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HIGHLIGHTS

e Over 700 PM10 and PM2.5 samples were analysed at three urban sites in Helsinki using XRF.

o Five main sources of trace elements were identified: Combustion/SIA, Dust, Fresh salt, Aged salt, and Non-Exhaust Emissions (NEE).
e Combustion/SIA dominated PM2.5, while Dust dominated PM2.5-10, with strong seasonal variation.

¢ Road salting and NEE (mainly brake wear) were significant contributors, especially during winter and spring.

e Tracer elements (S, Si, Ba, Na, Cl) showed characteristic size distributions for different sources.
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ABSTRACT

This study applies a positive matrix factorization (PMF) model to identify the sources of ambient fine (PM3 s) and
coarse (PM3 5.10) particulate matter at two traffic sites and one urban background site in Helsinki, Finland. Over
700 24-h PMys and PM; filter samples were analysed using energy dispersive X-ray fluorescence, which
quantified 12-19% of PMy 5 and 22-29% of PM;( mass. In the coarse particle fraction, Si had the highest con-
centrations, followed by Fe, Al, and Ca, while S, Fe, and either Na or Ca dominated the fine particle fraction. A 5-
factor solution best represented the elemental sources, identifying Dust, Non-Exhaust Emissions (NEE), Aged
Salt, Fresh Salt, and a mixed factor called here as Combustion/Secondary inorganic aerosol (SIA). Dust had the
highest contribution at all sites, except for PMy 5 at the urban background site, where Combustion/SIA was
dominant. Dust was characterized by Al, Si, and Ti, while Combustion/SIA by S, V, Ni, Pb, and Se. Fresh salt was
dominated by Cl, and Aged salt by Na and Mg. NEE was enriched in Cr, Fe, Cu, Zn, Ba, and Zr, suggesting
primarily brake wear with possible tyre-wear contributions. Size distributions, measured with a 13-stage
impactor at one of the sites, showed that elements related to Dust peaked at 5.6-10 pm and Combustion/SIA
at 0.2-0.6 pm. Elements associated with NEE exhibited bimodal behaviour (<1 pm and 3-10 pm). In addition to
ambient measurements, brake wear particles were studied in the laboratory to support the interpretation of
source apportionment analysis.

1. Introduction

particulate species of urban air (e.g. carbonaceous compounds and
inorganic ions), trace elements play a significant role in air quality and

Urban atmospheres are complex and dynamic environments, influ- environmental and human health (Yuan et al., 2019). Even at low at-
enced by natural and anthropogenic activities. Among the various mospheric levels, trace elements can accumulate in soils, where they
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persist in the environment and accumulate in the food chain. Studies
suggest that trace elements in urban air are linked to respiratory dis-
eases, cardiovascular problems, and other health complications (Pope
and Dockery, 2006). Some of them, e.g. Cd, Cr, As, and Ni, are also
associated with carcinogenic risk (IARC, 2012).

The anthropogenic sources of trace elements vary notably. Trace
elements are released, for example, during high-temperature processes
such as fossil fuel and biofuel combustion, waste incineration, cement
production, and ferrous and non-ferrous metal production (Thorne et al.,
2018). Also, mechanical actions such as brake, clutch, and tyre wear of
vehicles, along with road surface wear, and construction and demolition
release trace elements (Harrison et al., 2021; Jeong et al., 2019). Natural
sources, including wind-borne soil particles, volcanic emissions,
biogenic sources, forest fires, and sea sprays, also play a role in trace
element ambient concentrations (Thorne et al., 2018).

To identify and quantify the sources of particulate matter (PM),
different multivariate receptor models, ranging from simple techniques
applying elementary mathematical calculations and basic physical as-
sumptions to complex models requiring pre- and post-processing of data,
are commonly used (Hopke et al., 2020). Techniques such as X-ray
fluorescence (XRF) and inductively coupled plasma mass spectrometry
(ICP-MS), together with the receptor modelling, have been widely used
in analysing sources of aerosols (Viana et al., 2008).

