Air Quality, Atmosphere & Health (2026) 19:178
https://doi.org/10.1007/511869-026-02059-5

®

Check for
updates

Network study of particulate matter distribution within the urban
canopy layer using magnetic biomonitoring - assessing of CAR-FMI
model performance and representativeness of a monitoring station

Jukka Limo' - Mari Kauhaniemi? - Leena Kangas? - Petriina Paturi® - Joni Makinen' - Ari Karppinen?

Received: 28 January 2026 / Accepted: 13 July 2026
© The Author(s) 2026

Abstract

The distribution of air pollution in urban environments is greatly influenced by its source and the complexity of the urban
environment, which determine the pollution concentrations in individual locations. Traffic is one of the main pollution
sources in cities and, especially particulate matter (PM) poses a serious risk for public health. This study applies mag-
netic biomonitoring using moss bags to establish an extensive urban canopy layer monitoring network (n=52) to study
the distributions and concentrations of magnetic PM. Moss bags were placed at street and roof levels within the grid
plan area of Turku, Finland, for 62 days in late autumn. Samples were analysed for mass-specific magnetic susceptibil-
ity (y), hysteresis parameters and elemental components. At street level, traffic was the primary source of magnetic PM
and related elements. At higher altitudes, these concentrations were reduced and mainly replaced by crustal elements.
Magnetic measurements were also applied to test for equivalence with the CAR-FMI dispersion model and to assess the
representativeness of an air quality monitoring station in the city centre. Inconsistencies were observed between the model
and magnetic PM concentrations at street level. At rooftop level, the model estimates were higher than indicated by the
magnetic PM. The magnetic measurements complemented measurements derived from supplementary monitoring sensors
and Turku monitoring station. The representativeness of the monitoring station should be re-evaluated, and recategorizing
should be considered. Magnetic biomonitoring using moss bags is an unparalleled tool for monitoring airborne PM pol-
lution and a reliable tool for evaluating monitoring stations and dispersion model performance.
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Introduction

The urban atmosphere is exposed to a variety of air pol-
lutants, of which traffic-related airborne particulate matter
(PM) and especially the fine particulates (PM, s) pose a seri-
ous global health risk. The coarse fraction of PM (PM, 5 ;)
is less penetrative through the respiratory system but is still
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proven to be harmful to human health (Kim et al. 2018). In
addition, the harmfulness of PM is enhanced by the ability
of the magnetic PM fraction to incorporate toxic heavy met-
als into its structure (Yang et al. 2010). PM, 5 is commonly
associated with increased human respiratory and cardiovas-
cular diseases, which in turn contributes to higher global
morbidity and mortality rates (Soares et al. 2023). Recent
studies have shown that PM, s itself may even contribute
neurodegenerative diseases (Cristaldi et al. 2022), and some
studies suggest that PM-related heavy metals may accumu-
late in the human brain (Potter et al. 2021).

The health impacts of PM pollution are relevant because
in the EU alone approximately 74% of the population lives
in urban areas (EEA, 2019) and in 2018 about 74% of the
population was exposed to concentrations of fine particulate
matter (PM, s) above the WHO air quality guidelines (EEA,
2022). WHO has updated its health-based global air quality
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guidelines (WHO, 2021) and, as a result, in 2021 a substan-
tial 97% of the urban population in the EU was exposed to
concentrations of PM, 5 above the new, stricter WHO air
quality guidelines (EEA, 2023). In addition, the recently
adopted EU Directive sets forward new limit values for the
protection of human health to be attained by 1 January 2030
(EU, 2024).

The traffic related urban PM is released into the air as
exhaust and non-exhaust emissions (Hueglin et al. 2005,
Ketzel et al. 2007). The combustion process of gasoline and
diesel engines release exhaust particles, while non-exhaust
particles may have a more complex origin in the form of
corrosion and mechanical wear of vehicle parts or road ero-
sion (Beddows and Harrison 2021; Jérlskog et al. 2022).
As a result of its formation processes, urban PM therefore
contains iron oxides, and the most common ferrimagnetic
mineral is magnetite (Fe;O,) (Matzka and Maher 1999;
Muxworthy et al. 2022). This magnetic PM is released
as exhaust particles (Matzka and Maher 1999) and non-
exhaust particles which can incorporate components from
brake wear Fe, Cu, Ba, Sb, Zn, Ti and Mn (Wahlstrom et
al. 2010; Winkler et al. 2020), tyre wear Fe, Zn, Ca, Al and
Si (Panko et al. 2018; EIT Urban Mobility, 2025) and road
wear Al, Ca, K, Fe, Mg and Ti (Gustafsson 2018; Alves et
al. 2020). As with total urban PM, magnetic PM also occurs
in various size fractions that are largely dependent on the
source e.g. combustion, friction or road erosion. The dis-
tribution of urban pollution depends on factors such as the
total mass of the pollutants emitted, the height of the emis-
sion, atmospheric factors, and wind conditions (Mathias et
al. 2006). Due to the complex structural nature of the urban
environment, it is challenging to comprehensively measure
the distribution of PM pollution, let alone measuring within
the urban canopy layer.

In urban environments, air quality is typically measured
at fixed monitoring stations. Their high temporal accuracy
is alternately limited by their low spatial representativeness,
as costly equipment limits their use (Hansard et al. 2011).
The spatial resolution of air quality measurements can be
improved by using a method that combines environmental
magnetic techniques with biomonitoring. Magnetic methods
serve as a proxy for identifying ferrimagnetic minerals and
related heavy metals within the PM and are useful for the
identification of pollution sources, intrinsic properties, and
distribution (Chaparro et al. 2020; Muxworthy et al. 2022).
Magnetic biomonitoring can be applied with many different
biological organisms, such as lichens, leaves and mosses,
or by in situ measurements (Paoli et al. 2017; Limo et al.
2018; Castafieda-Miranda et al. 2020; Chaparro et al. 2020).
Magnetic biomonitoring using moss bags provides a useful
tool for monitoring airborne pollution because it is easily
applied, cost-effective and allows for a variety of sampling
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strategies. The method provides a good spatial resolution
for data collection with long sampling periods (Limo et al.
2018, 2024).

Since urban infrastructures are usually complex and
cover large areas, extensive monitoring of air pollution dis-
tributions is often managed by modelling. The Gaussian line
source model Contaminants in the Air from a Road - Finn-
ish Meteorological Institute (CAR-FMI) is developed to
model the dispersion of the traffic-produced pollutants at the
urban scale (Hérkonen 2002). CAR-FMI has been evalu-
ated against measured PM data in several locations in Fin-
land and the UK e.g. Kauhaniemi et al. 2008; Aarnio et al.
2016; Srimath et al. 2017. Furthermore, magnetic biomoni-
toring has been used in extensive magnetic PM monitoring
schemes (Vukovic et al. 2015; Salo and Mékinen 2019) and
street canyon studies (Hofman and Samson 2014; Lazic et
al., 2016; Limo et al. 2024) to monitor urban pollution dis-
tributions. Other earlier vertical studies of PM concentra-
tions by different techniques have used only a few specific
monitoring sites (Xin et al. 2021) or a single city transect (Li
et al. 2022). We have applied CAR-FMI modelling for cor-
responding street and roof level samples to estimate whether
the accumulated magnetic PM is a representative indicator
of PM dispersion calculated by the CAR-FMI model. We
have studied the urban magnetic PM distribution within the
urban canopy layer, which includes measurements at ground
and rooftop levels. To our knowledge, this is the first study
in biomonitoring research that has simultaneously con-
ducted extensive street and roof level measurements within
a larger urban area, while comparing these with urban-scale
dispersion modelling (CAR-FMI) of PM and exploring the
possibility of assessing the representativeness of a monitor-
ing station.

This study aims to investigate how urban magnetic PM
pollution is distributed within the urban canopy layer, the
extent which the ground-level magnetic PM pollution is dis-
persed to the upper limits of the urban residence, and what
factors might explain the differences between the concentra-
tions. We hypothesize that magnetic PM pollution levels at
higher altitudes are mostly diluted to less harmful levels. In
general, we expect high magnetic PM values to correlate
with high modelled PM values, but local discrepancies may
occur due to varying environmental conditions and unmod-
elled point sources. We assume that moss bag magnetic
measurements are an effective method for assessing the rep-
resentativeness of air quality monitoring stations. We seek
to increase knowledge and understanding of the dispersion
of pollutants in the urban atmosphere. In doing so, we strive
to promote healthier urban environment and responsible
urban planning.
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Materials and methods
Study area and sampling

The study area covers the central part of the city of Turku
(ca. 9.0 km?) in SW Finland (60°27'N, 22°16'E) (Fig. 1).
Turku is the fifth largest city in Finland with a popula-
tion of 197 900. According to the latest air quality survey
in Turku region (FMI, 2020) the concentrations of nitro-
gen oxides and PM are mainly caused by traffic and long-
range transport, while industry and energy production have
a minor impact on the city’s air quality. The contribution
of exhaust emissions to PM, 5 concentrations in Turku are
low. The traffic-originated maximum annual average con-
centrations of PM, 5 were ca. 2 pg/m’ next to the busiest
streets within the city centre and grid plan area. The traf-
fic originated maximum daily PM, 5 concentrations were
10 pg/m® at road intersections and 4-8 pg/m® on other traf-
ficked routes (FMI, 2020). The traffic originated maximum
annual average concentrations of PM, were above 10 pm/

m® next to the busiest streets and intersections within the
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Fig. 1 Sampling locations of the street (St/black; M/brown; R/blue),
roof (Rf/black), park (Park/green), river (River/green), Osiris sensor
(O/purple) and Turku measuring station (TMS/red). The wind rose
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city centre and 5-10 pg/m® next to other busy streets within
the grid-plan area. The traffic-originated maximum daily
PM,, concentrations were 30—-50 pg/m’® at busy streets and
intersections in the city centre (FMI, 2020). Air quality is
measured with two fixed monitoring stations located at the
city centre Kauppatori marketplace (NO,, PM, 5, PM,) and
a nearby Ruissalo island (SO,, NO,, O5) about 10 km west
of the city centre (Turku, 2021). In the Turku region, air
quality measuring stations are also located in neighbouring
cities of Raisio (NO,, PM, s and PM,,), Naantali (SO,, NO,
and PM,,), Kaarina (NO, and PM,,) and Parainen (PM,;)
(Turku, 2021).

