site, both daytime and evening number size distributions peaked
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Fig. 6. Average particle number and LDSA size distributions at residential areas
(Res I-III), town centre, highway, and background site (Bkgd) during day and
evening. Note varying Y-axis scales.
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between the sizes of 20 and 50 nm, which is not typical for the regional
background aerosol in Finland. This size range also does not correspond
well with the size distributions from traffic nor biomass combustion. In
addition, the concentration levels were not dependent on the time of the
day. Therefore, it is likely that the industrial area has affected the par-
ticle number concentrations in the background site even though these
increased concentrations were not as clearly observed for PM; mass.

The increased particle emissions from biomass burning during the
evenings corresponded as well to an increase in LDSA. The contribution
of biomass combustion to LDSA was seen in the size range of 50-400 nm,
being in agreement with the previous measurements at residential areas
such asin e.g. Teinila et al. (2022) and Lepisto et al. (2023). On the other
hand, in the highway, LDSA was dominated by particles smaller than
100 nm, which is typical for traffic locations (e.g., Lepisto et al. (2022)).
The fraction of sub 100 nm particles was seen as well for LDSA in the
town centre, supporting the role of traffic. In the background site,
increased LDSA concentrations were observed for particles of around
50-100 nm, which also differs from typical background LDSA size dis-
tributions at regional background sites in Finland (e.g. Lepisto et al.,
2023; Salo et al., 2021; Teinila et al., 2022). The average daytime LDSA
concentrations (Table S3) were 12.5-17.6, 24.1, 29.0, and 18.4 pm?m™
in Res I-I1I, town centre, highway and background site, respectively. The
average LDSA concentrations during the evenings were 30.5-41.6, 60.7,
24.7, and 16.9 pm?m™ in Res I-III, town centre, highway and back-
ground site, respectively. Thus, LDSA were 1.8-3.3 times higher during
the evenings in the residential areas and town centre, whereas in the
highway and background site there were not significant changes be-
tween day and evening concentrations. Also, it should be noted that the
evening time LDSA concentrations in this study clearly exceeded typical
LDSA concentrations (13.2-37.2 pmzm'3) measured in the city centre of
Helsinki (Kuula et al., 2020; Lepisto et al., 2022, 2023). These results
emphasize the potential role of local sources of ultrafine particles on
human health and the high relevance of these parameters in air quality
studies and monitoring.

The particle size distributions and LDSA were also measured at the
industrial area. As observed in Fig. 7, the number size distributions were
dominated by ultrafine particles smaller than 100 nm, whereas LDSA
size distribution peaked around 50-100 nm. Even though these size
ranges were rather similar to the ones observed for traffic emissions (see
e.g., the particle number size distributions at the highway during day-
time in Fig. 6), the number size distribution at the industrial area was
broader than the traffic one. Furthermore, an increase of particles up to
1 pm was observed in LDSA size distributions. These findings indicate
the contribution of industrial processes in addition to heavy traffic in-
side the industrial area to number and LDSA size distributions. Also,
both number and LDSA size distributions measured inside the industrial
area were rather similar to the ones measured in the background site,
supporting the role of industrial processes in PM measured at the

«10%

=%

dN/dlogdp (1/em®)
[x%]

0 1
102 107" 10°
Particle size (um)

Fig. 7. Average particle number and LDSA size distributions measured inside
the industrial area.



L.M.F. Barreira et al.

background site. The average LDSA concentration in the industrial area
was 67.8 um?m>, which exceeded the average daytime and evening
time concentrations measured outside the industrial area and e.g., the
typical LDSA concentrations in Helsinki city centre (13.2-37.2 pm?m®
(Kuula et al., 2020; Lepisto et al., 2023, 2022),).