Several studies have investigated the concentrations and sources of
trace elements in urban atmospheres worldwide. For instance, Querol
et al. (2007) have examined trace metal concentrations of PMy s and
PM; in Spain, highlighting traffic-related emissions (brake and tyre
wear), industrial activities, and combustion processes as the major
sources in urban areas. Similarly, a study by Almeida et al. (2020) has
identified the main pollution sources in urban areas of Europe and
Central Asia, reporting that biomass burning, secondary sulphate,
traffic, oil and coal combustion, industry, soil, and salt have been the
dominant contributors to PMy s mass. In Asia, Cui et al. (2019) have
conducted a comprehensive high-time-resolution analysis of PMj 5 in
Beijing, and identified dust, industry, biomass burning, waste incinera-
tion, vehicle emissions, and coal and oil combustion as the dominant
sources. The reviews of Harrison et al. (2021) and Costagliola et al.
(2024), and references therein, have concentrated on non-exhaust
vehicle emissions. For now, non-exhaust emissions for current vehicles
are unregulated at least in Europe; however, the Euro 7 standard (EU)
2024/1257 will limit brake and tyre emissions for new vehicles in EU
countries gradually starting from the end of 2026. This can have effects
on trace element concentrations of ambient air in European
traffic-influenced environments, especially on elements linked with
brake and tyre wear particles.

The objective of this study was to investigate the composition of
atmospheric trace elements, focusing particularly on their sources in
different urban environments. Over 700 filter samples of ambient par-
ticulate matter were analysed by the XRF method and further studied for
the sources of trace elements in fine and coarse particles by receptor
modelling. Additionally, more detailed mass size distributions of ele-
ments were investigated at one of the sites. A small laboratory study on
brake wear particles was included in this study to support the source
apportionment. The knowledge of the trace element sources helps in
devising strategies for pollution control, regulatory standards, and
urban planning to minimize the risks for human population health and
enables better monitoring of the impact of upcoming regulations.

2. Experimental
2.1. Sampling sites

24-h filter samples (Fluoropore membrane filter, FSLW04700, pore
size 3 pm, Merck Life Science, Darmstadt, Germany) were collected

concurrently using PM;( and PM; 5 inlets at three locations in Helsinki,
Finland. The filters were collected using a Lecker sequential sampler,
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SEQ47/50, and weighed in accordance with EN 12341:2014 standard.
Two identical units of the standard samplers for both PM;o and PMy 5
were used to validate the sampling and weighing procedures, but only
samples from one PMy 5 and one PM;( sampler were used for chemical
analyses. Two sites were considered as traffic sites. The first one was
located a few meters from the closest lane of a highway (named HW;
60.27195N, 24.87457E), situated approximately 10 km northwest of
Helsinki's city centre, while the other traffic site was located in a street
canyon (named SC; 60.19642N, 24.95205E) on a pavement approxi-
mately 3 km north to northeast of Helsinki's city centre. Traffic flows at
the traffic sites were approximately 55 300 and 18 000 vehicles per
working day, respectively (Finnish Transport Infrastructure Agency and
City of Helsinki). At SC, two tram lines also operated along the centre of
the 42m-wide street. The third site served as the urban background site
of Helsinki (named UBG; 60.18736N, 24.95065E) and was located less
than 3 km north-northeast of the city centre in a park. At UBG, the
nearest street was situated approximately 80 m away from the site with a
traffic flow of 500 vehicles per working day, while the second-nearest
street was 300 m away, with a traffic flow of 26 000 vehicles per
working day (City of Helsinki). Samples at UBG were collected from
June to November 2022 (number of sample pairs 128), at HW from
December 2022 to June 2023 (number of sample pairs 144), and at SC
from March to June 2024 (number of sample pairs 92).

2.2. Instruments

Trace element concentrations (Na, Mg, Al, Si, P, S, Cl, K, Ca, Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Rh,
Cd, Sn, Sb, Te, I, Cs, Ba, La, Ce, W, Au, Hg, Pb, Th, and U) were deter-
mined using an energy dispersive X-ray fluorescence spectrometer
(EDXRF, model Epsilon4, Malvern Panalytical, Malvern, UK), following
the EPA method 10-3.3 (Winberry Jr, 1999). The EDXRF-instrument has
been optimised for filter samples by the manufacturer and lighter ele-
ments were analysed under helium atmosphere to reduce their detection
limits. The analysing time was 45 min for one repetition. A total of 722
samples and 54 blank filters were analysed with three repeats of each
filter. Each site has its own blank filters, and the average concentrations
of field blanks were subtracted from the concentrations of samples at
each site. Concentrations of PMs 5 (fine), PM;o, and PM55.19 (coarse)
were calculated for each element. Concentrations of coarse particles
were calculated by subtracting PM» 5 concentration from PM;.