Of the total number of sample sites (n=52), 48 were
located within the grid plan area, and 4 were located further
away from the city centre. Sampling sites were placed on
both sides of the river Aurajoki, which flows east to west
through the study area (Fig. 1). The study area was bounded
by busy roads to the north, east and south and to the west by
a harbour area in. To investigate differences in elevational
behaviour of magnetic PM concentrations a total of 30 sam-
pling sites were placed pairwise at street (St) (n=15) and

<
P (e BN

diagram indicates prevailing wind directions and strengths during the
sampling period (FMI weather station Artukainen, Turku)
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roof (Rf) (n=15) levels with average heights of 3.00 m and
27.30 m, respectively. Additional samples were placed on
street level at the height of 3.00 m to study ground con-
centrations in more detail. These included 8 samples (M)
approximately in the middle of each cell created by the
deployment of street and roof samples and another 6 samples
(R) around the city centre marketplace to assist in evaluat-
ing the representativeness of the Turku monitoring station.
Furthermore, 4 sample sites were placed at parks (n=3) and
at the riverbank (n=1) to reflect city background environ-
ments within the grid plan area. Additionally, four sample
sites were placed at rooftops (n=4) further away from the
grid plan area to assess city background concentrations at
rooftop level. These were located 1.46 km north (CBN),
2.16 km east (CBE), 2.33 km south (CBS) and 4.52 km west
(CBW) from the Kauppatori marketplace.

The sampling duration was 62 days from 28th Septem-
ber to 28th November in 2017. During this time the trees
lost their foliage, which minimized the impact of vegeta-
tion; furthermore, icy and snowy conditions were avoided
as this would influence resuspension. The average daily
air temperature of the period was 4.51 °C, the prevailing
wind directions from N, SE and SW, the average daily wind
speed was 3.01 m s~ ! and total rainfall was 164.26 mm. The
weather conditions during the sampling period fall within
the long-term averages. After the exposure period, each
moss bag sample was air-dried in a Panasonic MIR-262
incubator (Panasonic Healthcare Ltd., Tokyo, Japan) at a
constant 35 C temperature. Dry samples were homogenized
using a Retsch PM100 planetary ball mill (Retsch GmbH,
Haan, Germany) using zirconium oxide (ZrO,) jar and balls.
The homogenized samples were retained in 10 cm? airtight
plastic containers.

Sampling design

The moss bags were prepared following the Finnish stan-
dard SFS 5794 (Finnish Standards Association 1994). The
Sphagnum papillosum moss was collected from a remote
bog area near Honkajoki, Finland, far away from any road
network or city/industrial areas. The moss was cleaned from
unwanted vegetation and litter in the laboratory and then
washed in 0.5 M HCI and rinsed with deionized H,O to neu-
tralize the material and balance the element levels. A part
of the acid-washed moss was used for control samples (CS
1-2). Circa 15 g of damp moss was placed in a polyamide
net (0.64 cm? mesh) and closed with a cotton thread. At each
sampling site, three moss bags (subsamples) were tied to a
wooden rod attached to suitable object (lamp or road sign-
post). To assess rural background levels, three background
sites were allocated at Erikvalla ca. 14 km SE (BKGR 1),
Laulainen ca. 25 km NW (BKGR 2) and Mikkyla ca. 16 km
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NE (BKGR 3). The control and background magnetic and
elemental values (CS 1-2 and BKGR 1-3) were subtracted
from the exposed samples to present the true accumulation
of pollutants during the exposure period (Table 1). Three
samples (Rf 5.3, CBE and CBW) were damaged during the
sampling period, and no measurements were achieved from
these samples.

Magnetic measurements

Mass specific magnetic susceptibility (x x 108 m® kg™!) is
a parameter that illustrates the concentration of magnetic
minerals in a substance. Mass-specific magnetic suscepti-
bility was measured at the Department of Geography and
Geology, University of Turku, using a Bartington MS2B
dual-frequency (0.47 and 4.7 kHz) susceptibility meter
(Bartington Instruments Ltd., Witney, UK). Two subsam-
ples of each sample were prepared and weighed in standard
10 cm® containers. The holder cup correction—0.2x 107>
was achieved by measuring five empty sample cups. Each
subsample was measured five times with air measurements
before and after sample measurement in the low frequency
setting. Thus, the final value was an average of ten measure-
ments per sample. The final mass-specific susceptibility of
a sample was achieved by subtracting the average values
of control moss and background samples from the initial
sample y value (Table 1).

Hysteresis loops for examining magnetic mineral com-
position and grain size distributions were measured at the
Department of Physics and Astronomy in the University of
Turku, using Quantum Design MPMS SQUID XL magne-
tometer (Quantum Design Inc., San Diego, USA). The mea-
surements for the hysteresis loops were done at 300 K in an
oscillating magnetic field up to positive and negative 1 T.
Between 1 T — I mT magnetization was measured in inter-
vals of 0.3 mT and between 1 mT and —1 mT in intervals
of 0.1 mT. Saturation magnetization (M), saturation rema-
nence (Mgg) and coercive force (H) were obtained by sub-
tracting the linear diamagnetic signal from the 1 ml sample
cup, sample holder and K of moss using a fitting function:

M (B)= Mg x ArcTan <B:|:CBC>
to both ascending and descending hysteresis loop branches.
Here M(B) is the magnetization induced by a magnetic field
(B). My is the saturation magnetization, B the coercive
force and c is used as a scaling constant. Instead of measur-
ing the coercivity of remanence (Bg) from the backfield,
the value was attained by numerically finding the field at

the maximum of the derivative of AM curve (Jackson et al.
1990).
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Table 1 Summary of statistics for mass-specific magnetic susceptibility (x x 10”3m’kg™!) and element concentrations (mg kg™ !) at different sam-

pling locations

% Al Ba Cu Fe Mn Ti \Y Zn Na Ca Mg
Street samples
Min 5.30 250.00 2.20 5.59 430.00 3.00 21.00 1.00 6.30 110.00 500.00 150.00
Max 66.15  750.00 21.70 4586  2210.00 27.00 8400 500 14920 1460.00  2200.00  510.00
Mean 15.15  430.00 8.78 12.89  944.67 13.87 46.40 287 46.77 472.00 1073.33  299.33
Median 10.95  450.00 9.50 9.89 880.00 14.00 43.00 3.00 26.80 390.00 1100.00  270.00
stdv 1488  156.75 4.73 9.90 442.85 6.88 1790 1.13  43.02 347.11 435.02 114.42
Roof samples
Min 0.90 50.00 3.20 2.36 110.00 0.00 4.00 0.00 590 420.00 500.00 150.00
Max 13.00 250.00 14.60 13.87  550.00 81.00 18.00 3.00 113.40 1050.00 2300.00  480.00
Mean 5.76 16429  7.11 5.87 313.57 2479 1121 150 3572 691.43 101429  317.14
Median 4.88 150.00  6.80 4.81 275.00 21.00 1050 1.50  25.90 680.00 950.00 290.00
stdv 3.26 53.45 2.69 3.24 120.74 19.43 4.14 0.76  30.34 178.10 468.81 107.45
park and river samples
Min 1.65 50.00 0.00 0.88 90.00 0.00 3.00 0.00  0.00 90.00 100.00 10.00
Max 3.50 150.00  2.40 3.25 200.00 12.00  8.00 1.00  228.50  340.00 400.00 110.00
Mean 2.98 75.00 1.55 2.17 145.00 4.75 6.00 025 63.20 197.50 275.00 75.00
Median 3.38 50.00 1.90 2.28 145.00 3.50 6.50 0.00 12.15 180.00 300.00 90.00
stdv 0.89 50.00 1.06 1.21 63.51 5.12 2.45 0.50  110.79  122.85 125.83 45.09
All street samples (St, M, R)
Min 1.45 50.00 0.20 1.73 90.00 0.00 5.00 0.00 0.70 20.00 300.00 50.00
Max 66.15  750.00 70.00 45.86 2210.00 27.00 84.00 500 40580 1460.00 2200.00 510.00
Mean 1279 34643  8.96 1099  753.57 11.18 3625 229 48.05 366.79 889.29 237.50
Median 1043  350.00 6.00 9.35 705.00 11.00 3400 2.00 20.85 280.00 800.00 240.00
stdv 12.31 179.47 1280 8.49 457.52 7.01 2092 136 7843 309.80 433.20 128.02
Control and background samples
ctrl 1 -1.36  0.01 1.6 1.06 0.02 0.4 3 1 1.4 0.005 0.01 0.002
ctrl 2 -1.20  0.01 1.7 1.12 0.03 0.5 3 1 1.9 0.005 0.01 0.003
bkgr 1 —0.20  0.005 29 1.51 0.02 20.0 4 1 9.6 0.03 0.02 0.012
bkgr 2 -0.35  0.005 5.3 1.41 0.02 4.0 4 1 229 0.014 0.01 0.008
bker 3 —0.10  0.005 5.0 1.37 0.02 3.0 4 1 24.1 0.013 0.01 0.008

The values account for control and background data

Monitoring sensors

The representativeness of the official monitoring station at
Turku city centre was examined by two separate sensors
illustrating concentrations of airborne particulates at addi-
tional locations within the study area. The local PM,, con-
centrations were measured using Osiris airborne particulate
monitor (Turnkey Instruments Ltd., Cheshire, UK). The
other sensor was placed next to a busy street Aninkaisten-
katu (circa 22 500 veh/day) in the city centre and the other
to a small housing residential district Vasaraméki circa
2.2 km SE from the city centre (Fig. 1). At Aninkaistenkatu
(O1) the sensor was located on the roof of a small business
building at a height of 4 m and 8 m away from the street
curb and at Vasaraméki (O2) on the roof of a small housing
building at a height of 6 m (Fig. 2). The continuous measur-
ing period of PM,, concentrations with Osiris sensors took
place between 2nd of October and 26th of November. Moss
bag samples were attached to the frames of the sensors to

measure the accumulation on magnetic PM during the mea-
suring period of the sensors.

