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HIGHLIGHTS

o The sources influencing air quality in detached house area in the Helsinki metropolitan area were characterized.

e Special attention was paid on the parameters that can be utilized to estimate the main particle sources and to assess their impact on air quality.

o Elevated PM1 concentration was attributed especially to the LRT and local wood burning in fireplaces.
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ABSTRACT

Particulate matter (PM) is emitted from various anthropogenic sources in urban areas affecting the local air
quality. The aim of this study was to characterize the sources influencing air quality in detached house area in the
Helsinki metropolitan area in Finland, and secondly, to explore the additional value of new particle physical
properties to assess the impact of residential combustion on air quality. Measurements were conducted in an
urban detached housing area between January and April 2019. Measured particle physical properties were
particle number (PN), particle mass (PM;) and lung deposited surface area (LDSA) concentrations and number
size distributions. In addition, particle chemical composition was measured using a soot particle aerosol mass
spectrometer (SP-AMS; organic compounds, inorganic ions) and an aethalometer (black carbon (BC)). Concen-
trations of selected monosaccharide anhydrides and polycyclic aromatic hydrocarbons were analysed from the
PM; filter samples. The sources and characteristics of organic aerosol was investigated by applying positive
matrix factorization to the mass spectra measured with the SP-AMS. Based on the variations in the measured
particle physical parameters, chemical species and meteorology, the measurement period was divided into three
sub periods dominated by urban background, wood burning and long-range transport (LRT) aerosols. Highest
pollutant concentrations were measured during the wood burning and LRT periods. Wood burning increased the
concentrations of all measured species, but the differences were most significant to levoglucosan, benzo(a)
pyrene, BC and PM; that had 12, 10, 6.4 and 3.6 times larger mean concentrations during the wood burning
period compared to the urban background period, respectively. LRT affected significantly levoglucosan, PM; and
BC concentrations, since LRT pollutants partly originated from open biomass fires in Eastern Europe. The impact
of local wood burning and LRT was quite small to particle number concentrations, whereas LDSA concentrations
and size distributions were affected by traffic, wood combustion emissions and LRT. BC concentration correlated
with the LDSA concentration during all periods suggesting a common origin. Particle number concentration was
a good indicator of local combustion, especially traffic emissions, while the PM; mass concentration together
with secondary particle material was a good measure for the LRT pollutants. Benzo(a)pyrene was found to be a
good indicator of local wood burning, but it was not detected in LRT biomass combustion particles.
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1. Introduction

Particulate matter (PM) emitted from anthropogenic sources affects
air quality and is connected to negative health effects (Lelieveld et al.,
2015; Atkinson et al., 2014). Especially fine particles (PMy s, particles
smaller than 2.5 pm in diameter) and sub-micron particles are consid-
ered harmful as they can be transported deep into the human respiratory
tract (Zanobetti et al., 2014). Particles also contribute to climate change
by scattering and absorbing incoming solar radiation and indirectly via
cloud processing. Black carbon (BC) in particular absorbs solar radiation
and has a positive radiative forcing effect.

PM; 5 concentration is currently one of the key parameters to assess
air quality in air quality monitoring networks across the globe. How-
ever, in most cases PM; 5 does not provide information on the sources
and properties of particles. There are several currently unregulated
particulate parameters that have high potential to complement long-
term monitoring of anthropogenic particles and elucidate particle
sources and their influences on climate and health. In terms of health
impacts, elevated particle number (PN) concentrations and BC have
been connected to the adverse health effects. Ultrafine particles, i.e.,
particles smaller than 100 nm and representing majority of PN, can
cause more pulmonary inflammation and are retained longer in the
lungs than PMy 5 (Schraufnagel, 2020). Lung deposited surface area
(LDSA) is one measure for the harmfulness of particles as it represents
the potential for toxic chemicals on the surfaces of particles to enter the
human respiratory and blood circulating system (Brown et al., 2001;
Oberdorster et al., 2005). LDSA concentrations are mainly driven by
particles smaller than 400 nm, and much of the LDSA in urban areas
typically originates from vehicular exhaust emissions and residential
wood combustion (Tissari et al., 2008; Karjalainen et al., 2016; Kuulu-
vainen et al., 2016; Kuula et al., 2020b).

Regarding chemical species in particles, BC is a product of incom-
plete combustion, typically emitted by engines, residential burning or
industrial processes. BC is in relatively small particle sizes, and may
have negative health effects by itself, but chemical components entering
to human body together with BC particles (soot) may also be toxic or
carcinogenic, like polycyclic aromatic hydrocarbons (PAH) (Jansen
et al., 2011; Luben et al., 2017 and references therein). Local wood
burning is a source of PAH compounds, one of the most important PAH
species being benzo(a)pyrene (Guereiro et al., 2015; Hellén et al., 2017).
Benzo(a)pyrene has been regarded as a marker for both the total and
carcinogenic PAHs (EU directive, 2004). However, there is some evi-
dence that other PAHs (e.g. dibenz(a,h)anthrasene) may have even
higher health risk than benzo(a)pyrene (Lammel, 2015).

Based on the previous studies, the main local anthropogenic fine
particle sources in the Helsinki metropolitan area are direct vehicular
emissions and residential wood burning (Aurela et al., 2015; Carbone
et al., 2013; Saarikoski et al., 2008; Jarvi et al., 2008; Pirjola et al.,
2017). Other anthropogenic sources affecting PM concentrations are e.
g., road dust, energy production and ship emissions (Kupiainen et al.,
2016; Soares et al., 2014). The Helsinki metropolitan area is also
affected by long-range transported (LRT) pollution episodes, during
which the concentration of fine particulate matter is significantly
elevated. These episodes are typically due to the anthropogenic emis-
sions from Central and Eastern Europe or regional or LRT smoke plumes
from forest fires or agricultural burning (Leino et al., 2014; Niemi et al.,
2004, 2005, 2009; Pirjola et al., 2017). Additionally, PM can be
increased due to the wintertime inversion when locally produced pol-
lutants are trapped in the planetary boundary layer over the city (Bar-
reira et al., 2021; Teinila et al., 2019).