Black carbon (BC) of PM; particles was measured with an aethal-
ometer (AE33, Aerosol Magee Scientific, Ljubljana, Slovenia, Drinovec
et al., 2015) at HW and with a multi-angle absorption photometer
(MAAP, Thermo-Scientific model 5012, Petzold and Schonlinner, 2004)
at UBG and SC with a time resolution of 1 min. The flow to the MAAP
was 16.7 L min~}, and a PM; inlet (Digitel LVS, Digitel Elektronik
GmbH, Blirs, Austria) was used, whereas in the AE33 the flow rate was
5L min~! with a PM; cyclone (sharp cut cyclone, BGI model SCC1.197,
Butler, NJ, USA). The MAAP was using a glass fibre filter (FHT111,
Thermo Scientific, Waltham, MA, USA), and the AE33 a PTFE-coated
glass fibre filter (M8060, Aerosol Magee Scientific, Ljubljana,
Slovenia) with the multiple-scattering enhancement factor C of 1.57.
The AE33 used a mass absorption cross section (MAC) value of
7.77 m? g~! at 880 nm and the MAAP 6.6 m? g~! at 634 nm (Miiller
et al., 2011). BC concentration from the AE33 at 880 nm was multi-
plied by 0.75 to correspond to BC from the MAAP at 634 nm. The
correction was made as the AE33 does not take into account the scat-
tering effect of particles as the MAAP does (Helin et al., 2018 and a
personal communication by Helsinki Region Environmental Services
Authority).

A nano-micro-orifice uniform deposit area impactor (Nano-Moudi-
II™, Model 125R, MSP Corporation, Shoreview, MN, USA, Marple et al.,
2014) equipped with 47 mm polycarbonate membrane filters (Isopore,
GTTP04700, pore size 0.22 pm, Merck Life Science, Darmstadt, Ger-
many) was used to collect size-resolved aerosol samples at SC in spring



M. Aurela et al.

2024. The membranes were greased with Apiezon-L vacuum grease
(Apiezon, Manchester, UK) to reduce bounce-off of particles. The
Nano-MOUDI separates the particulate matter into 13 stages with
nominal cut diameters of 0.010, 0.018, 0.03, 0.06, 0.10, 0.18, 0.32,
0.56, 1.0, 1.8, 3.2, 5.6, 10 pm with an inlet cut-point of 18 ym when
operated at an inlet flow rate of 10 L min~!. In our study, sampling time
varied from 2 to 5 days, and a total of 11 impactor samples were
collected one after the other from March 28 to May 2, 2024. The
Nano-MOUDI samples and blank membranes were also analysed by the
EDXRF-instrument. As the sampled area was not entirely homogenous
even though the Nano-MOUDI has a rotating platform, and the sampled
area varied with different stages, the uncertainty of these analyses was
higher than for the filter samples. The results of the Nano-MOUDI have
only been used for presenting the average size distribution of selected
elements.

Meteorological parameters i.e. temperature, relative humidity (RH),
pressure, wind speed, wind direction, rain, and snow depth, were
measured at the Kumpula weather station in Helsinki, Finland
(60.203071N, 24.961305E). Road surface state weather conditions were
monitored at SC by a remote road sensor (DSC211, Vaisala, Finland).
That data was used for all the sites, assuming that similar road surface
conditions were also at UBG and HW. This assumption may cause
greater uncertainty, particularly for HW, as the distance between SC and
HW is approximately 9 km. However, daily rainfall (mm) and temper-
ature at Helsinki-Vantaa Airport, located about 6 km northeast of HW
and 19 km north of SC, were similar to those measured at the Kumpula
weather station, which is less than 1 km from SC (data not shown)