CAR-FMI dispersion modelling
Study area and period

The local scale dispersion model CAR-FMI was used for
the dispersion computations to produce the road increment
concentrations of PM, 5 and PM,,. Computations for Turku
region were made for the whole study period and calculated
to identical locations with the moss biomonitoring sites
(n=52) and air quality monitoring sites (n=3). The compu-
tation heights vary from 3 m to 47 m.

Dispersion model
The local scale dispersion model CAR-FMI (Contaminants

in the Air from a Road — Finnish Meteorological Institute,
e.g. Harkonen 2002) is a mathematical model for predicting

@ Springer
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Fig. 2 Osiris monitoring sensors and moss bag sample collectors at
Aninkaistenkatu (above) and at Vasaraméki (below)

the dispersion of traffic-related pollution from an open road
network. The model computes the concentrations of car-
bon, nitrogen monoxides, nitrogen dioxide, nitrogen oxides,
ozone, and particulate matter. The model builds upon a
partly analytical solution of the Gaussian diffusion equation
for a finite line source. The dispersion parameters are mod-
elled as function of the Monin—Obukhov length, the friction
velocity, and the mixing height. The model includes a treat-
ment for the basic reactions of nitrogen oxides, oxygen and
ozone, using a receptor-oriented discrete parcel method, and
the dry deposition of the particles. The properties of input
data (traffic, emissions, and meteorological variables) are
assumed to be constant during each hour.

Traffic volume

The link-based annual average daily traffic flow (AADT) of
the Turku region air quality survey (FMI, 2020) in 2018 was
scaled to 2017 with the ratio of mileage in 2017 and 2018
in LIPASTO (Eckhardt 2019a, b). LIPASTO is a calculation
system for traffic exhaust emissions and energy consump-
tion in Finland. The system comprises two separate units,
the emission inventory part and the unit emission database
part (Mikeld and Auvinen 2009). The road links in the
AADT data are classified as either public roads, or as roads
belonging to a specific municipality (Turku). The LIPASTO
mileage values for the corresponding municipality were
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applied in scaling the data for municipality roads. For public
roads, the sum of mileage values for the five municipalities
in the area was used for scaling. Hourly, day-of-week, and
monthly variation of traffic volume are the same as in FMI
(2020) survey.

The share of heavy traffic for each road link was based
on AADT data. The share of buses and trucks within heavy
traffic, as well as the share of cars and vans, is based on
LIPASTO mileage data of Turku in 2017 (Eckhardt 2019a).
Mileage data for streets were applied for road links with
speed limit<60 km/h, and data for roads for road links with
speed limit>60 km/h.

Exhaust PM emission data

We have used PM exhaust emission factors calculated
from the PM emission and mileage data in Turku 2017 of
LIPASTO (Eckhardt 2019a). The emission factors are esti-
mated separately for public roads (=average value) for four
vehicle types (cars, vans, buses and trucks), and for streets
and roads (Table S1). The street and road type of emission
factor was used for roads with speed limit<60 km/h and
>60 km/h, respectively.

Non-exhaust PM emission data

The road dust emission model FORE (Forecasting Of Road
dust Emissions; Kauhaniemi et al. 2011; Omstedt et al. 2005)
was used. The computation of non-exhaust emission fac-
tors requires information of the reference emission factors,
hourly meteorological data, roughness length, share of stud-
ded tyres, as well as date and time of the street sanding. The
reference emission factors of 30-150 mg/veh/km (PM, )
and 200-1200 mg/veh/km (PM,,) are based on Omstedt et
al. (2005). The roughness length represents the roughness of
road surroundings, such as buildings and trees. For Turku,
a roughness length value of 0.5 m was used. The transition
from summer to winter tyres utilizes the weekly counting of
vehicles with studded tyres in Helsinki (REDUST, 2014).
The maximum annual share of vehicles using studded tyres
is 80% (Lahti and Sainio 2021; Kupiainen 2007). Thus, the
assumed share of studded tyres increases from 0% to 73.8%
during the study period. The sanding dates were modelled
by FORE based on meteorological conditions. Thus, there
were 10 sanding days during the study period. As no infor-
mation of the sanding hours were available, sanding was
assumed to occur at 6 a.m.

Meteorological data

Meteorological data for dispersion modelling were based
on observational data and meteorological pre-processing
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model MPP-FMI (Meteorological Pre-Processing - the
Finnish Meteorological Institute; Karppinen et al. 2000).
The primary hourly weather observation data were obtained
from the Turku Artukainen station, located approximately
5 km west of the market square at the city centre. In addi-
tion, wind speed and direction data were provided by the
weather station of Turku Rajakari, located approximately
12 km southwest of the city centre. The hourly weather data
were downloaded from FMI data base.

The estimation of boundary layer height was based on
hourly weather and sounding data, including vertical tem-
perature and pressure profiles for noon and midnight from
the Jokioinen observatory, located 80 km northeast of Turku.
The sounding data were downloaded from FMI data base.

Background data

The hourly background concentrations of PM, 5 and PM,,
concentrations of Raisio lhala monitoring station were
added to road increment to obtain the total concentrations.
Raisio Thala monitoring station with 3 m monitoring height
is situated at residential area of detached houses. About
300 m to the east of the station, there is a busy street (Turku
2017). The measurement data of the Raisio Thala station
was available from 17th of August 2017. These data were
downloaded from FMI open data (FMI, 2024). Single miss-
ing observations were replaced by interpolation and longer
gaps by using data from the previous corresponding hour.

Chemical analyses

Element concentrations (mg kg ') of moss bag samples
were analysed for Al, Ba, Cu, Fe, Mn, Ti, V, Zn, Ca, Mg
and Na in the accredited laboratory AcmeLabs, Canada. The
VG101 analysis method uses 1 g sample split, digested first
in HNO, then in Aqua Regia and then analysed by induc-
tively coupled plasma mass spectrometry (ICP-MS). To
ensure the acceptability of the results, the laboratory method
standard includes ratification measurements using two pro-
cedural blanks, two reference materials (STD CDV-1 and
STD V16), and two QC protocol sample duplicates. Ele-
ment concentrations of control moss and background sam-
ple averages were subtracted from the initial moss bag raw
data (Table 1).

Statistical data analyses

The statistical analyses were calculated with IBM SPSS Sta-
tistics version 27. The normality of the mass-specific mag-
netic susceptibility ()) and element concentration data was
tested with the Shapiro-Wilk test. Not all tested variables
followed normal distributions, and therefore, Spearman’s

rank order correlation coefficient was used to determine
the statistical significance of the correlation between mag-
netic and element parameters. Linear regression was used
to determine the relationship between magnetic suscepti-
bility  and CAR-FMI modelled PM,, concentrations. The
statistical significance of differences between street and
roof values were tested by using the non-parametric Mann-
Whitney U test. Multivariate analyses, principal component
analysis (PCA) and cluster analysis (CA) were used to iden-
tify sources of the elements. Before computing the data for
PCA and CA, standardization was performed to remove any
issues scaling within the variables. PCA with VARIMAX
normalized rotation was applied to extract principal fac-
tors from the elemental component variables. For this study
the Kaiser-Meyer-Olkin (KMO) value (KMO>0.60) and
significant result of Bartlett’s test of sphericity (p<0.05)
were accepted. Principal factors with eigenvalues>1.0 were
retained with the support of scree plots. Total cumulative
variance of the selected factors is to explain over 80% of
total variance, and factor loadings higher than 0.7 were
regarded as suitable. CA with the application of Euclidean
distances for variables as a measure of distance and Ward’s
method as a linkage rule were performed for forming clus-
ters from element concentration data.

Results
Magnetic susceptibility

Mass specific susceptibilities (x) varied between 5.30 x 10~
m’ kg ! and 66.15x 10 % m® kg™! within the street samples
(St), and between 0.90x 10 % m* kg ™! and 13.00x107% m*
kg ! within the roof samples (Rf) (Table 1). The maximum
roof (Rf) values correspond to mean (12.79x 10~% m3 kg ™)
of all street samples (St, M and R). The highest mass-
specific magnetic susceptibility values at street level were
found on sample sites (St) 2.1., 2.2, 2.3., 4.3., (5.1) and
(5.2) (Table 2), and at roof level on sample sites (Rf) 2.1.,
2.2.,2.3. and 3.1. (Table 3). At street sample sites (St) 2.1.,
2.2. and 2.3. traffic volumes vary between circa 16 000-22
500 vehicles per day, at sample site (St) 4.3. traffic volumes
are just above 17 000 vehicles per day, and at sample sites
(St) (5.1) and (5.2) about 6 000 and 13 000 vehicles per day,
respectively, but they are subject to peak volumes due to
on- and off-traffic from ferries from the nearby harbour. The
roof sample sites (Rf) 2.1., 2.2. and 2.3. are located at the
same street section as the corresponding street samples. The
roof sample site (Rf) 3.1. is in the vicinity of the train sta-
tion and a street section with traffic volumes approximately
6 000 vehicles per day; however, 65 m north is a busy street
with traffic volumes around 28 000 vehicles per day.
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Table 2 Summary of statistics for sample height, annual average daily traffic flow (AADT), CAR-FMI average concentrations for PM, s and PM,,
(ug/m*), CAR-FMI sum concentrations for PM, s and PM,, (ng/m®), mass-specific magnetic susceptibility (x x 103m’kg™!) and element concen-