The aim of this study is to characterize the sources affecting air
quality in an urban detached housing area, Finland, and identify the
additional parameters that needs to be measured in order to characterize
better the impact of these sources on air quality. Special attention is paid
on the parameters that can be monitored in real-time in the air quality
monitoring networks i.e., particle number, LDSA and BC concentrations.
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To support the characterization of the sources, Soot Particle Aerosol
Mass Spectrometer (SP-AMS) measurements were carried out at the site
and the data was analysed with a Positive Matrix Factorization (PMF)
method. Additionally, daily PM;( filter samples were analysed for
biomass burning markers, monosaccharide anhydrides (MAs), as well as
for PAHs. Earlier studies in the Helsinki metropolitan area (e.g., Kuula
et al., 2020a; Luoma et al., 2021; Pirjola et al., 2017; Aurela et al., 2015)
have found differences between the sources, concentrations and chem-
ical composition of particulate matter at the sites which represent
different urban environments. In this study, we focus on the detailed
characterization of particle physical and chemical properties and sour-
ces by using the real time instruments as well as PM filter samples. This
information will be further utilized to explore the monitoring parame-
ters needed to be measured in order to assess the impact of these sources
on air quality. The results presented in this study are necessary for the
authorities when assessing the climate and air quality impacts of
anthropogenic particulate sources as well as directing the emission
legislation and emission mitigation actions. Although the measurements
were performed only at one location in Helsinki, Finland, the results are
also applicable to other similar areas.

2. Experimental
2.1. Measurement site

Measurements were conducted at a residential suburban area in
Helsinki, Finland (Fig. S1). The intensive campaign was conducted be-
tween January 15 and April 16, 2019 (a 3-month campaign). Mea-
surement station, maintained by the Helsinki Region Environmental
Services Authority (HSY), was located next to a small street in Pirkkola
detached housing area (60.234211N, 24.922591E, Kuula et al., 2020a).
The Pirkkola area is characterized by small, detached houses of which
majority have fireplaces. Fireplaces are typically used for supplementary
heating during cold seasons, heating of sauna stoves and decorative
burning. With regard to traffic, there are some small and medium size
streets (traffic volumes from hundreds to thousands of vehicles per day)
at the area that can have an influence on the pollutants measured at the
site. The distance to the closest main road is ~600 m from the mea-
surement site, and the distance to other two main roads are 1 km in the
directions of West, North and East. The corresponding traffic rates in
these roads were 43500, 103000, and 42700 vehicles per day in 2019
(Finnish Transport Infrastructure Agency, 2019).

2.2. Soot Particle Aerosol Mass Spectrometer (SP-AMS)

The concentrations of organics, sulphate, nitrate, ammonium and
chloride were determined with the Soot Particle Aerosol Mass Spec-
trometer (Aerodyne Research Inc, Billerica, US; Onasch et al., 2012).
The SP-AMS was operated with a time-resolution of ~90 s of which half
of the time was measured in the mass spectra mode (mass concentra-
tions) and half of the time in Particle Time-of-Flight mode (PToF; size
distributions). Because of the aerodynamic lens system, the size range
covered by the SP-AMS was approximately from ~50 nm to 1 pm. The
SP-AMS is different from the standard AMS since it has an additional
laser vaporizer that allows the determination of refractory particulate
species. However, in this paper, the results from the refractory material,
i.e., refractory black carbon (rBC), are shown only for the mass size
distributions. The SP-AMS data was analysed with IGOR 6.37 SQRL
1.62A and PIKA 1.22A software. A collection efficiency of one was
applied to the data set. Polycyclic aromatic hydrocarbons (total PAH
concentration) were extracted from the SP-AMS data with the method
described by Dzepina et al. (2007).

The sources of organic aerosol (OA) were investigated by analyzing
the high-resolution mass spectra of organics with Positive Matrix
Factorization (PMF; CU AMS PMF tool v. 2.08D, Paatero and Tapper,
1994; Ulbrich et al., 2009). The details of the PMF analysis are given in
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another paper (Saarikoski et al., 2021), and therefore, the PMF analysis
is described here only shortly. Before the PMF analyses, the data was
averaged to 10 min. The number of factors was investigated from two to
eight of which the solution with five factors described the characteristics
and variation of organic matter most realistically. The factors were
identified as hydrocarbon-like organic aerosol (HOA), biomass burning
OA (BBOA), semi-volatile oxygenated OA (SV-OOA), low-volatility
oxygenated OA (LV-OOA) and LV-OOA from the long-range transport
(LV-OOA-LRT). HOA showed a classic hydrocarbon pattern of engine
emissions with the largest signals for C3Hs", CsH;", C4H;", C4Ho™,
CsHo" and CsHy; ™ at mass to charge ratio (m/z) of 41, 43, 55, 57, 69 and
71 (Canagaratna et al., 2004), respectively, and had a high hydrogen to
carbon ratio (H:C) and low oxygen to carbon ratio (O:C). HOA also
correlated strongly with NO (square of Pearson correlation coefficients
(R?) = 85) and NOx (R? = 0.88) indicating that it originated mostly from
vehicle emissions. The mass spectra of BBOA displayed signal for
CoH40,™ and G3Hs0,1 at m/z 60 and 73, respectively, that are typical
fragments for biomass burning emissions (Alfarra et al., 2007). The time
trend of BBOA was compared to that of monosaccharide anhydrides
(MAs: levoglucosan, mannosan and galactosan) analysed from the 24-h
PM; filter samples. R? between BBOA and levoglucosan, mannosan and
galactosan were 0.95, 0.92 and 0.84, respectively. Also chloride had the
strongest correlation with BBOA (R2 = 0.40).

LV-OOA had the highest signal for CO>* and CO " at m/z 44 and 28,
respectively, and was highly oxygenated with a large O:C, while SV-OOA
was less oxidized showing the largest signal for CoH30" at m/z 43.
Inorganic species measured by the SP-AMS, sulphate, nitrate and
ammonium, correlated strongest with LV-OOA [R? = 0.40, 0.32 and
0.45, respectively). LV-OOA-LRT had very similar mass spectra to LV-
OOA but their time-series and diurnal trends were different. LV-OOA-
LRT was observed mostly at the end of the measurement period in
April when a strong LRT episode with an elevated PM; concentration
was detected at the site. Based on the NAAPS model results and calcu-
lated air mass back trajectories, smoke aerosol arrived in Helsinki from
open fires in Eastern Europe. LRT episode will be studied in detail in
Section 3.2.3. For the validation purposes, the PMF solution of five
factors was examined for the rotational freedom by varying fpeak and
for accuracy with bootstrapping tests and multiple seeds.