2.3. Source apportionment method and data handling

Positive Matrix Factorization (PMF) is the most common receptor
model used for source apportionment and can be solved with the Mul-
tilinear Engine (ME-2 Paatero, 1999). It is based on the time-series
concentrations and their uncertainties of multiple PM components to
identify the main factors/sources responsible for their variations. It is a
bilinear model which solves the source profile i.e. what variables each
source contains and source contribution i.e. how much of each source
contributes to the samples. In our study, PMF through the ME-2 was
applied to assess the sources of trace elements in fine and coarse particle
fractions. The total PM mass was excluded from the input data matrix to
ensure that the factor identification was driven solely by the chemical
variability of the measured species. PM was only used to estimate the
fraction of the analysed mass. Model configuration and post-analysis
were performed by Source Finder (SoFi Pro, Datalystica Ltd., Villigen,
Switzerland) within the Igor Pro environment. Uncertainties of the
concentrations were estimated based on the standard deviations (Std.
Dev.) of the individual concentrations and based on the ratio of blank
(average) and sample values. Sample concentrations below three times
Std. Dev. of blank (limit of detection, LOD) or negative values after blank
subtraction were replaced by the minimum value of the accepted
element concentration divided by two. The LOD values and the number
of replaced values are presented in Table S1. The uncertainties of the
replaced values were set at 300%. For other points, the uncertainties
were estimated based on the Std. Dev. of each sample and based on the
ratio between the concentration of the blank and the sample. The un-
certainties of coarse particle samples were calculated by combining the
uncertainties of the PM; and PM; 5 analyses, as done by Sturtz et al.
(2014). Weak and bad variables in cell-wise were downweighed
(Table S2) according to the recommendations in Paatero and Hopke
(2003). All the data from three sites and two size fractions were com-
bined to one matrix containing 722 rows and 32 columns (variables: Na,
Mg, AL Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge, Br, Rb, Sr,
Y, Zr, Nb, Mo, Cd, Sn, Sb, Ba, and Pb) to get reliable and robust analyses
and more temporal variations of the pollutant sources. All the sites are
located quite close to each other, and none of the sites has unique point
sources that affect only one site. When PMF analyses were conducted
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separately for each site, similar factors were found. However, at UBG
and SC, the solutions were less robust than those obtained using the
combined dataset, which is why the combined data were ultimately
used. It should be noted that combining datasets without overlapping
time periods may introduce difficulties in distinguishing between spatial
and seasonal variability. A dominant factor at a given site may therefore
reflect seasonal influences rather than site-specific characteristics.
Additional information on the solutions obtained separately for each site
is provided in the Supplementary Data.

Different amounts of factors (1-10) were calculated and their cor-
responding Q/Qexp values are presented in Fig. S1. Solutions containing
4-6 factors were further examined with the bootstrap method (BS). BS is
a resampling method where large numbers of smaller samples of the
same size are repeatedly drawn with replacement from a single original
sample. Bootstrap analysis is used to identify whether there is a small set
of observations that can disproportionately influence the solution. A
solution is generally considered robust if more than 80% of the bootstrap
factors are mapped well (Paatero et al., 2014). Displacement analysis
coupled with the bootstrap method (DISP-BS) was applied for the 5-fac-
tor solution for further study the uncertainty in the solution. In the
displacement method used, the model modified the fingerprints
randomly by pulling the variables which S/N-ratio was above 2 over
50% of the points (Na, Mg, Al Si, S, Cl, K, V, Fe, Cu, Zn, Br, and Ba) in
each factor up and down with a range of 0-30%. 1000 runs were
performed.

2.4. Laboratory experiment

Particles emitted from brakes were studied in a dynamometer bench
by using a Worldwide Harmonised Light Vehicles Test Procedure
(WLTP) brake cycle (Grigoratos et al., 2020). Seven different types of
brake pads were purchased from a local spare parts supplier and ana-
lysed by a handheld XRF-instrument (Vanta WMR, Olympus Europa SE
& Co. KG, Hamburg, Germany) to get an overview of the elemental
composition of brake pads sold in Finland as well as select brake pads for
the dynamometer test. Two brake pads which had very different
elemental compositions were selected for further investigation. They
were installed on the brake dynamometer equipped with a cast iron
brake disc: pads containing Cu and Fe (Padl) and pads with low Cu and
Fe content but high Ca and Ba content (Pad2). Often, the term
Non-Asbestos Organic (NAO) is used for the type of Pad2, while Padl is
often called low-metallic or semi-metallic. The particles released from
the braking system were collected into the filters (FSLW047, pore size
3 pm) using a 47 mm filter sampler (eFilter, Dekati Oy, Kangasala,
Finland) with a 10 pm EPA201A-type cyclone (Dekati Oy, Kangasala,
Finland). Multiple WLTP brake test cycles were performed with each
pad type, and a minimum of three WLTP cycles were used for pre-
conditioning of the pads.

A total of five filter samples were analysed by the EDXRF similarly to
the ambient samples (see 2.2). Three of the samples were collected with
Padl and two with Pad2. Filters were also weighed.