trations (mg kg ') at street (St) level sample sites

Street 1.1. Street 1.2. Street 1.3. Street 2.1. Street 2.2. Street 2.3. Street 3.1. Street 3.2.
Height (m) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
AADT 1494 17,373 5879 15,944 22,520 16,033 6178 1993
PM, 5 avg. 4.65 5.48 5.26 6.02 5.74 5.22 5.43 5.11
PM,, avg. 8.59 10.79 10.13 11.89 11.34 10.01 10.36 9.61
PM, 5 sum 6920.23 8154.22 7833.28 8961.19 8544.83 7764.14 8080.62 7599.82
PM,, sum 12785.68 16061.29 15066.52 17692.30 16869.36 14898.68 15417.72 14304.67
X 5.30 7.75 10.95 15.80 66.15 22.65 5.95 8.05
Al 250.00 250.00 550.00 350.00 750.00 450.00 250.00 250.00
Ba 4.00 8.00 9.80 12.20 21.70 10.30 2.20 10.60
Cu 5.59 6.53 9.89 13.63 45.86 18.92 7.07 8.74
Fe 600.00 430.00 1000.00 890.00 2210.00 1150.00 550.00 520.00
Mn 9.00 3.00 15.00 12.00 27.00 16.00 3.00 12.00
Ti 30 21 65 42 84 48 28 24
\% 2 1 4 4 5 3 1 3
Zn 13.2 6.3 34.8 79.1 52.1 17 7.8 26.8
Na 460 220 480 470 820 390 110 270
Ca 600 500 1500 1200 2200 1000 500 800
Mg 260 150 430 270 510 310 160 160

Street 3.3. Street 4.1. Street 4.2. Street 4.3. Street 5.1. Street 5.2. Street 5.3. Average
Height (m) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
AADT 12,481 11,958 8569 17,313 13,316 6078 18,035 11,678
PM, 5 avg. 5.24 5.12 4.93 5.27 4.83 4.75 4.85 5.19
PM,, avg. 9.98 9.78 9.31 10.14 9.19 8.91 9.12 9.94
PM, 5 sum 7798.35 7624.74 7340.31 7837.29 7180.44 7074.70 7210.61 7728.32
PM,, sum 14857.63 14549.30 13847.62 15090.42 13676.26 13257.32 13572.48 14796.48
X 10.00 11.45 7.95 15.65 15.85 15.25 8.55 15.15
Al 350.00 450.00 350.00 550.00 650.00 550.00 450.00 430.00
Ba 10.30 6.20 4.40 7.70 11.10 9.50 3.70 8.78
Cu 9.06 10.59 6.48 13.99 14.27 14.90 7.82 12.89
Fe 760.00 880.00 700.00 1120.00 1250.00 1310.00 800.00 944.67
Mn 14.00 15.00 15.00 14.00 23.00 23.00 7.00 13.87
Ti 40 43 40 58 68 62 43 46.40
A% 2 3 3 3 4 3 2 2.87
Zn 149.2 104.5 12.3 19.1 72.9 89.1 17.3 46.77
Na 220 640 210 360 1460 780 190 472.00
Ca 1100 1200 1100 1000 1400 1200 800 1073.33
Mg 260 290 260 310 490 410 220 299.33

The bolded values indicate concentrations above the average street concentration of each element on individual row

Within the additional samples (M and R) the mass-spe-
cific magnetic susceptibilities varied between 1.45x 108
m® kg ! and 27.05 % 10~® m* kg™!, and within park and river
samples between 1.65x10°% m® kg! and 3.50x 108 m?
kg (Tables 1 and 4). In addition to street sample sites (St)
2.1.,22.,23., 4.3, (5.1) and (5.2) mentioned above, the
highest mass-specific magnetic susceptibility values were
also found on sample sites M3, R4, R5 and R6. At sample
sites R5 and R6, the traffic volumes are circa 20 000 and 15
500 vehicles per day, respectively. At sample site M3, traf-
fic volumes are circa 17 000 vehicles per day, and at sam-
ple site R4 circa 10 000 vehicles per day. Relatively high
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mass-specific magnetic susceptibility values () were found
on street sample sites (St) 1.3. (10.95), 3.3. (10.00) and 4.1.
(11.45)as wellas on R1 (11.10) and R3 (10.85). At sites (St)
1.3., 3.3. and R3 traffic volumes are approximately 6 000,
12 500 and 7 000 vehicles per day, and at sites (St) 4.1. and
R1 about 12 000 and 5 500 vehicles per day, respectively.
Park sample sites 2 (1.65) and 3 (3.50) were close to
roads with traffic volumes ca. 11 000 and 2500 vehicles per
day (Table S2); however, the sample moss bags were placed
well within the park area and a notable distance away from
the busy roads, 250 m and 200 m, respectively. Sample sites
Park 1 (3.50) and River (3.25) were not in the vicinity of any
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Table 3 Summary of statistics for sample height, CAR-FMI average concentrations for PM, 5 and PM,, (ug/m®), CAR-FMI sum concentrations
for PM, 5 and PM,, (ug/m®), mass-specific magnetic susceptibility (x x 10" ®m’kg™!) and element concentrations (mg kg™ !) at roof (Rf) level

sample sites

Rf1.1. Rf1.2. Rf 1.3. Rf2.1. Rf2.2. Rf2.3. Rf3.1. Rf3.2.
Height (m) 16.00 16.00 33.50 26.50 25.00 24.00 26.50 29.00
PM, 5 avg. 4.62 4.83 4.70 4.88 4.79 4.74 4.83 4.77
PM,, avg. 8.57 9.06 8.83 9.20 8.96 8.87 9.08 8.93
PM, 5 sum 6878.09 7188.49 6993.38 7255.14 7120.98 7050.09 7190.64 7103.26
PM,, sum 12745.75 13487.63 13144.33 13683.61 13337.12 13197.39 13505.35 13285.13
X 3.60 3.80 435 9.80 13.00 8.65 9.00 5.05
Al 150.00 150.00 150.00 150.00 250.00 150.00 250.00 150.00
Ba 6.70 3.20 6.80 7.00 8.60 6.20 7.00 6.80
Cu 3.93 3.83 3.79 9.12 13.87 8.83 8.96 5.60
Fe 240.00 230.00 280.00 450.00 550.00 380.00 470.00 270.00
Mn 29.00 10.00 10.00 19.00 22.00 19.00 23.00 20.00
Ti 8 9 12 13 17 14 18 9
\Y% 0 2 1 2 2 2 2 1
Zn 30.5 19.4 14 227 349 333 227 17.4
Na 530 420 530 670 780 810 740 670
Ca 1000 600 800 800 1000 900 1100 900
Mg 480 190 230 280 350 270 330 260

Rf 3.3. Rf4.1. Rf4.2. Rf4.3. Rf5.1. Rf5.2. Rf5.3. Average
Height (m) 24.50 18.50 43.00 28.50 47.00 24.00 (55.00) 27.30
PM, 5 avg. 4.76 4.72 4.60 4.65 4.48 4.54 n/a 4.71
PM,, avg. 8.90 8.83 8.57 8.67 8.31 8.43 n/a 8.80
PM, 5 sum 7083.01 7028.37 6846.67 6916.99 6667.68 6761.97 n/a 7006.05
PM,, sum 13247.13 13142.18 12750.66 12902.92 12359.57 12541.59 n/a 13095.03
X 4.00 4.70 5.90 2.35 0.90 5.60 n/a 5.76
Al 150.00 150.00 150.00 50.00 150.00 250.00 n/a 164.29
Ba 3.60 6.8 7.60 5.10 8.60 14.60 n/a 7.04
Cu 3.57 4.64 498 2.55 2.36 6.12 n/a 5.87
Fe 220.00 250.00 350.00 110.00 210.00 380.00 n/a 313.57
Mn 0.00 26.00 28.00 14.00 81.00 46.00 n/a 24.79
Ti 9 9 14 4 6 15 n/a 11.21
\Y% 1 2 1 1 1 3 n/a 1.50
Zn 5.9 43.5 29.1 20.5 92.8 113.4 n/a 35.72
Na 640 690 810 910 430 1050 n/a 691.43
Ca 500 1200 2300 500 1000 1600 n/a 1014.29
Mg 150 300 420 240 480 460 n/a 317.14

The bolded values indicate concentrations above the average roof concentration of each element on individual row

busy roads. The city background roof sample site in south
(CBS) shows lower y (1.45) and element concentrations
than at north (CBN) (6.25). Circa 150 m south of sample site
CBS goes a road with traffic volumes circa 4 000 vehicles
per day, whereas about 850 m southeast from sample site
CBN goes the Naantali highway, where traffic volumes vary
between 35 000—42 000 vehicles per day.

Magnetic mineralogy

Hysteresis loops are characterised with thin loop curves and
rapid saturations at 0.2-0.3 T (Fig. 3). Mg and Mg range
between 2.56 and 10.47 (mAm? kg ') and 0.04—1.49 (mAm?
kg ') for street samples, and between 1.6 and 4.78 (mAm?

kg ') and 0.15-0.27 (mAm? kg ') for roof samples, respec-
tively. He and By values range between 2.95 and 10.47
mT and 28.17-45.81 mT (Derivative DeltaM) for street
samples, and 1.69-4.78 mT and 31.25-43.73 mT (deriva-
tive DeltaM) for roof samples, respectively (Table S3). Our
mean By values are 35.94, 36.86 and 36.99 mT for street
(St), roof (Rf) and all street (St, M, R) samples, respectively.
The hysteresis curves have a slightly slanted shape, which
might imply presence of superparamagnetic (SP) particles,
which give no hysteresis. The grain sizes of the magnetic
particles were investigated by applying the ratios of hys-
teresis parameters Myg/Mg and Byr/B( into the Day plot
(Fig. 4). The distribution of the hysteresis ratios in the Day
plot stretches from the pseudo-single-domain (PSD) region
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Table 4 Summary of statistics for sample height, annual average daily traffic flow (AADT), CAR-FMI average concentrations for PM, s and PM,,
(ug/m*), CAR-FMI sum concentrations for PM, s and PM,, (ng/m®), mass-specific magnetic susceptibility (x x 103m’kg™!) and element concen-
trations (mg kg !) at additional (M and R) street sample sites.