2.3. Aethalometer

A dual-spot aethalometer (AE33, Magee Scientific, Slovenia, (Magee
Scientific, 2016)) was used to measure aerosol light absorption and
corresponding black carbon mass concentration at seven different
wavelengths between 370 and 950 nm (Hansen et al., 1984; Drinovec
et al., 2015). The flow rate of the aethalometer was 5 1 min~'. The filter
tape used was a PTFE-coated glass fibre filter (no. M8020). The cut-off
size of the sample was 1 pm, and it was achieved using a sharp cut
cyclone (Model SCC1.197, BGI Inc., Butler, NJ, USA) in the inlet. The
multiple scattering enhancement factor C of 1.57 was utilized (Drinovec
et al., 2015), and the default the mass absorption coefficient (MAC)
values were used. The concentrations of fossil fuel (BCg) and wood
burning (BCy) related BC were calculated using Sandradewi et al.
(2008) model with the Angstrom exponent values of 0.9 for fossil fuel
and 1.68 for wood burning (Zotter et al., 2017).

2.4. Other particle and gas instrumentation

Particle size distributions in mobility size range of 15-685 nm were
measured with a Scanning Mobility Particle Sizer (SMPS) consisting of a
differential mobility analyser (DMA; model 3080, TSI Inc., USA) and a
condensation particle counter (CPC; model 3775, TSI Inc., USA). Particle
mass concentration was measured with a GRIMM Aerosol Spectrometer
(model 1.108, 15 channels, 0.23-20 pm). In the further discussion, the
PM; concentration is obtained from the GRIMM Aerosol Spectrometer.
Particle number concentration (PN, particles larger than 5 nm) was
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measured using a CPC A20 (Airmodus). Concentration of lung deposited
surface area of particles (LDSA) was measured using an AQ™ Urban
instrument (10-400 nm size range, Pegasor). Additionally, the size
distribution of LDSA was calculated from the SMPS data by weighing the
number size distribution with the particle size-specific deposition frac-
tion and then calculating the total surface area of particles accordingly.
Particle size-specific deposition fractions are presented in a report
published by the International Commission on Radiological Protection
(ICRP, 1994).

NO, NOy and NO, were measured with a minute time-resolution with
a Horiba APNA 370. Wind speed and direction were measured with
WMT 703 (Vaisala) and temperature and RH were measured with HMP
155 (Vaisala) at the Pasila meteorological station, 4 km south of the
Pirkkola site. Furthermore, PMs 5 results (FH 62 I-R; ESM Andersen In-
struments, GmbH, Germany) from the regional background site (Luukki)
were utilized to characterize the contributions of LRT particle concen-
trations. All the particle, gas and meteorological data were averaged for
hourly results.

Back trajectories of air masses arriving in the measurement site were
calculated using the NOOA HYSPLIT model (Stein et al., 2015; Rolph
et al., 2017). The 96-h back trajectories were calculated for every hour
for 200 m above sea level. The data analysis was made using the R
software (R Core Team, 2020) and R package openair (Carslaw and
Ropkins, 2012). The Navy Aerosol Analysis and Prediction System
(NAAPS) model results were used to determine the distribution of LRT
smoke aerosols from open biomass burning (http://www.nrlmry.navy.
mil/aerosol/; the Naval Research Laboratory, Monterey, CA, USA).

2.5. PMyjy filtersampling and analyses

A total of 89 24-h PMj filter samples were collected at the mea-
surement site during the 3-month long campaign. The concentration of
monosaccharide anhydrides (levoglucosan, mannosan and galactosan)
were analysed from the PM; samples using a high-performance anion-
exchange chromatography-mass spectrometry (HPAEC-MS). The
HPAEC-MS system consists of a Dionex ICS-3000 ion chromatograph
coupled with a quadrupole mass spectrometer (Dionex MSQ). The
HPAEC-MS system had 2 mm CarboPac PA10 guard and analytical
columns (Dionex) and potassium hydroxide (KOH) eluent. The used
ionization technique was electrospray ionization. The analytical method
is similar to that described in Saarnio et al., 2010a,b, except that the
used internal standard was methyl-f-D-arabinopyranoside. Half of the
47 mm filters were extracted into 10 mL of MQ water with internal
standard concentration of 100 ng mL ™}, and the HPAEC-MS was utilized
for the determination of MAs at m/z 161. The uncertainty of the analyses
was typically 10-15% and even larger (25%) when the analysed con-
centration was low.

The concentrations of 6 PAHs (benzo(a)anthracene, benzo(b)fluo-
ranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)
pyrene, dibenz(a,h)anthracene) were analysed from the PM;( samples
using a gas chromatograph-mass spectrometer (GC-MSMS, Agilent
7890A and 7010 GC/MS Triple Quadrupole). For the analysis, the
samples were usually pooled together as monthly samples, ultrasonic
extracted with toluene, dried with sodium sulphate and concentrated to
1 mL. For chromatographic separation, the HP-5MS UI column
(30mx0.25 mm i.d., film thickness 0.25 pm) and 2m pre-column (same
phase as analytical column) were used. Helium (99.9996%) was used as
a carrier gas with a flow of 1 mL min~!. The temperature program
started at 60 °C with a 1 min hold, followed by an increase of 40 °C
min~! to 170 °C, and 10 °C min~! to 310 °C with a hold of 3 min.
Deuterated PAH compounds (Naphthalene-d8, Acenaphthene-d10,
Phenanthrene-d10, Chrysene-d12, Perylene-d12, PAH-Mix 31D, Dr.
Ehrenstorfer) were used as internal standards and were added to an
extraction solvent before extraction. External standards (PAH Mix-137,
Polynuclear aromatic hydrocarbons Mix, Dr. Ehrenstorfer) with five
different concentration levels were used. In the analysis of BaP, EN
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15549 (2008) standard was followed. Measurement uncertainty was
calculated from the validation data (Guide Nordtestin TR537) for the
target value (0.1 ng m~>) that value was found to be 25%. The analysis
method is accredited (SFS-EN ISO/IEC 17025:2017). The method has
been previously described in detail by Vestenius et al. (2011).

The measured chemical and physical properties of particulate matter
together with the obtained factors from the PMF analysis, meteorology,
air mass trajectories and NAAPS model results were used to divide the
measurement period into three subperiods (section 3.2). The chosen
periods were urban background period with no significant pollutant
sources, wood burning period when impact of local wood burning was
significant, and a long-range transport period when air quality was
influenced by long-range transport.