3. Results and discussion
3.1. General overview of the ambient measurement campaigns

3.1.1. Meteorology

The meteorological parameters during the three campaigns are
presented in the Supplementary data (Figs. S2 and S3). The urban
background campaign at UBG was conducted during the summer and
autumn 2022 (June 4-November 20). During this period, the ambient
temperature varied between —4 and 31 °C, and only during the last two
days of the campaign was the temperature below 0 °C, and there was
light snowfall. The highway campaign at HW was conducted after the
urban background campaign, and covered winter 2022-2023 and spring
2023 (December 3, 2022-June 4, 2023). During this period, the
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temperature varied between —13 and 23 °C, and snow cover persisted
until early April. The closest highway and other main roads and streets
were cleared of snow during and/or after snowfall events. The street
canyon campaign at SC was conducted in spring 2024 (March 9-June
11) with temperature ranging between —8 and 27 °C. Snow cover was
present during March, and a few snowfall events occurred in April. At
SC, snow was also removed very quickly from the closest streets during
and/or after snowfall events.

In June and July 2022 at UBG, in April and May 2023 at HW, and in
May and June 2024 at SC, the street surface was predominantly dry
(Fig. S2). In contrast, from December 2022 to March 2023 at HW, and
during March and April 2024 at SC, the street surface was frequently
damp or partially covered with snow, ice, or slush. The street surface
state was not monitored between July 25 and December 12, 2022,
corresponding to the end of the urban background campaign at UBG and
the beginning of the highway campaign at HW.

The main wind direction during all the campaigns was southwest
(Fig. S3). However, the profile of the street canyon modified the wind
direction along the street at SC. The average wind speed was 4.2 + 1.7,
4.442.0,and 3.8 + 1.7 m s~ ! at UBG, HW, and SC, respectively. During
the highway campaign, a higher proportion of winds (8%) could be
classified as a fresh breeze (8-13 m s 1) compared with the urban
background (4%) and street canyon (3%) campaigns. Overall, winds
were mainly mild (1-3 m s™1) or a moderate breeze (4-7 m s V).

3.1.2. Mass concentrations of particulate matter, BC, and elements

The average mass concentrations (+ standard deviation) measured
from PM; 5 and PM filters were 5.5 &+ 3.7 and 11.4 + 7.5 pg m~3 at
UBG, 8.6 + 6.2 and 23.9 + 24.6 yg m > at HW, and 11.7 + 5.9 and
30.0 = 18.9 pg m > at SC, respectively. At HW and SC, there were 20 and
10 exceedances of 45 pg m~2in PM;, respectively, which corresponds
to the new European Union Air Quality limit value for daily PM;( con-
centration to be implemented in 2030, representing 14% and 12% of the
PM;( samples. However, up to 18 exceedances per calendar year are
permitted for both PMy 5 and PM; before the limit value is considered
exceeded. The new daily limit value level for PMy5 (25 pg m~>) was
exceeded 4 times (3% of the samples) at HW and 3 times (4% of the
samples) at SC. No exceedances of PMj 5 or PM; were observed at UBG.
The PMy 5 time series at UBG was rather steady and similar to that
measured at a rural site in the Helsinki Metropolitan area (Teinila et al.,
2025), indicating the absence of a dominant local source at UBG,
whereas clear spikes were observed at both traffic sites (Fig. S4). The
calculated coarse particle mass concentrations were 5.9 + 4.5,
15.3 +19.5, and 18.3 + 14.9 pg m > at UBG, HW, and SC, respectively.

The average contribution of BC to PMy 5 and PM;( was approxi-
mately 5% and 3% at UBG, 9% and 2.5% at HW, and 6% and 2% at SC,
respectively. The diurnal profile of BC showed a typical morning rush-
hour peak at all sites and an afternoon peak at the traffic sites (HW
and SC) on weekdays (Fig. S5). At HW, BC concentrations increased
from early afternoon until midnight, with an additional peak at
approximately 9 p.m., possibly indicating biomass-burning emissions
(Fig. S5). It should be noted that the measurements at different sites
were not conducted simultaneously: part of the highway campaign took
place during winter, whereas the urban background campaign was
conducted during summer and autumn, and the street canyon campaign
during spring.