M1 M2 M3 M 4 M5 M6 M7 M 8
Height (m) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
AADT 1993 9167 17,139 17,313 1993 18,136 1993 1993
PM, 5 average 4.95 5.06 5.65 5.14 4.72 5.40 5.11 491
PM,, average 9.23 9.54 11.11 9.99 8.77 10.40 9.48 9.15
PM, 5 sum 7363.77 7536.07 8413.03 7652.90 7016.52 8031.61 7598.11 7299.26
PM,, sum 13736.05 14189.88 16532.55 14861.55 13044.44 15481.41 14110.71 13621.52
X 1.45 n/a 27.05 8.05 5.35 5.30 4.05 2.65
Al 50.00 n/a 650.00 250.00 350.00 150.00 150.00 150.00
Ba 0.70 n/a 70.00 4.30 3.00 1.40 3.70 3.80
Cu 1.73 n/a 18.79 6.60 3.83 4.53 5.10 1.90
Fe 90.00 n/a 1490.00 520.00 550.00 290.00 260.00 190.00
Mn 6.00 n/a 22.00 11.00 6.00 0.00 2.00 8.00
Ti 5 n/a 73 29 35 12 11 11
A% 0 n/a 4 2 2 1 1 0
Zn 405.8 n/a 343 17.7 6.3 2.5 5.3 42.1
Na 60 n/a 350 200 290 220 110 60
Ca 300 n/a 1200 700 700 400 500 400
Mg 60 n/a 390 180 240 80 100 110

R1 R2 R3 R4 RS R6 average
Height (m) 3.00 3.00 3.00 3.00 3.00 3.00 3.00
AADT 4683 1494 6975 10,263 19,830 15,645 9186
PM, 5 average 5.30 4.97 5.30 5.44 5.90 5.76 5.22
PM,, average 10.03 9.23 10.09 10.44 11.87 11.23 9.99
PM, 5 sum 7879.04 7401.41 7887.55 8089.33 8781.68 8570.98 7774.00
PM,, sum 14926.21 13741.55 15009.58 15538.50 17655.41 16713.90 14865.88
X 11.10 2.98 10.85 25.45 13.65 12.95 12.79
Al 150.00 150.00 150.00 350.00 350.00 350.00 346.43
Ba 3.90 0.20 3.40 10.20 5.80 8.80 8.96
Cu 10.46 5.25 9.63 21.06 11.78 13.77 10.99
Fe 480.00 190.00 490.00 950.00 710.00 720.00 753.57
Mn 5.00 0 7.00 16.00 11.00 9.00 11.11
Ti 18 8 18 38 33 28 36.25
\% 1 0 2 4 2 2 2.29
Zn 18.8 22.6 0.7 46.7 13.3 277 48.05
Na 340 20 30 740 550 220 366.79
Ca 700 300 600 1400 900 700 889.29
Mg 120 50 90 330 240 170 237.50

The bolded values indicate concentrations above the average (St, M, R) concentration of each element on individual row

Samples sites (M) are located in the middle of the cell created by the street and roof samples and samples sites (R) are located around the Turku

marketplace to assist in evaluating representativeness of Turku monitoring station

(1-15 pm) (Dunlop 2021) towards the multidomain (MD)
region but settling closer to the boundary of small multi-
domain (MD) grains (Dunlop 2002). The hysteresis ratios
fall well beneath the superparamagnetic-single domain
(SP+SD) theoretical mixing curve but ultimately settle
somewhat between the SP-PSD and SD-MD mixing curves
(Dunlop 2002). Data settling within this area may cause dif-
ficulties in interpretation (Dunlop 2002). The domain states
plot above the MD region but there seems to be a slight shift
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towards PSD region in the assembly of the roof level distri-
bution ratios with respect to street level ratios.

Element concentrations

Chemical analysis for moss bags (n=61) included two con-
trol and three background samples. The element abundance
orders for street and roof samples are as follows: Ca>Fe>N
a>Al>Mg>Zn>Ti>Mn>Cu>Ba>V and Ca>Na>Mg>
Fe>Al>Zn>Mn>Ti>Ba>Cu>V, respectively (Table 1).
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Fig. 3 Hysteresis loops of chosen sample sites (a) Street 2.2. (b) Street (5.1) ¢) Roof 2.3. d) Roof (5.2) measured at 300 K. Magnetic field B (T)

illustrated on the x-axis and magnetization M (Am%/kg) on y-axis
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Within all street samples (St, M and R), the element abun-
dance order is identical to street samples (St) listed above.
The abundance orders are different between street and roof
samples, as at roof level Ca, Na and Mg have the highest
concentrations over Fe; moreover, Mn and Ti, and Ba and
Cu have interchanged their positions. The highest concen-
trations for the elements (Al, Ba, Cu, Fe, Mn, Ti, V, Zn, Na,
Ca and Mg) are found on street sample sites (St) 1.3., 2.1.,
2.2.,2.3.,4.3., (5.1) and (5.2) (Table 2). At street sample
sites (St) 3.3. and 4.1., high concentrations are found, but
with fewer elements (Al, Ba, Mn, Zn, Na and Ca). The high-
est element concentrations in the roof samples are found on
sample sites (Rf) 2.1., 2.2. 2.3, 3.1., 4.2., (5.1) and (5.2)
(Table 3). Within the additional sample sites, the highest
element concentrations are found on sample sites M3, R4
and RS (Table 4).

CAR-FMI modelling

The CAR-FMI modelling results are presented for each
corresponding moss bag sample location (Tables 2, 3 and
4). The intercomparison of the values of modelled average
and sum concentrations for PM, 5 and PM,, and magnetic
PM concentrations shows consistency with street samples
(St) 2.1.,2.2., 2.3. and 4.3. where all the values are higher
than their corresponding averages, and with samples 1.1.,
3.2.,4.2. and 5.3. where all the values are lower than their
corresponding averages (Table 2). A moderate consistency
is shown with street samples (St) 1.3., 3.3. and 4.1. where
the value of y is high but lower than the average value, and
the modelled concentration is higher than the average value
(Tabel 2). The CAR-FMI model gives a higher value of
modelled concentration against a low value of  for street
samples (St) 1.2. and 3.1., and a lower value of modelled
concentration against a high value of  for street samples
(St) (5.1) and (5.2) The CAR-FMI model and magnetic PM
concentrations show consistency with roof samples (Rf)
2.1.,2.2.,2.3. and 3.1., both being higher than the averages,
and with 1.1., 4.3, 5.1. and 5.2., both being lower than the
averages. For roof samples (Rf) 1.2., 1.3.,3.2., 3.3. and 4.1.
the model results are higher (Table 3). Within the additional
sampling sites, the model shows consistency with measure-
ments M3, R4, RS and R6, both values being higher than
their corresponding averages and with M1, M4, M5, M7,
M8 and R2, both values being lower than their correspond-
ing averages. The model has a moderate consistency with
samples R1 and R3, the value of y being high but slightly
lower than the average value and the modelled concentra-
tion being higher than the average value (Table 4). The
model gives higher values against i only with additional
sample site (M6).
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Monitoring data

The monitored daily average concentration time series for
PM,, on the Turku air quality monitoring station (TMS) at
city centre market square, Osiris 1 at Aninkaistenkatu (O1)
city centre and Osiris 2 at Rakuunatie (O2) Vasaraméki
city background show distinct differences in concentra-
tion levels between the locations (Fig. 5). Osiris 1 sensor at
Aninkaistenkatu shows the highest concentrations whereas
the Turku monitoring station exhibits much lower concen-
trations which are closer to the concentrations of Osiris 2 at
Vasaramiki city background. The CAR-FMI modelled daily
average PM,, concentrations follow a similar trend with the
measured values; however, the difference in concentrations
between locations is less prominent (Fig. 5). Furthermore,
at site Osiris 1 the CAR-FMI modelled concentrations are
clearly underestimated compared to the measured concen-
trations. The values of y show a greater variability between
locations than the CAR-FMI modelled concentrations, but
they are still analogous with the measured daily average
PM,, concentrations (Table 5), and this relation is empha-
sized by significant Spearman’s rank correlation coefficient
values of (p=1.000, p<0.01) between all the variables.

Statistical analysis

Spearman’s rank order correlation coefficient at street level
y had a strong and significant correlation (p=0.679-0.957,
p<0.01) with all the elements except Zn (Table 6). At street
level, Fe had a strong and significant correlation (p=0.733—
0.955, p<0.01) with all the elements, except only a mod-
erate significant correlation (p<0.05) with Zn and no
significant correlation with Ba. However, with all street
samples (St, M and R), both y and Fe had strong and signifi-
cant correlation (p<0.01) with all the elements except Zn.
Moreover, at roof level y had a strong and significant cor-
relation (p<0.01) with elements Cu, Fe, Ti and a moderate
correlation (p<0.05) with Al, V and no correlation with Ba,
Mn, Zn, Na, Ca and Mg. Furthermore, at roof level Fe had
a strong and significant correlation (p<0.01) with elements
Al, Cu, Ti and a moderate correlation (p<0.05) with Ba,
V and no correlation with Mn, Zn, Na, Ca and Mg. More-
over, between y and modelled PM,, concentrations there is
no significant correlation at street level, whereas a moder-
ate significant correlation at roof level (p=0.548, p<0.05).
However, with all street samples (St, M and R) there is a sig-
nificant moderate correlation (p=0.517, p<0.01) between y
and modelled PM,, concentrations (Table 6). Furthermore,
a similar trend is shown between y and annual average daily
traffic flow (AADT), as there is no significant correlation
with street (St) samples but a moderate significant correla-
tion (p=0.557, p<0.01) with all street samples (St, M and
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Fig. 5 Daily average measured and modelled concentrations of PM,, (ug/m?) at Turku measuring station city centre, Osiris 1 at Aninkaistenkatu

city centre and Osiris 2 at Rakuunatie Vasaraméki

Table 5 Average of daily PM,, concentrations (ug/m®) for Turku
measuring station (TMS), monitoring sensors (Osiris 1 and Osiris 2),
mass-specific magnetic susceptibility (x x 10 ®m’kg™ ') values and
CAR-FMI modelled average of daily PM,, concentrations (ug/m?>) for
same locations

PM,, % CAR-FMI PM ,
TMS/M7 8.53 4.05 9.02

Osiris 1 14.80 13.55 10.03

Osiris 2 5.00 0.85 8.33

R). The modelled PM, 5 concentrations and y have a weak
significant correlation (p=0.475, p<0.05) only within all
street samples (St, M and R).