The LDSA concentrations in Res I-III and town centre were clearly
increased during the southern winds, especially for sizes between 50 and
200 nm, whereas in the background site the LDSA contribution for
particles of this size range were higher during the northern winds
(Fig. 8). During daytime, LDSA concentrations in Res I-III and town
centre (Table S4) were 10.1-21.4 and 31.5-44.4 pmzcm’3 with northern
and southern winds, respectively. On evenings, LDSA concentrations
were 22.5-35.5 and 39.7-107.4 pm2cm ™3, respectively. Thus, southern
winds clearly affected the LDSA concentrations in residential areas and
town centre. The fact that increased LDSA concentrations were also
observed during daytime suggests a larger role of industrial emissions
compared to biomass combustion. These increases were observed for
particle number size distributions as well (Fig. S7). However, the con-
centration increase with LDSA was seen for a wide size range (50
nm-500 nm) (Fig. 8), which does not correspond totally with the
number size distributions measured inside the industrial area (Fig. 7).
Also, the increased concentrations were observed in the highway as
well, which is east from the industrial area. Thus, the cold temperatures
and low wind speed had likely a significant effect in the increased
concentrations during these southern wind periods in addition to the
industrial emissions. However, during the northern wind periods, the
increase in the particle number and LDSA (northern wind: 18.4-18.6
pm2em 3, southern wind: 12.3 pm?em~3) was clear in the background
site, which shows that the industrial area influenced these parameters in
nearby areas. Similar results have been found e.g., next to an airport
(Lepisto et al., 2023). These observations emphasize the importance to
understand the local ultrafine particle emission sources as they may
have health effect despite not easily detected with typical mass-based
measurements.
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4. Conclusions

In this study, the sources and chemical and physical properties of
PM; were evaluated at different sites (residential areas, town centre,
highway, background site, and industrial area) of a small town located
in northern Finland. A mobile laboratory containing a wide setup of
advanced research instruments was used for that purpose, which
enabled to investigate the spatial and temporal variation of PM; prop-
erties and sources in a matter of few days and, therefore, to provide new
information on the air quality of a Nordic small town as well as the
origin of atmospheric pollutants. The results showed clearly that
biomass burning was a major source of PM; constituents in inhabited
areas, especially during evenings. In particular, a significant increase in
organics (including PAHs) and eBC from biomass burning was found in
these areas. However, traffic was also a significant source of organics
and eBC. Characteristic particle number and LDSA size distributions
from biomass burning and traffic were also observed at the mentioned
areas. The high contribution from biomass burning may be character-
istic for small towns in northern latitudes due to a high share of resi-
dences using this type of energy for heating purposes. However, the
fraction of biomass burning emissions may rise generally in future years
due to increasing energy costs, which may lead to an intensification of
wood burning, and to the electrification of car fleet. The intensification
of wood combustion would likely have implications on air quality,
especially when considering that some constituents of biomass burning
aerosols, such as black carbon and PAHs, have been associated with
adverse health effects.

In addition to biomass burning and traffic, emissions from a rela-
tively large industrial area located in the southwest from the town centre
had an impact on PM chemical composition, number concentrations and
LDSA. A clear increase in several PM; constituents (sulfate, eBC, or-
ganics, C1gH{,, Cl, and Fe) was observed at the industrial area, even
though that increase seemed to be more intermittent than at the other
measured locations. Characteristic particle number and LDSA size dis-
tributions from industrial emissions were also identified. The effect of
industrial emissions on inhabited areas was more evident in particle
number concentrations and LDSA than in particulate mass and chemical
composition.

The results from this study reinforce the importance of implementing
additional metrics to evaluate atmospheric pollution and its effect on air
quality since e.g. PMjy 5 levels recommended by WHO do not take into
account the size of the particles. The monitoring of particle number has
been recently introduced on the WHO air quality guidelines as a good
practice statement. Nonetheless, guideline levels for particle number
concentration were still not formulated. A possible metric that could be
as well implemented is LDSA since it helps to differentiate the effect of
different sources on particulate alveolar deposition. The chemical
composition of PM should be also considered in future metrics of at-
mospheric pollution since its link with health effects are widely recog-
nized. In fact, there is no current evidence of safe levels of PM exposure
or a threshold below which no adverse health effects would occur due to
the role of chemical composition. The understanding of the dynamics of
atmospheric composition and of its spatiotemporally, as shown also in
this study, will likely be of key importance to develop metrics that can
more accurately represent the potential health effects of inhaling and
ingesting the enormous diversity of chemicals that are present in
anthropogenic aerosols.
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