On average, 12%, 15%, and 19% of PM; 5 mass and 22%, 27%, and
29% of PM;( mass were determined by the XRF at UBG, SC, and HW,
respectively. Si had the highest average concentrations at all sites and in
both size fractions except at UBG, where S had the highest concentration
in fine particles. After Si, the next highest average concentrations in
coarse particles were Fe, Al, and Ca, whereas in fine particles, the next
highest concentrations were Si, S, Fe, and either Na (at UBG and HW) or
Ca (at SC).

Most elements exhibited higher concentrations in the coarse particle
fraction than in the fine fraction. For example, Si, Al, Ca, Ti, and Mn had
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more than 80% of their mass in the coarse particle fraction on average.
These elements are typically associated with road dust or soil particles
(Brook et al., 1997). In contrast, only S, Br, and Se showed clearly higher
mass contributions (over 70%) in the fine particle fraction at all sites,
while V, Pb, and Ni had larger mass fractions in fine particles at some
sites. Elements predominantly found in the fine particle fraction are
typically associated with combustion and incineration processes (Corbin
et al.,, 2018; Senior et al., 2020; Vehlow et al., 2003). The average
concentrations of four EU-regulated heavy metals (As, Cd, Ni, and Pb)
were well below the annual limit values. Box plots of some elements and
statistics of all elements used in the source apportionment analysis are
presented in Fig. 1 and Table S3.

3.2. Sources of elements for ambient aerosol

The 5-factor solution was selected to best represent the sources of
elements based on the stability of the factor profiles and their consis-
tency with known pollution sources in the urban environment of Hel-
sinki, Finland. Despite the presence of uncharacterized mass
components (e.g. particulate organic matter), the sum of the identified
factor contributions showed a very high correlation with the PMy5.1¢
(r = 0.99) and PM3 5 (r = 0.81) mass, confirming that the model accu-
rately captures the temporal trends and variability of the sources. The
identification of each source was based on the presence and relative
contributions of commonly used marker elements. The 4-and 6-factor
solutions are described in the Supplementary data, where their time
series, pie charts separated by size fractions, and the contributions of
individual elements to each source are presented (Fig. S6-S10).
Figures for the 5-factor solution are shown in the main text (Figs. 2-5)
and in Fig. S11. The variabilities of the elements’ fractions based on the
DISP-BS analysis in the 5-factor solution are presented in Fig. S12.
Changes in the contributions of the different factors in the 4- to 6-factor
solutions are briefly described below.

Four common factors were identified in all 4-, 5-, and 6-factor so-
lutions. They were named as follows: a mixed factor related to com-
bustion processes with a high fraction of sulphur, hereafter referred to as
Combustion/Secondary inorganic aerosol (SIA), Dust, Salt, and Non-
Exhaust Emission (NEE), the latter primarily associated with brake
wear. The high fraction of sulphur likely in the form of sulphate in
Combustion/SIA indicates that it mainly represented aged aerosol. The
main difference between the 4- and 5-factor solutions was that, in the 5-
factor solution, Salt was split into two separate salt-related factors. The
combined contribution of the salt factors in the coarse particle fraction
was 1-2 percentage points higher in the 5-factor solution than in the 4-
factor solution, while in the fine particle fraction it was 4-10 percentage
points higher. This overall increase in salt contributions mainly origi-
nated from decreases in Combustion/SIA and NEE, particularly in the
fine particle fraction.

In the 6-factor solution, the same five factors were retained, with the
addition of a new factor. The contribution of this new factor was 4-7% in
the fine particle fraction and was mainly derived from Combustion/SIA.
In the coarse particle fraction, the contribution of the new factor was
relatively small (approximately 2%) and did not show a clear dominant
origin. The source of the sixth factor remained unidentified and may
represent a mixture of different sources.

3.2.1. 5-Factor solution

The 5-factor solution showed 17 out of 20 bootstrap runs with quite
similar results. The factors were the same as in the 4-factor solution:
Combustion/SIA, Dust, Salt, and NEE. However, the salt factor was split
into two separate factors: one primarily containing Cl and the other
containing Na and Mg. They were named Fresh salt and Aged salt,
respectively, following Hopke et al. (2020). To ensure that the salt fac-
tors are independent sources and not mathematically split a single
source, the correlation plots between them, colour-coded by meteoro-
logical variables, are presented in Fig. S13. There was not a clear
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Fig. 1. Box plots with 10 and 90% whiskers for selected elements: a) elements mainly in the fine particle fraction (PM,s) and b) elements mainly in the coarse
particle fraction (PM25.19) measured at three different sites in Helsinki, Finland. Note that Si, Al, and Fe are in the unit of pg m~3 and S, Pb, and Br in ngm .