3. Results and discussion
3.1. General description of the measurement period

Mean temperature and relative humidity during the three-month
measurement campaign (Jan 15th- April 16th) were —0.5 °C and 77%,
respectively (Fig. S2). Wind speed was relatively low during the mea-
surement campaign, being on average 4.5 m s~' (max. hourly mean
11.3 m s™1), and the prevailing wind direction was in the sector South-
West to North-West. Wind speed showed nearly no diurnal variation in
January, but from February to April, there was a clear diurnal variation
with maximum values during daytime. The difference between wind
speed during day and night was most notable in April, although the day-
night difference was on average only ~1 m s~!. Temperature showed
distinctive diurnal pattern only in April. The mean diurnal variations of
temperature, relative humidity, and wind speed during the measure-
ment period are shown in Fig. S3.

The mean fine particulate matter (PM;) concentration was 6.6 ug
m ™ during the measurement period (Table 1, Fig. 1) with the highest 1-
h mean PM; concentration being 73 pg m—>. The largest PM; concen-
trations were measured during the coldest days of the measurement
period in January. Elevated PM; concentrations in detached house areas

Table 1

Mean concentrations of selected particle physical parameters and chemical
species during the whole measurement period in 2019 and subperiods selected
for the detailed investigation (urban background, wood burning, LRT, see sec-
tion 3.2). MA concentration is the sum of measured monosaccharide anhydrides
(levoglucosan, mannosan and galactosan) and inorganic ions concentration is
the sum of sulphate, nitrate, ammonium and chloride.

Whole period Urban Wood burning ~ LRT

background
15.01 18.03 15.01 04.04
00:00-16.04. 00:00-31.03. 00:00-31.01. 06:00-09.04
23:00 23:00 23:00 14:00
PM; (pg 6.58 3.06 10.91 14.57
m~3)
PN (p 7086 6066 9748 8203
cm’3)
LDSA (pm?  9.67 5.97 16.19 18.23
cm ™)
BC (pg 0.71 0.26 1.69 1.06
m~3)
NOx (pg 24.0 12.0 57.5 32.0
m’3)
Benzo(a) 0.85 0.26 2.71 0.34
pyrene
(ngm )
MA (ug 0.14 0.03 0.40 0.22
m~3)
Organics 2.94 1.35 4.91 9.89
(ngm?
Inorganic 1.30 0.64 2.18 2.37
ions (pg

m™%)
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Fig. 1. Time series of hourly mean PM;, BC, LDSA and PN concentrations
during the measurement period. The subperiods selected for detailed investi-
gation (section 3.2) are highlighted by different colours and numbers (2 wood
burning = orange, 1 urban background = grey, 3 LRT = green). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

during cold season are typically connected to increased wood burning
for heating purposes and poor dilution and mixing of pollutants due to
stagnant meteorological conditions (temperature inversion). In general,
the mean PM; concentration measured in this study was similar to the
PM,, 5 concentrations measured in detached house areas in the Helsinki
metropolitan area by Luoma et al. (2021) and Helin et al. (2018), but
lower than those measured by Aurela et al. (2015).

The mean concentrations of BC, PN and NOx were 0.7 pg m~3, 7086
particles em 2 and 24 ug m 3, respectively, during the measurement
period (Table 1.) The highest measured hourly mean concentrations for
BC (22.6 pg m~3) and NOy (863 pg m™>) were measured in January
together with the highest PM; concentrations. The mean BC concen-
tration was at the same level to that reported for similar environments
by Luoma et al. (2021) and Helin et al. (2018). Also, the largest con-
centrations of PN were measured in January (mean 9750 and max
hourly mean 38 750 particles cm ™), but the PN concentrations were
also high in April (mean 9 565 and max 36 400 particles cm™>).

The mean diurnal variations of PM;, PN, NOx and BC are shown in
Fig. S4. PM; did not show very strong variation throughout the day,
although PM; concentration was elevated in the evenings that may
indicate local or regional wood burning source. Additionally, a slight
increase in PM; was observed in the morning. This increase is most likely
connected to increased traffic frequency during morning rush hour
which typically takes place between 7 and 9 a.m. in the Helsinki city
area (Luoma et al., 2021). PN and NOy showed clearly higher concen-
trations in the morning (maximum between 9 and 10 a.m.). In urban
areas, PN and NOy are typically connected to motor vehicle related
emissions (Pirjola et al., 2017). The afternoon rush hour peak for PN was
clearly smaller compared to the morning peak when the whole mea-
surement period was taken account, but it was more evident when the
measurement period was divided into sub periods (section 3.2). It is
possible that the PN concentration connected to traffic was more sen-
sitive to the meteorological conditions like wind speed, wind direction
and mixing height since the traffic related pollutants were partly
transported to the measurement site from the main roads ~1 km dis-
tance. However, the diurnal trends of the traffic related pollutants were
mostly caused by local traffic at nearby smaller streets. BC had also
elevated concentrations during the morning rush hour, but the largest
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BC concentrations were measured in the evening between 7 and 11 p.m.
The existence of the late evening BC peak during the whole measure-
ment period indicates that its origin was probably the local wood
burning.

The mean LDSA concentration was 9.7 pm? cm ™2 during the mea-
surement period (Fig. 1), and the highest 1-h mean LDSA concentration
during the measurement period was 119 pm? cm ™3, The mean LDSA
concentration was very similar to that reported by Kuula et al. (2020b)
in another detached housing area (12 pm2 cm’3), but clearly lower than
in a busy street canyon (22 pm? cm ™) in the Helsinki metropolitan area.
High LDSA concentrations were measured in January together with the
highest PM; and BC concentrations and in April which was identified as
a LRT period (section 3.2). The diurnal variation of the LDSA concen-
tration during the whole measurement period showed two peaks, one in
the morning and one in the late evening (Fig. S5). The morning peak
coexisted with NOx, BC and PN peaks and the late evening peak with
PM; and BC peaks. The diurnal variation of LDSA was similar to that
measured by Kuula et al. (2020b) in the detached house area during cold
season.

Mean concentrations of organics, sulphate, nitrate, and ammonium
measured with the SP-AMS were 2.9 pgm ™3, 0.6 pg m~>, 0.4 pg m > and
0.2 pg m 3, respectively (Fig. $6). The sum of the concentrations of the
measured chemical components (organics and inorganic ions from SP-
AMS and BC from aethalometer) showed high correlation against PM;
(R? = 0.8) and the total particle volume measured with the SMPS R? =
0.9). The diurnal cycles of the chemical components measured with the
SP-AMS are shown in Fig. S7. Secondary inorganic aerosol components,
sulphate, nitrate and ammonium, did not show any clear diurnal cycle,
but chloride showed a slight increase towards afternoon and evening.
This may indicate wood burning being one of its sources, however, the
mean concentration of chloride was very low during the measurement
period (36 ng m~>). Significantly higher chloride concentrations are
typically measured in polluted areas (e.g., Gani et al., 2019; Carbone
et al., 2013). The diurnal variation of organics was similar to that of BC
indicating similar sources of these two aerosol components.