Linear regression between y and modelled PM,, con-
centrations shows a non-significant (R?=0.218, p=0.79,
SEE=0.82797) relationship with street (St) samples, a
significant (R2=0.341, p<0.05, SEE=0.21797) relation-
ship with roof (Rf) samples and a significant (R2=0.234,
p<0.01, SEE=0.80014) relationship with all street (St, M,
R) samples.

Mann-Whitney U-test showed significant differences in
mass-specific magnetic susceptibility, element and mod-
elled PM,, and PM, 5 concentrations between street and
roof level samples. The significant differences are shown
with x, Al, Cu, Fe, Mn, Ti, V, Na PM,, and PM, 5 (Table 6).
The elemental concentrations are exceptional, with Mn and
Na as they have higher concentrations at roof level, whereas
the other elements have higher concentrations at street level

(Fig. 6).

In the principal component analysis (PCA), the Kaiser-
Meyer-Olkin (KMO) value was 0.644 and Bartlett’s test of
sphericity p=0.001 for street level and 0.624 and p=0.001
for roof level, respectively. The PCA for elements in moss
bags show two extracted factors for street level samples,
which explain more than 84% of the total variance. The first
factor explaining most of the variance (66%) with high load-
ings for Al, Ba, Cu, Fe, Mn, Ti, V, Ca and Mg and the second
factor explains (18%) of the total variance with high loading
for Zn (Table S4). The elements show three extracted fac-
tors for roof level samples, which explain more than 83% of
the total variance (Table S5). The first factor explains (34%)
of the variance with high loadings for Al, Cu, Fe and Ti, the
second factor explains (33%) of the variance with high load-
ings for Ba, Zn, Ca and Mg and third factor explains (16%)
of the variance with high loadings for V and Na.

The cluster analysis (CA) for the element variables in
moss bags, are shown as dendrograms for street and roof
level samples (Fig. 7). The dendrogram for elements at
street level display two main clusters, where Zn is isolated
into its own cluster. The second cluster seems to separate
into two subclusters, where Ba, Fe, Cu are traffic-related
and Na, Mn, Ca, V, Mg Ti, Al are more crustal and com-
bustion-related. The dendrogram for elements at roof level
display two main clusters, the first cluster including Ca, Ba,
Mg, Zn, Mn and the second cluster including Na, V and Al,
Cu, Ti, Fe. At roof level the source apportionment of the
elements into clusters is more ambiguous.
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Table 6 Summaries of Spearman’s rank order correlation coefficient (n = 15) for mass-specific magnetic susceptibility (x x 10*m°kg™), element
concentrations (mg kg'!), annual average daily traffic flow (AADT) and modelled average PM,, (ug/m>) concentrations at street and roof level and
all street samples, regression R? for mass-specific magnetic susceptibility (x x 10 m°kg™") and modelled average PM,, (ug/m®) concentrations at
street and roof level and all street samples, Mann-Whitney U-test (MWU) to analyze significant differencies of mass-specific magnetic susceptibil-
ity, element and modelled average PM, 5 and PM,, (ug/m®) concentrations between street and roof level

X Al Ba Cu Fe Mn Ti \Y%
Street (St)
pX 1.000 0.807** 0.713** 0.957** 0.893** 0.761%** 0.812%** 0.774%*
p Fe 0.893** 0.929** 0.490 0.900** 1.000 0.844** 0.955** 0.733**
R*X
Roof (Rf)
pX 1.000 0.618* 0.446 0.947%* 0.953%* 0.024 0.894%* 0.602*
p Fe 0.953** 0.740%* 0.564* 0.937** 1.000 0.153 0.932%* 0.594*
R2X
Comparison (St & Rf)
MWU 0.001 0.001 0.183 0.001 0.001 0.049 0.001 0.002
All Street (St, M, R)
pX 1.000 0.785%* 0.800%** 0.978** 0.880%** 0.787** 0.786%** 0.828**
p Fe 0.880%** 0.957** 0.776** 0.862** 1.000 0.873** 0.966** 0.889%**
R?X

Zn Na Ca Mg AADT CAR-FMI PM,, CAR-FMI PM, 4
Street (St)
pX 0.557* 0.679** 0.730%* 0.815** 0.496 0.286 0.236
p Fe 0.529* 0.742%* 0.779** 0.941** 0.321 0.032 —-0.110
R*X 0.218
Roof (Rf)
pX 0.158 0.481 0.350 0.108 0.592* 0.548* 0.517
p Fe 0.251 0.414 0.447 0.256 0.559* 0.443 0.410
R?X 0.341*
Comparison (St & Rf)
MWU 0.930 0.010 0.455 0.678 0.001 0.001
All Street (St, M, R)
pX 0.368 0.752%* 0.842%** 0.788** 0.557** 0.517** 0.475*
p Fe 0.411 0.785%* 0.904** 0.951%* 0.457* 0.250 0.184
R*X 0.234%*

** Correlation/regression is significant at 0.01-level

* Correlation/regression is significant at 0.05-level

Discussion
Magnetic properties

The magnetic properties of traffic emission particulates
are largely dominated by ferrimagnetic minerals such as
magnetite (Sagnotti et al., 2009; Chaparro et al. 2020). Our
results present narrow hysteresis loops and rapid saturations
at 0.2-0.3 mT (Fig. 3) and low By values (Table S3), sug-
gesting the presence of low-coercivity ferrimagnetic miner-
als. Similar hysteresis curves and By values were observed
by Limo et al. (2024). The mean By values 35.94, 36.86
and 36.99 mT for street (St), roof (Rf) and all street (St,
M, R) samples fall well within the similar range described
for anthropogenic magnetite (Sagnotti et al. 2006; Salo et
al. 2012; Chaparro 2021) and traffic emissions (Gémez et
al. 2021; Muxworthy et al. 2022; Chaparro et al. 2024),
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respectively. The concentration-dependent Mg and My val-
ues (including y values) fall within similar ranges as in other
European cities (Szonyi et al. 2007; Winkler et al. 2020,
2022). Traffic-related magnetite has been the dominant low-
coercivity ferrimagnetic mineral in previous air pollution-
related moss bag studies in Turku (Salo and Mékinen 2019;
Limo et al. 2024), and according to the FMI (2022) air qual-
ity survey in the Turku region, the PM concentrations caused
by industry or energy production are very low. Therefore, it
is here plausible to assume that the predominant magnetic
mineral in the moss bag samples is ferrimagnetic magnetite.

The positioning of the hysteresis ratios in the Day plot
implies that they are most likely composed of a mixture of
various magnetic grain sizes (Fig. 4). The mean By values
(35.94, 36.86 and 36.99 mT) might suggest broad grain-
size distributions within PSD-stable SD-SP range (Limo et
al. 2024). The domain states above the MD region suggest
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grain-size differences within the magnetic PM, such as a
mixture of PSD and MD with the presence of SP particles
(Muxworthy at al., 2022). Magnetic PM is likely to be
dominated by PM,; however, grain sizes might suggest to a
divided SP-PSD/MD distributions, where SP particles may
be affiliated with traffic-related magnetic particles (Chap-
arro et al. 2020; Muxworthy et al. 2022). The SP grains
may originate from traffic exhaust emissions and coarser
fraction from abrasive wear of vehicle parts (Sagnotti et
al. 2006), and according to Letaief et al. (2024), our hys-
teresis ratios lie within the distributions represented by
brake dust, mineral dust, street dust and gasoline particles.
It is suggested that most of vehicle-traffic originated Fe-rich
particles fall within PM, 5 (Chaparro et al. 2020). Further-
more, it is estimated that up to 70% of airborne roadside

magnetite originates from vehicle brake systems (Gonet et
al. 2021). However, Tretiach et al. (2011) have emphasized
that moss bags predominantly entrap fine particle (<PM, s)
fraction over the coarse particle (PM, s ;o) fraction. More-
over, Letaief et al. (2024) conclude that passive sensors may
always have a finer grain size distribution than the sources
due to gravitational force, as finer grains travel further than
coarse grains. Our hysteresis ratios show very similar SP-
PSD/MD distributions to Muxworhty et al. (2022), but more
importantly, they are in accordance with previous magnetic
PM studies executed in Turku (Limo et al. 2018, 2024; Salo
and Miékinen 2019). The hysteresis ratios between street
(St) and roof (Rf) samples show a slight shift towards to the
PSD region. The positioning of grain sizes within the MD
region has been related to increased accumulation of coarser
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non-exhaust particles, especially to brake wear emissions,
and finer exhaust emissions tend to settle more to the PSD
region and even further to the linear trends of SD/MD mix-
tures (Winkler et al. 2022; Grifoni et al. 2025). This similar
trend may be seen in the moss bag samples as the grain size
distribution changes from coarse to finer within the mag-
netic PM due to the height difference between street and
roof samples.