| m Dust  m Comb/SIA  mm Freshsatt

3

m Agedsat  m NEE|

Fraction

Na Mg Al Si P S CI K Ca Ti V Cr Mn Fe Ni Cu Zn Ga Ge Se Br Rb Sr Y Zr Nb Mo Cd Sn Sb Ba Pb

Fig. 2. Contributions of elements to the factor profiles in the 5-factor solution.

correlation between these two salt factors, but there was a slightly
higher fraction of Aged salt, especially in the fine particle fraction when
RH was high. Salt aerosol can react with acids (e.g. nitric and sulphuric
acid), causing chloride depletion, which has been shown to decrease
with increasing particle size in supermicron particles (Yao et al., 2003).
Most of Fresh salt was present in the coarse particle fraction, whereas
Aged salt was distributed roughly equally between the fine and coarse
particle fractions. The origin of these salt factors may include both road
salt, typically used for de-icing in winter, and sea salt. Na, Cl, and Mg
have been commonly used as tracers for sea and road salt factors

(Borlaza et al., 2021). The Mg/Na ratio in Fresh salt (0.05) was lower
than the typical ratio in seawater (0.12), indicating that at least partly
Fresh salt originated from road salt, which is typically dominated by
NaCl. Conversely, the higher Mg/Na ratio in the Aged Salt factor may
indicate an additional Mg source besides sea or road salt.
Combustion/SIA had the majority of its mass in the fine particle
fraction, whereas Dust and NEE were predominantly in the coarse par-
ticle fraction. Most of S, Ni, V, Se, Br, Pb, and Nb were associated with
Combustion/SIA. Low or moderate correlations between BC and Com-
bustion/SIA (r: 0.29 at HW, 0.55 at SC, and 0.66 at UBG) indicate that
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Fig. 3. Pie chart of the 5-factor solution: a) fine particle fraction and b) coarse particle fraction.

the origin of this source was mainly regional or long-range transport, as
based on the diurnal profile of BC (Fig. S5), the main source of BC was
local traffic. S, Ni, V, and Se are typically emitted from combustion
processes such as fossil fuel combustion (e.g. coal-fired power plants,
marine engines, Hopke et al., 2020). Historically, Br and Pb have been
associated with combustion of leaded gasoline (Paciga et al., 1975);
nowadays, Br is linked to electronic and plastic waste incineration, while
Pb is associated with industrial processes, internal combustion engines,
and waste incineration (Thorne et al., 2018; Vehlow et al., 2003).

Dust contained the majority of Al Si, Ti, and Mn. For example, Si, Al,
Ca, and Ti are typically found in soil dust, whereas Mn and Zr are often
associated with road dust (Reizer et al., 2021). The majority of Cr, Fe,
Cu, Zr, Zn, and Ba were found in NEE, primarily representing brake wear
emissions (see section 3.4), although this factor is named as NEE in this
study. In some studies, Zn has also been used as a tracer for tyre wear (e.
g. Hicks et al., 2021).

Fig. 2 presents a bar graph of the factor profiles and Fig. 3 shows the
contributions of factors as pie charts across different sites and size
fractions.

A recent study of 24 urban sites across Europe revealed seven sources
of PM;¢ particles: road traffic, biomass burning, crustal sources, sec-
ondary aerosol, industrial emissions, sea salt, and heavy oil combustion
(Liu et al., 2025). That study has used the following tracers for road
traffic which include both exhaust and non-exhaust emissions:
elemental carbon (EC), organic carbon (OC), Fe, Cr, Mn, Cu, Sb, Sn, Ba,
and Zn. Excluding EC and OC, which were not included in our source
apportionment study, Fe, Cr, Cu, Ba, and Zn were primarily associated
with NEE, whereas Mn and Sb had the highest contribution in Dust and
the second highest in NEE.

For the crustal source, Liu et al. (2025) used Ca, Al, K, Mg, Ti, P, Sr,
Rb, and Mn as tracers. In our study, Dust had a majority of Al, Ti, Mn,
and Sr, some contributions of Ca and Rb, whereas K, Mg, and P had
notable contributions in some other factors.