Mean concentration of MAs (sum of levoglucosan, mannosan and
galactosan) calculated from the 24-h filter samples was 0.14 pg m™>
(Table 1, Fig. 2). Levoglucosan constituted the largest portion of MAs
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Fig. 2. Time series of biomass burning tracers together with the concentration
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(83%) followed by mannosan (11%) and galactosan (6%). The mean
concentration of benzo(a)pyrene was 0.85 ng m~> during the mea-
surement campaign. Concentrations of other studied PAHs had very
high correlation coefficient with benzo(a)pyrene (R2 > 0.98), except
dibenz(a,h)anthracene for which R? was a bit lower (0.90).

Time series of the PMF factors calculated from the SP-AMS organics
data are shown in Fig. S8. The factors for primary organic aerosol (POA),
HOA that is typically connected to motor vehicle emissions and BBOA
that is connected to biomass burning, showed the highest concentrations
in January. The elevated concentrations of these factors are due to local
wood burning together with reduced mixing and dilution of wood
burning and traffic related pollutants during the inversion episodes. The
mean concentration of SV-OOA did not show large variations between
the months, although it showed some high concentrations in January
resembling the time series of BBOA (Fig. S8) and an increase in its mean
concentration in April. The concentration of the most oxidized organic
factor LV-OOA-LRT was highest in April, and it was connected to a
strong LRT episode. Also the concentrations of secondary inorganics
were high during the LRT episode, but mostly they coincidence with LV-
OOA indicating a common origin (Figs. S6 and S8). LV-OOA showed
increased concentrations frequently during the measurement period.
The source of LV-OOA may be either regional or long-range transport of
particulate matter to the measurement site.

Mean diurnal variations of the PMF factors are shown in Fig. S9. The
two most oxidized organic factors, LV-OOA and LV-OOA-LRT, did not
show any clear diurnal cycles, which is quite typical since secondary
organic aerosol (SOA) is either regionally distributed or long-range
transported to the measurement site in wintertime. Due to the lack of
solar radiation in Helsinki in wintertime, the oxidation of precursor
gases takes place mostly via nitrate radical reactions in night-time. The
diurnal variation of SV-OOA showed an afternoon minimum in its
concentrations. The difference between afternoon minimum and night-
time maximum increases when moving from winter to spring, which
indicates the semi-volatile nature of SV-OAA as the day-to-night tem-
perature difference increases towards spring.

Diurnal variation of POA factors, HOA and BBOA, showed clear
diurnal trends. The late evening maximum of BBOA is probably due to
wood burning in the afternoon and evenings, and the HOA morning
maximum is connected to motor vehicle emissions during the morning
rush hour. Elevated late evening HOA concentration may be an indica-
tion that also HOA is formed in wood burning process, or that the motor
vehicle related HOA is accumulated in the boundary layer in the eve-
ning. Similar diurnal variations of HOA and BBOA factors in the de-
tached house in the Helsinki metropolitan area were reported by Aurela
et al. (2015) and in an urban background area by Carbone et al. (2014).

3.2. PM sources in residential area

Three different time periods were chosen for more detailed analysis
in order to understand the factors affecting air quality at the measure-
ment site. Based on the variations in the measured particle physical
parameters, chemical species and meteorology, the subperiods were
found to be dominated by urban background, wood burning and long-
range transport aerosol. The chosen periods are marked with different
colours in Figs. 1 and 2 and the chosen time intervals are summarized in
Table 1 together with the mean PM;, PN, LDSA, NOy, benzo(a)pyrene,
MA, organic and the sum of inorganic ion concentrations. A more
detailed characterization of each period is given in sections 3.2.1-3.2.3.
Fossil fuel and wood burning BC fractions and the number and LDSA size
distributions are discussed separately in sections 3.2. and 3.3.

The chosen periods were:

1.) Urban background, representing typical air quality situation at
an urban detached house area with no single dominating source.
For the urban background, a two-week period at the end of March
with a low PM; concentration (mean 3.1 pg rn’3) was selected.
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During the urban background period, no strong long-range
transport episodes were observed, and based on the biomass
burning tracers from the filter and PMF analysis, the influence of
local wood burning was already diminished due to increased
ambient temperature and decreased need to heat buildings. Also,
according to meteorological and air quality data, no strong
inversion situations took place during this period. In terms of
traffic, the effect of the nearby street was minimal since it was
closed major part of this period.
2.) Wood burning, representing air quality when the impact of local
wood burning was significant. For the wood burning, a two-week
period in January was selected. During that period, temperature
was low, which increased domestic wood burning and also
caused temperature inversion situations. Elevated concentration
of BBOA, PAH and MAs (Table 1) indicated a strong influence of
wood burning emissions. Time series of levoglucosan, benzo(a)
pyrene and the sum of analysed PAH from the PM;, filter samples
are shown in Fig. 2 together with the total PAH concentration
obtained from the SP-AMS measurements.
Long-range transport (LRT), representing situation when air
quality was influenced by long-range transport. A strong LRT
episode was observed as a five-day period in the beginning of
April (Table 1, Fig. 1). During these days, elevated concentrations
of PM; and LV-OOA-LRT were measured (Fig. S8). Increased
PM, 5 concentration was also observed at the regional back-
ground station about 20 km from the measurement site indicating
that the increase in pollutant concentrations was not local. Air
mass back trajectories confirmed that air masses arrived in Hel-
sinki from Eastern Europe.

3.

(7

3.2.1. Urban background

Mean PM; concentration was the lowest during the period repre-
senting urban background aerosol. When strong local or LRT sources are
missing, the measurement site was mostly affected by regionally
dispersed traffic and biomass combustion related pollutants. The rela-
tively low concentrations of PN, NOx and BC during the morning rush
hours (Fig. S10) indicated that the influence of local traffic was minimal,
although they had similar diurnal profiles as during the whole campaign
with a clear morning peak. As the urban background period was in
March, the mixing height was greater than in wintertime and the
additional dilution of relatively low concentrations of traffic related
pollutants probably prevented the detection of the afternoon rush hour
peak clearly. In contrast to these, BC showed high concentrations in late
evening, which indicated that it was not only connected to traffic related
emissions but also to residential wood burning. Although the BC con-
centration from local wood burning in the late evening was small, its
contribution to the total BC concentration was larger than the contri-
bution of traffic related morning BC. Wood burning is likely to have
some contribution to BC concentrations throughout the year at the
measurement site since many of the detached houses are typically
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equipped with wood-fired sauna stoves which are used around the year.
Also, the mass size distribution of rBC (Fig. 3) supported the influence of
wood burning emissions as it had a maximum at a rather large particle
size (~500 nm), but we note that a large fraction of BC can also be
originating from LRT in Helsinki (Niemi et al., 2009; Luoma et al.,
2021). Traffic related fresh BC is typically seen at ~100 nm (Enroth
et al., 2016). The fraction of BC in PM; was 11% (Fig. 4) which was
similar to the BC fraction measured in the heavily traffic influenced
Helsinki city centre (Teinila et al., 2019), although the absolute con-
centration of BC was much less at the detached house measurement site.