Elemental properties

The element abundance orders are identical between all
street samples (St, M, R) and street samples (St), which
strongly indicates a single dominant source for magnetic PM
within the whole sample network. The element abundance
orders in this study follow similar trends with previous stud-
ies carried out in Turku with only slight interchanges in the
order position between Ti, Zn and Mn (Limo et al. 2018,
2024). Comparing street samples to roof samples, there is a
distinct change in the element abundance order, as Na and
Mg become the most abundant elements alongside with Ca.
These elements are generally associated with crustal ele-
ments (Ca, Mg) and marine aerosols (Na) (Artifiano et al.
2004; Srimuruganandam and Shiva Nagendra 2011). With
heavy metals, only Ti and Mn have interchanged their posi-
tions. The mean values for St and Rf samples show that for
most of the heavy metals (Al, Ba, Cu, Fe, Ti, V and Zn)
the roof concentrations decrease considerably, whereas the
concentrations for Ca seem to remain rather stable between
the different heights (Table 1). However, in the case of Mn,
Na, Mg the concentration distributions between St and Rf
samples appear to behave in an oppositely, as the highest
concentrations of these elements are found on roof samples.
It seems that with roof samples the crustal and marine ele-
ments become more abundant, and the concentrations of
heavy metals seem to reduce. As crustal and marine related
elements mainly occur in the coarse PM fraction (PM, 5_,()
and anthropogenic or traffic-related elements in the fine
fraction (PM,s) (Hueglin et al. 2005; Srimuruganandam
and Shiva Nagendra 2011), this might suggest that even fine
particles associated with heavy metals are less likely to drift
to upper layers of urban structures. According to Zhang et
al. (2024) there is a decreasing trend with the abundance of
traffic related magnetic PM in relation to height, and just
below 29 m there is a zone dominated by ultrafine magnetic
PM, an occurrence which might be apparent in roof samples
Rf2.1.,2.2., 2.3. and 3.1. However, in the case of Na, Ca
and Mg only Na has a significant difference (p-value) with
Mann-Whitney U test between the street and roof concen-
trations (Table 6). Eventually, this might indicate that at
roof level long-distance transport is strongly influencing the
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concentrations of Na and also Ca and Mg, but with lower
contribution.

The concentration of heavy metals Al, Ba, Cu, Fe, Ti, V
and Zn relative to altitude seem to have a distinct drop in
mean values as described above (Table 1), with the excep-
tion for Mn, which will be discussed later. Significant differ-
ences (p-value) between street and roof level concentrations
are found in Al, Cu, Fe, Mn, Ti and V, which indicates that
the quantity of traffic-related heavy metals is reduced at the
top end of the urban canopy layer (Table 6). This tendency is
also exhibited by the mass-specific magnetic susceptibility
mean values (Table 1) and significant differences (p-value)
(Table 6) between street and roof samples. As anthropogenic
or traffic-related elements tend to occur in the fine fraction
(PM, 5) (Hueglin et al. 2005; Srimuruganandam and Shiva
Nagendra 2011), it may suggest that fine particles and asso-
ciated heavy metals mainly remain in the lower parts of the
urban canopy as natural ventilation is reduced by complex
urban structures. Therefore, suspension, resuspension and
precipitation might be the most considerable factors deter-
mining concentrations of traffic-related magnetic PM and
heavy metals on street level.

Distribution of heavy metal concentrations within the
sample network is mainly concentrated on highly trafficked
streets. The high values of ¢ usually reflect concentrations of
elements, especially heavy metals (Al, Ba, Cu, Fe, Mn, Ti, V
and Zn), but also crustal and marine elements (Ca, Mg and
Na), and this tendency is observed in both street and roof
samples (Tables 2, 3 and 4). The roof samples exhibit high
values of y and element concentrations mainly in connec-
tion with corresponding street sample sites. However, roof
sample 3.1. is different as it has a higher value of  than the
corresponding street sample along with high concentrations
of the other elements. This sample site is rather close to the
train station (ca. 150 m south), but it is difficult to deter-
mine how the train traffic could influence on element con-
centrations. In the case of city background samples, CBN
shows higher concentrations of y and other elements than
CBS. This could be interpreted as pollution transport from
the city centre but is most likely caused by the heavy traffic
from the Naantali highway. Since city background sample
sites in east (CBE) and west (CBW) were badly damaged,
the interpretation of remaining two city background sample
sites in contrast to the city roof sample sites was omitted.

An interesting anomaly uprises with manganese as it has
the highest concentrations at roof level almost throughout
the whole sample network (Tables 2 and 3). The high con-
centrations of manganese seem to be analogous with traffic
volume, but very high concentrations are found close to the
harbour at roof sample sites Rf4.1.,4.2., (5.1) and (5.2) The
exhausts from ship traffic is released at higher altitudes, but
whether the high overall concentrations of Mn throughout
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the sample network are caused by this or by traffic cannot
be assessed reliably in this study. However, automobile and
ship traffic are found to be a source for outdoor urban Mn
pollution (Finkelstein and Jerret, 2007; Zhao et al. 2013).
Mass-specific magnetic susceptibility (y) and Fe have
significant correlations with all the other elements at street
level, suggesting that magnetic PM and iron are highly asso-
ciated with the abundance of the other elements (Table 6).
The same tendency is not so obvious at roof level as y cor-
relates significantly only with Al, Cu, Fe, Ti and V and iron
with Al, Ba, Cu, Ti and V. For Fe and Ba however, there
is a peculiarity with correlations between street (St) and
all street (St, M and R) samples as there is no correlation
with the former and a strong significant correlation with the
latter. As Ba is regarded as a trace element for brake wear
(Winkler et al. 2022), it seems that with more sample sites
situated in the city centre trafficked areas, a stronger relation
between Fe and Ba arises. It may indicate that the street (St)
sample sites are less influenced by traffic intensity or stop-
and-go traffic. Nevertheless, the strong interaction with y,
Fe and the other elements at street level strongly suggests
that traffic is the main source for the pollution. The park and
river sample sites illustrate low values of y and element con-
centrations. This exemplifies how magnetic PM is associ-
ated with traffic and the vicinity of the source, and distance
to the source is reflected by a drop in values. On the other
hand, there is a strong correlation between y and Fe with
Al which indicates extensive crustal (soil and road wear)
resuspension loading in the magnetic PM, mainly at street
level but extending to roof level as well. At roof level, the
overall concentrations of magnetic PM and related elements
from street traffic may have decreased relevantly, and long-
distance transport may also influence the observed outcome.
The principal component analysis (PCA) also points to
a single source of pollution for street samples, as only two
factors are extracted, and the first factor includes most of the
elements Al, Ba, Cu, Fe, Mn, Ti, V, Ca and Mg, explaining
66% of the total variance (Table S4). Only Zn is allocated to
the second factor, and Na not belonging to either of the two
factors. A similar tendency is shown in the cluster analysis
(CA) for street samples, illustrating only two major clusters
with Zn and rest of the elements. It seems that in the second
cluster two groups are connected at some distance, the more
traffic related Cu, Fe and Ba and the slightly more crustal
origin related Al, Ti, Mg, V, Ca, Mn and Na (Fig. 7). The
peculiar behaviour of Zn within the magnetic PM is also
noticeable in previous studies performed in the Turku urban
area (Limo et al. 2018, 2024). Zn has been generally used as
a tire wear particle tracer, but this has been debated in recent
studies (Alves et al. 2020; Chen et al. 2023). However, the
affiliation between zinc and y or Fe has previously occurred
as a weak or no correlation (Limo et al. 2018, 2024), and

similar results are observed in this study as well (Table 6).
This may imply that somehow Zn is not involved in the
similar speciation process with magnetic Fe particulates and
therefore behaves differently from the rest of the elements
within the magnetic PM.

Interestingly, heavy metal concentration studies of soils
in Turku by Salonen and Korkka-Niemi (2007) suggest that
the concentration of Zn in topsoil (0—5 cm) varies between
4 and 499 mg/kg (median 73.80 mg/kg) and is controlled by
variations in anthropogenic pollution. In our moss bag sam-
ples at street level, the concentration of Zn varies between
0.7 and 405.80 mg/kg, and the median values of sample
sets between 12.15 and 26.80 mg/kg (Table 1). The highest
values, exceeding the threshold limit of 200 mg/kg for soil
contamination, were found from sites M1 (405.80 mg/kg)
right next to a large playground area and Park 1 (228.50 mg/
kg) with three nearby playgrounds with sandy surfaces. The
exposed fill-up soils and highly turbulent wind conditions in
these locations might explain the higher Zn values in moss
bags. At the roof level, the highest Zn values in the moss
bags are clearly found within the harbour area (samples Rf
5.1. and Rf 5.2.) which is located ca. 5 km to SE of the
Meyer Turku shipyard.

On the other hand, the PCA for roof samples exhibits a
more diverse outcome as three factors are extracted. The
first factor includes Al, Cu, Fe and Ti, the second factor Ba,
Mn, Zn, Ca and Mg, and the third factor V and Na with total
variance percentages of 34%, 33% and 16%, respectively
(Table S5). The CA for roof samples shows two main clus-
ters connected with distance and the first cluster is again
dividing into two separate clusters. The second cluster is
mainly composed of elements (Mn, Zn, Mg and Ca), which
do not correlate with either y or Fe (Table 6), apart from
Ba which has a weak correlation only with iron. Within the
first cluster, the elements (Fe, Ti, Cu, Al and V) have strong
correlation with y and iron, except with Na, which does not
correlate at all with either. This might suggest that the sec-
ond cluster is slightly more affected by long-distance trans-
port and the first cluster with traffic-related particles from
lower altitudes, or there might be some form of coupling
happening within the magnetic PM as altitude increases and
distance to the original source is increased.