The concentrations of the chemical species measured by the SP-AMS
were also very low, their sum being on average 2.1 pg m°. Largest
fraction of the analysed mass consisted of organics (61%). In terms of
particle size, inorganic species (sulphate, ammonium and nitrate) had a
maximum at ~400-600 nm (Dy,) with the similar mass size distributions
suggesting that they all were mostly related to regionally distributed or
LRT aerosol (Fig. 4). Organics peaked at slightly smaller size
(~350-400 nm) and had a wider mode extending to the small particle
size. This indicated organics having also some contribution from local
sources e.g., from traffic.

The relative abundances of the different PMF factors are shown in
Fig. 4. The fraction of HOA, typically related to traffic, showed a
contribution of 12% for the urban background period, although its ab-
solute concentration was very low (Fig. S8). The percentages of the other
PMF factors indicate that, in addition to traffic related pollutants, the
site was also affected at some degree by wood burning (9%) and LRT
aerosol (32%) during the urban background period (Fig. 4). Elevated
concentrations of total PAH (measured with the SP-AMS) were also seen
at the late evening (Fig. S10), however, the mean concentrations of
benzo(a)pyrene and PAH (PM; filter samples and SP-AMS) were much
lower during the urban background period than during the wood
burning period (Table 1, Fig. 1 and Fig. S11). The lack of strong inver-
sion situations also prevented pollutants to accumulate on the boundary
layer in March.

3.2.2. Wood burning

Markedly elevated PM; concentrations together with the campaign-
highest BC concentrations were measured during the two-week period
on January 15-31, 2019, which was selected as a wood burning period
(Table 1, Fig. 1). BBOA, levoglucosan, PAH (PM; filter samples and SP-
AMS) and benzo(a)pyrene all showed the highest mean concentrations
during the wood burning period (Fig. 2 and Fig. S8). The concentration
of levoglucosan was elevated also in April during the LRT period, but the
concentration of benzo(a)pyrene and PAH measured with the SP-AMS
did not increase in April indicating that the latter ones are more spe-
cific tracers for local wood burning. Also in an earlier study, residential
wood combustion was found to be the main source of benzo(a)pyrene in
Helsinki Metropolitan area (Hellén et al., 2017). The two days with the
highest concentrations of BC and wood burning tracers (Jan. 22 and Jan.
28) were also the coldest days during the measurement period showing
temperatures below —20 °C and below —15 °C correspondingly.

Long-range transport
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Fig. 4. Mass fractions of the measured major chemical components and PMF factors for organics during urban background, wood burning and LRT domi-

nated periods.

During the wood burning period, the relative contribution of BC to
PM; was clearly higher compared to its contribution during the urban
background period (Fig. 4). BC had two daily maxima during the wood
burning period (Fig. S11) of which the evening peak was clearly higher
for BC. Additionally, the morning maximum BC peaked later than the
maximum during the urban background period suggesting that also BC
in the morning could be partly related to wood burning since the
morning peak can be seen also in the concentrations of other wood
burning tracers PAH and BBOA. However, the evening peak was clearly
larger also for the PAH and BBOA than the morning peak (Fig. S11). The
evening maximum for NOx and HOA (Fig. S11) indicated that wood
burning may also be the origin for these compounds, or that motor
vehicle related pollutants are trapped and accumulated in the boundary
layer during cold periods with minimal dilution and mixing of
pollutants.

During the wood burning period chloride showed its campaign-

highest mean concentration (0.06 pg m™>), and its maximum values
were detected between 12-23 p.m. (not shown). Chloride can be either
emitted from wood burning or it has accumulated in the boundary layer
from the other sources due to low mixing of pollutants. Regarding the
size distributions, organics and rBC had very similar mass size distri-
butions peaking at ~350 nm particle size (Fig. 3). Nitrate and ammo-
nium had a maximum at larger particle size (at ~400 nm) indicating
them to be related to other sources than biomass combustion or having
different atmospheric processing from organics and BC. Sulphate peaked
at the largest size (~450 nm).

3.2.3. Long-range transport

Period with a strong long-range transport of particulate matter took
place between 4 and 9 April 2019. Of three chosen periods, the highest
mean PM; concentration was measured during the LRT period (14.6 ug

m~3, Table 1). On average, 74% of the measured PM; chemical
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components consisted of organics its mean concentration being 9.9 pg
m~% during the LRT period. The largest fraction of organics was
composed of the most oxidized organic factor LV-OOA-LRT (Fig. 4). The
concentrations of the secondary inorganic aerosol components, sul-
phate, nitrate and ammonium, were also elevated (Fig. S6).

Relatively high concentrations of BBOA (Fig. S8) and levoglucosan
(Fig. 2) together with the elevated concentration of organics indicated
that the LRT aerosol contained also biomass burning originated mate-
rial. According to the NAAPS model results (not shown) and calculated
air mass back trajectories (Fig. S12), smoke aerosol arrived in Helsinki
from open fires in Eastern Europe. Elevated concentration of submicron
particles, containing aged organic material and MAs originated from
burning of agricultural waste of previous season, has been measured in
Helsinki during springtime also in the earlier studies (Saarnio et al.,
2010a,b; Saarikoski et al., 2007). As mentioned earlier, the concentra-
tion of benzo(a)pyrene and concentration of PAH obtained from the
SP-AMS measurements did not show clear increase during the LRT
period. The degradation and lifetime of PAHs will be discussed in section
3.4.

The concentration of BC was also elevated during the LRT period
(Table 1, Fig. 1), and its origin is most likely LRT biomass burning, but it
may also partly explain by traffic related emission. All motor vehicle
emission indicators, BC, NOy, HOA and PN, showed a clear morning
peak during the LRT period (Fig. S13), and the increase in their con-
centrations in the morning was much larger than during urban back-
ground or wood burning periods indicating a strong influence of local or
regional traffic related pollutants. However, their concentration
throughout the day was also clearly higher, which may indicate that
they were also partly long-range transported to the measurement site. In
terms of size-distributions, all chemical species had a maximum at
~400-450 nm except rBC that peaked at slightly smaller size at
~350-400 nm. This also supports the finding that BC originated partly
from traffic emissions, whereas the other species were mostly internally
mixed during the transport.

3.3. Fossil fuel and wood burning BC fractions

The diurnal variations of fossil fuel (BC¢) and wood burning (BCy)
fractions of BC during the three periods are shown in Fig. S14. When
comparing the periods, it was found that during the urban background
period the contribution of BC¢ was larger (mean 76% of BC) than that of
BCypb, whereas during the wood burning and LRT periods the contri-
bution of BCyp, was higher (mean 68 and 78% of BC, respectively). The
largest difference in the diurnal trends of BCg and BCy, was found
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during the urban background period, where the morning BC¢ peak is
clearly larger compared to the BCyp, peak. The evening peak can be
found for both BC¢ and BCyy, during the urban background and wood
burning periods. Also, the PMF analysis attributed both BBOA and HOA
to late evenings similar to BCg and BCyyp. This seems to be due to the
mixing of local wood burning and traffic related particulate matter in
the evening, but one possibility is also that wood burning aerosol
contain also BCg and HOA type organic aerosol. However, in general,
this indicates that, when measuring wood burning aerosol in the vicinity
of other emission sources, the interpretation of the results is not so
straightforward.

3.4. Particle number and LDSA size distributions

The mean particle number size distributions for the selected three
periods are shown in Fig. 5. Number size distributions differed notably
between the periods. During the urban background period, the number
size distribution had two modes both at the size range between 10 and
50 nm. Compared to the urban background period, the particle number
size distribution was clearly shifted to the larger particle size during the
wood burning period when the size distribution was unimodal with the
maximum at ~30-40 nm. Also, the total particle number concentration
was higher during the wood burning period (Fig. 5, Table 1). During the
LRT period, the mode at 10-20 nm was roughly similar to that during
the urban background period, however, a mode in the particle size larger
than 0.1 pm was also observed. This second mode is most likely con-
nected to the aged aerosol formed by the accumulation of secondary
organic and inorganic matter on particles during transport.

LDSA concentration is directly connected to particle size distribution
and concentration. In this study, the highest mean LDSA concentration
measured by the AQ™ Urban instrument was detected during the LRT
period (18.2 pm? ecm ™3, Table 1) followed closely by the wood burning
period (16.2 pm? cm™~2). During the urban background period the LDSA
concentration was much smaller (6.0 pmz c¢m~3). Mean LDSA size dis-
tributions calculated from the SMPS data are shown in Fig. 5. It is
evident that during the LRT period the LDSA size distribution had a
maximum at clearly larger particle size than during the urban back-
ground and wood burning periods. Similar results have been published
by Salo et al. (2021) who found out that the maximum of the LDSA size
distribution was at larger particle size during the LRT episode than
during the influence of local sources measured at the street canyon site
in Helsinki. However, the LDSA particle size was even larger in Delhi,
India. In terms of the diurnal variations, the LDSA concentrations during
the three selected periods (urban background, wood burning and LRT,
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Fig. S15) showed both morning and late evening peaks, responding both
to traffic and wood burning related pollutants.

3.5. Comparison of different metrics for different periods

The mean and median concentrations of PM7, LDSA, PN, BC, NOy and
benzo(a)pyrene during urban background, wood burning, and LRT
period are shown in Fig. 6. The concentrations of all those species were
smallest during the urban background period (Table 1, Fig. 6). This is
expected since the urban background period was chosen so that it rep-
resents the time period of no strong effect of local or long-range trans-
ported pollutants. The mean concentration of PN did not show very large
variations between the periods, although its highest mean concentration
was measured during the wood burning period, but also the variation
was largest during that period. It is possible that PN originated mostly
from a local source like traffic, and partly from wood burning, but
especially traffic related sources were present throughout the mea-
surement period.

The mean concentrations of NOyg, BC and benzo(a)pyrene were
highest during the wood burning period. The increase was most signif-
icant to benzo(a)pyrene that had roughly ten times larger mean con-
centration during the wood burning period compared to the urban
background period. In air quality point of view, this is highly important
due to carcinogenic nature of benzo(a)pyrene and other PAHs. In
addition to local wood burning, also the accumulation of traffic related
pollutants impaired air quality during the cold and calm wood burning
period.

LRT affected greatest the PM; and BC concentrations that were 4.7
and 3.7 larger during the LRT period compared to the urban background
period, respectively. The high PM; concentration during the LRT
episode is probably due to the accumulation of secondary organic and
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inorganic species on primary particles during the transport increasing
particle size and total mass. Also LSDA and NOy concentrations were
affected by the LRT shown by roughly three times larger concentrations
during the LRT period than the urban background period. During the
LRT period, particles originated at least partly from open fires, but benzo
(a)pyrene and other PAH concentrations were not elevated during the
LRT period. It is possible that they may have been lost before arriving in
Helsinki due to their short atmospheric lifetimes (Ravindra et al., 2008)
that are highly dependent on particle type and the viscosity of SOA
coating of the particles. Oxidation flow reactor studies have shown that
concentration of benzo(a)pyrene decreases with increasing photo-
chemical age (Miersch et al., 2019) so it is possible that benzo(a) pyrene
had degraded during the transport. In general, the lifetime of benzo(a)
pyrene has been estimated to vary from minutes up to 5 days (Shriv-
astava et al., 2017, Shimada et al., 2020). Therefore, the results in our
study indicate that benzo(a)pyrene is merely an indicator of local wood
burning and not long-range transported biomass burning emissions. In
contrast to benzo(a)pyrene, LRT affected notably MA concentration with
seven times larger concentration during the LRT period compared to the
urban background period (Table 1). It should be noted that also the
levoglucosan has been shown to be prone to hydroxyl radical exposure
(Hennigan et al., 2010), and the atmospheric lifetimes of levoglucosan
have been estimated to be 1.2-3.9 days under different conditions (Lai
et al., 2014). Besides different atmospheric lifetimes, another possibility
for different benzo(a)pyrene-to-levoglucosan ratio for local and LRT
biomass combustion particles is that the production yields of benzo(a)
pyrene and levoglucosan are different in controlled wood burning and
open fire situations. However, that is less likely explanation.