Air quality modelling

CAR-FMI modelling was applied for street and roof level
to estimate the dispersion of PM against the accumulated
magnetic PM () throughout the sample network (Tables 2,
3 and 4). With street (St) level samples, there is no signifi-
cant correlation (p=0.286) between the magnetic PM and
modelled PM; however, there seems to be some consistency
with concentrations, as high or low values correspond to
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each other (Table 2). There are significant moderate cor-
relations between x and modelled PM,, with roof (Rf)
(p=0.548, p<0.05) and all street (St, M and R) (p=0.517,
p<0.01) level samples (Table 6). The linear regression
between y and modelled PM resembles the correlations, as
there is a non-significant relationship with street (St) sam-
ples and a significant relationship with all street (St, M, R)
samples (R>=0.234) and roof (Rf) samples (R*>=0.341).
Even though, there is a statistical discrepancy in correla-
tions between street (St) and all street (St, M, R) samples
in relation to modelled PM, the M and R samples resemble
similar consistency with concentrations to street (St) sam-
ples, as high or low values seem to correspond to each other
(Tables 2 and 4). This similar consistency with correspond-
ing high and low values is not so evident with the roof sam-
ples, as more of the modelled PM values tend to be higher
than the related magnetic PM values (Table 3).

In addition, there is a peculiar correlation between y and
modelled PM,,, which is identical to Fe and Ba discussed
earlier. With street (St) and all street (St, M and R) samples,
there is no correlation with the former and a significant
moderate correlation with the latter. Similar to Fe and Ba,
the correlation between y and modelled PM,, seems to arise
when more sample sites situated in the city centre trafficked
areas are added. Thereby, traffic intensity seems to have a
significant influence on the relation between y and PM,,
as also observed by Winkler et al. (2021), and as empha-
sized by the moderate significant correlation between y and
annual average daily traffic flow (AADT).

Nevertheless, the model produces a few clear exceptions
of street samples with higher concentrations estimates (St
1.2., St 3.1. and M 6) and lower concentration estimates (St
5.1. and St 5.2.) at some of the street sample sites. The loca-
tions where the model gives higher PM concentrations in
contrast to magnetic PM are street sections with high traffic
densities. It may be that the values of y are low because of
local circumstances that influence the accumulation mag-
netic PM in the moss bags, like, for example, vicinity of
small local park areas (St 3.1. and M 6) and topographic
disturbance from a close by hill (St 1.2.). The lower PM
concentration estimations in comparison with magnetic
PM at St (5.1) and St (5.2) might be related to the vicinity
of the harbour and traffic congestion at these sample sites
during on-and-off vehicle traffic to ferryboats. The CAR-
FMI model calculations did not include the traffic to fer-
ryboats. Furthermore, according to Srimath et al. (2017),
the modelling does not sufficiently include the increased
emissions during traffic congestion. It may also be that the
emissions from the ferryboat traffic have an influence on the
accumulation of magnetic PM at the sample sites, as they
are located upwind to the general wind directions from the
harbour (Fig. 1). In the case of St 1.3., St 3.3., St 4.1., R1
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and R3 the model estimations and the y values are slightly
different, but quite close to the mean value, so it is secure to
interpret that they are analogous.

In the case of the roof (Rf) samples, the modelled PM
concentrations seem to correspond accordingly with the
high magnetic PM values at sample sites 2.1., 2.2., 2.3. and
3.1., and the low magnetic PM values at sample sites 1.1.,
4.3.,(5.1) and (5.2) Only at roof sample 4.2. the modelled
PM concentrations underestimate the magnetic PM values.
With street and roof samples 2.1., 2.2. and 2.3. the modelled
and magnetic PM values are unison, which indicates that in
these locations the model estimates well how the particles
from street are drifted to the roof level. However, in contrast
to magnetic PM, the model overestimates PM concentra-
tions at roof sites 1.2., 1.3., 3.2., 3.3. and 4.1. On the other
hand, the model estimates for roof level PM concentrations
are mostly higher than estimates based on magnetic PM
measurements. This may simply reflect the fact that the roof
level and street level PM composition and magnetic PM
content are different. However, this might also reflect the
fact that CAR-FMI is a gaussian plume model, which does
not really understand the built environment and the result-
ing complicated vertical/3D velocity fields, which very eas-
ily may lead to overestimation at roof level.

Air quality monitoring

Air quality monitoring stations produce valuable data, and
they are usually used for monitoring assessment thresholds
for regulated pollutants with reference measurement meth-
ods. The sampling points for reference monitoring stations
are sited in such a way that provides data from areas with
the highest concentrations (hotspots) where population is
likely to be exposed and in more remote areas (urban or
rural background) that represent the exposure of the general
population (EU, 2024). Sampling points should also be rep-
resentative of similar locations not in their immediate vicin-
ity, i.e. how the measuring data reflects the air quality over a
larger area. Therefore, the spatial representativeness is utter
most important criterion for monitoring station placement,
as it is crucial for the critical assessment in contrast to air
quality standards and exposure to pollution concentration
(EU, 2024). In Turku, the air quality monitoring station
(TMS) is situated in the city centre marketplace (Fig. 1),
which might not be the most representative traffic site loca-
tion to measure exposure to concentrations of traffic-related
air pollution. The assessment of representativeness of TMS
was conducted by placing additional moss bags samples
(R1, R2, R3, R4, Park 1 and Osiris 1) in the urban environ-
ment surrounding the city marketplace. A reference moss
bag sample M7 was placed at the marketplace to reflect
magnetic PM concentrations in the vicinity of the TMS. The
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Table 7 Mass-specific magnetic susceptibilities (3 x 10~3m’kg™!) and element concentrations (mg kg™ !) at locations surrounding the Turku moni-

toring station (TMS) to assess representativeness

M7/TMS Park 1 R1 R2 R3 R4 Osiris 1 Osiris 2 Average (R1-4, O1) Median (St, M, R)
X 4.05 3.50 11.10 2.98 10.85 25.45 13.55 0.85 12.79 10.43
Al 150 150 150 150 150 350 250 50 210 350
Ba 3.70 2.00 3.90 0.20 3.40 10.20 6.40 5.10 4.82 6.00
Cu 5.10 3.25 10.46 5.25 9.63 21.06 10.96 1.28 11.47 9.35
Fe 260 200 480 190 490 950 620 80 546 705
Mn 2.00 3.00 5.00 0.00 7.00 16.00 11.00 15.00 7.80 11.00
Ti 11 8 18 8 18 38 25 3 21.40 34.00
v 1 0 1 0 2 4 2 0 1.80 2.00
Zn 53 228.5 18.8 22.6 0.7 46.7 5.9 22.6 18.94 20.85
Na 110 340 340 20 30 740 100 50 246 280
Ca 500 400 700 300 600 1400 700 300 740 800
Mg 100 110 120 50 90 330 180 90 154.0 240

Sample site M7 represents Turku monitoring station

Samples sites (M) are located in the middle of the cell created by the street and roof samples and samples sites (R) are located around the Turku
marketplace to assist in evaluating representativeness of Turku monitoring station, (O) are the Osiris sensor sample sites

mass-specific magnetic susceptibility values y and metals
are evidently lower at site M7 than in the surrounding R1,
R3, R4 or Osiris 1 and resemble concentrations more rela-
tive to sample site Park 1 (Table 7). This may arise from
the circumstance that the marketplace is an open area and
traffic surrounding it is partly restricted only to buses and
taxis, and this may result in a misleading representativeness
of a sample point. Furthermore, at site M7 the concentra-
tions of y and all elements are lower than the average of
the representative traffic samples (R1-4 and Osiris 1) and
the median values of all street samples (St, M, R) (Table 7).
Importantly, the daily average PM concentrations of the two
Osiris monitoring sensors agree with the moss bag magnetic
PM measurements and the CAR-FMI modelled PM concen-
trations (Table 5). However, at site Osiris 1 the CAR-FMI
model clearly underestimates concentrations and this might
be caused by a street canyon effect (Limo et al. 2024). The
highest daily average PM concentrations (Fig. 5) and the
concentrations of y and the elements (Table 7) are found
at site Osiris 1, second highest at TMS/M7 and the lowest
values at Osiris 2. In relation to Salo and Mékinen (2019),
our results also suggest that the monitoring station at Turku
marketplace may underestimate PM levels. Instead of pro-
posing to remove a monitoring station with a valuable long
series of air quality measurements, it is here suggested that
a serious consideration and inspection should take place to
evaluate if the monitoring station should be recategorized as
a city background station.

Moss bag technique
Our study reinforces the excellence of the moss bag tech-

nique as a powerful tool in magnetic biomonitoring of urban
airborne pollution. It enables a plethora of approaches for

studying the distributions of PM within the complex urban
architecture and offers a great spatial resolution with long
sampling periods. Not only does it create the opportunity to
study PM in various dimensions, but it also allows a unique
possibility for assessing the representativeness of monitor-
ing stations and the performance of air quality models. The
method serves as a valuable and cost-effective tool to study
the distributions and concentrations of PM pollution from a
variety of sources and environments.

Conclusions

Examination of the urban canopy layer with moss bags and
magnetic measurements demonstrate that traffic is the most
significant source of low-coercivity ferrimagnetic minerals
and heavy metals in the ambient urban street environment.
The magnetic PM is comprised of magnetite and a mix-
ture of PSD/MD grains with the presence of SP particles.
At higher altitudes, the concentrations of magnetic PM and
traffic-related elements are reduced and mainly replaced
with crustal elements and are most likely influenced by
long-distance transport. There is a significant moderate cor-
relation between the CAR-FMI model and magnetic PM
concentrations at roof level, but no correlation with cor-
responding street level samples. With a larger number of
street samples, there is a significant moderate correlation
between modelled PM concentrations and magnetic PM.
At roof level, the CAR-FMI modelled PM concentrations
are prone to overestimation compared to values indicated
by the magnetic PM measurements. The magnetic measure-
ment values correspond strongly with the data from the
Turku monitoring station and monitoring sensors installed
for this study. It is suggested that the representativeness of
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the Turku monitoring station should be reconsidered, and
recategorizing may be appropriate. Magnetic biomonitor-
ing using moss bags is a multipurpose tool for studying
airborne pollution in the urban canopy layer and a reliable
instrument for assessing monitoring stations and dispersion
model performance.
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