Fig. 7 shows the correlation between the LDSA concentrations and
PMj, PN and BC concentrations in order to examine if the measurements
of ambient PM;, PN and/or BC could be used to estimate the LDSA
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Fig. 7. Correlation between LDSA and PM;, PN and BC during the three selected periods (urban background, wood burning and LRT). The size of the marker is

proportional to the measured NOy concentration at the same hour.

loading during different periods. For the urban background period, there
was a correlation between the LDSA concentration and PN and BC
concentrations, although the R? values were not very high (R? = 0.54
and R? = 0.50, respectively). PM; concentration did not correlate with
the LDSA concentration during the urban background period. The cor-
relation between LDSA and PN and BC concentrations during the urban
background period is probably connected to soot particle and nucleation
modes which originate typically from motor vehicle exhausts. During
the wood burning period, the PN and BC concentrations showed high
correlations with the LDSA concentration, R? being 0.87 for BC and 0.78
for PN. The correlation between the PM; and LDSA concentration was
also higher being 0.52. The high correspondence between the BC and
LDSA concentrations indicated that the BC particles increase also the
LDSA concentration. These may be either wood burning originated soot
particles or traffic related soot particles near 100 nm accumulated in the
boundary layer, however, based on the mass size distributions from the
SP-AMS (Fig. 3), there was no clear mode at ~100 nm for BC during the
wood burning period. The correlation between LDSA and BC fractions,

10

BCg¢r and BCyp, were nearly similar during the urban background and
wood burning periods, but a larger difference was found during the LRT
period. During the LRT period, the correlation coefficient (R?) between
LDSA and BCs was 0.59, and between LDSA and BC,,;, 0.83. This further
confirms that the calculated BCyy, fraction of BC is more selectively
connected to aged biomass burning originated BC. The moderate cor-
relation between PM; and LDSA concentrations also indicate that par-
ticles were larger in their size during this period, which was also seen
from the LDSA particle size distributions. During the LRT period, the
correlation coefficients between BC, PN and PM; concentrations and
LDSA concentration were 0.79, 0.55 and 0.27 respectively.

According to the measurement results presented in this study, the
LDSA concentration seem to follow the BC concentration in all three
cases, i.e., in cases of urban background period, wood burning, and LRT
aerosol dominated periods. The second-highest correlations were found
between PN and LDSA concentrations. Lowest correlation was found
between PM; and LDSA concentrations. Poor correlation between PMy 5
and LDSA concentrations at urban background and residential detached
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house sites in Helsinki has also been reported by Kuula et al. (2020b) and
Kuuluvainen et al. (2016).

4. Conclusions

In this study, the sources affecting air quality in an urban detached
housing area in Helsinki were identified and characterized. Special
attention was paid on the parameters that can be utilized to estimate the
main particle sources and to assess their impact on air quality. Three
periods were chosen for the detailed investigation based on the differ-
ences in particle physical and chemical properties and meteorology. The
PMF factors obtained from the SP-AMS were also used to select the
periods. During the investigated periods, the ambient particulate matter
was dominated by urban background, wood burning and long-range
transported aerosols.

According to our measurements, different particle metrics emphasize
different particles sources. Particle number concentration was a good
indicator of local combustion, especially traffic emissions. PN showed a
clear increase during the morning rush hour in all three periods being a
good indicator for traffic emissions. However, the afternoon traffic hour
was seen only as a slight increase during the urban background and
wood burning periods likely due to the more efficient mixing of emis-
sions as well as less clear traffic accumulation. When comparing the
mean PN concentrations during different periods, PN concentration was
relatively stable, although a slight increase in mean PN concentration
was observed during the wood burning period. The increase in PN
concentrations during the wood burning period was probably connected
both to local wood burning and the accumulation of traffic related
pollutants on the boundary layer.

BC was influenced by both motor vehicle emissions and wood
burning evidenced by the morning peak during traffic hour and late
evening peak in cold months. In terms of different periods, the largest
mean BC concentration was observed during the wood burning period
followed by the LRT period. Moreover, during the wood burning and
LRT periods, the contribution of BC related to wood burning (BCyp) was
higher than that related to fossil fuel combustion (BC¢), whereas during
the urban background period BCs dominated BC throughout the day.
The evening peak was found for both BC¢ and BCyp, during the urban
background and wood burning periods, which seemed to be related to
the mixing of local wood burning and traffic related particulate matter
in the evening, but it is also possible that wood burning aerosol con-
tained BC¢. However, in general this shows that, when measuring wood
burning aerosol in the vicinity of other emission sources, the interpre-
tation of the results can be challenging.

Increased concentrations of PAHs and MAs were connected to the
biomass burning emissions. The increase was most significant to benzo
(a)pyrene and MAs that had ten times larger mean concentrations during
the wood burning period compared to the urban background period.
Benzo(a)pyrene and PAH were predominantly connected to the local
wood burning events as they did not show marked increase during the
LRT period, although during the LRT period particles originated at least
partly from open fires evidenced by seven times larger concentration of
MAs during the LRT period compared to the urban background period.
In addition to PAHs being good indicators of wood combustion, much
higher relative contribution of benzo(a)pyrene and other PAHs during
the wood combustion periods is very significant due to the carcinogenic
nature of these compounds. This also indicates that particulate matter
originating from local wood combustion may be even more harmful than
expected just based on the PM levels.

The LDSA concentration followed the BC concentration during all
three periods even though the main particle source was different. After
BC, the next strongest correlation was found between PN and LDSA
concentrations, especially during the wood burning period. The lowest
correlation was found between PM; and LDSA concentrations. The
diurnal variation of LDSA during different periods showed that the LDSA
concentration responded to the elevated traffic related emissions in the
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morning and local wood burning emissions in the late evening. The
largest mean LDSA concentrations were, however, detected during the
LRT period together with the LDSA size distribution located at the
largest particle size.

Elevated PM; concentration was attributed especially to the periods
containing particles with larger particle size, such as LRT and local wood
burning in fireplaces. During the LRT episode, the PM; concentration
was five times larger compared to the urban background period. PM;
together with secondary organic and inorganic particulate species were
good indicators of strong LRT episodes.

In conclusion, monitoring of non-regulated particle parameters (e.g.,
BC, LDSA, PN) increases understanding on the properties and sources of
fine particles, especially related to the emissions from local combustion.
The use of high-time resolution instruments allows to explore the
diurnal variation of pollutants and provides valuable information on
rapidly changing pollutant concentrations that are characteristics for
local sources. However, none of the investigated single parameters de-
scribes the source or health effect of particles solely, which emphasizes
the utilization of a set of monitoring devices.
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