The tracers for industrial emissions, fuel-oil combustion, and sec-
ondary aerosol in the study of Liu et al. (2025) included As, Cd, Cr, Cs,
Co, Ni, Pb, Rb, Se, V, Zn, EC, OC, and secondary inorganic ions (sul-
phate, nitrate, ammonium). The combination of these factors resembled
Combustion/SIA in our study, in which Ni, Pb, Se, V, and S were also
predominantly associated with Combustion/SIA. As, Co, and Cs were not
included in our PMF analysis, and the rest of the tracer elements i.e. Cd,
Cr, Rb, and Zn, from the study of Liu et al. (2025) were either distributed
across multiple factors or contributed notably to other factors.

It should be noted that comparisons between different studies are
challenging because the variables are not identical and may have been
analysed using different analytical methods. Additionally, the naming of
the sources is not uniform across studies.

3.2.1.1. Dust factor. The highest average concentrations and contribu-
tion of the factors had Dust, regardless of the particle size or sites, except

at UBG, where the highest contribution in fine particles had Combus-
tion/SIA (Fig. S11). Highest concentrations at the traffic sites occurred
during springtime in the coarse particle fraction (Fig. 4 and S14). In
addition, the contribution of Dust in the coarse particle fraction was
elevated during springtime (Fig. S15). At UBG, the measurement
campaign was conducted during summer-autumn, thus outside the
typical road dust season. The lowest contribution of Dust was observed
during wintertime (Fig. 5 and S15), when the road surface was mostly
covered (wet, damp, snowy, icy, or slushy), preventing dust from being
resuspended from the road surface into the air. On average, Dust
accounted for 27-34% of the coarse particle mass, depending on the site,
when the most common crustal elements (Al, Si, Ti, Fe, Mn, Ca, Na, and
K) were converted to their corresponding oxides, typically present in the
Earth's crust (Pease et al., 2023). In contrast, the contribution of Dust to
fine particles was much lower (5-12%).

In a long-term study by Masri et al. (2015), the dust factor in the
Boston urban area accounted for, on average 4% and 62% of the fine and
coarse particles mass, respectively. However, in their study, the Fe-to-Si
ratio was higher than that of the Earth's crust (Taylor, 1964), indicating
that dust also contained brake wear particles. A much lower contribu-
tion of dust to the coarse particle fraction (16%) was reported by Crilley
et al. (2017), whose study was conducted during the summertime at an
urban background site in London.

Dust was not explicitly classified as road or mineral dust in this study.
Road dust typically also includes resuspended brake and tyre wear
particles. However, in this study, the source of non-exhaust emissions
was separated into its own factor, meaning that brake and tyre wear
particles were not included in Dust. Nevertheless, in urban areas,
sanding and pavement wear associated with the use of studded winter
tyres in northern European countries can substantially increase dust
levels (e.g. Kupiainen et al., 2016). According to Kupiainen et al. (2016),
sanding material accounted for approximately 25% of road dust in PM;,
with the so-called “sandpaper effect” contributing a few additional
percentage points. The major source of road dust in that study was
mineral dust generated by pavement wear caused by studded tyres.

In addition to wear and resuspension processes, other potential
sources of dust included airborne soil particles and construction dust.
The Ca-to-Al ratio has been used to estimate the presence of construction
dust (Crilley et al., 2017). The enrichment factor (EF) for Ca, calculated
using Al as a reference element and the upper continental crustal
composition (Yaroshevsky, 2006) indicated that the construction dust
did not have a major effect on the content of Dust in this study. The
campaign-average EF was close to unity (1.1-1.6) for coarse particles in
Dust.

The concentrations of road dust depend on several factors, including
traffic volume, dispersion conditions, road maintenance activities, road
surface wetness, and surface dust loading and suspension. Surface
moisture has been shown to be essential in determining retention of
particles on the surface, subsequent suspension, and removal of the
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Fig. 4. Time series of the 5-factor solution separated by sites and size fractions at urban environments in Helsinki: a) Combustion/SIA, b) Dust, ¢) Fresh salt, d) Aged

salt, and e) NEE.

surface dust through drainage and vehicle spray (Denby et al., 2013).
When snow melted in springtime, the surfaces of roads were damp on
many days, as shown in Fig. S2. However, the variation was large, and
there were also days when the road surface was dry (Fig. S2). On these
days, the concentrations and contribution of Dust in the coarse particle
fraction were highest (Figs. 4 and 5), indicating that dust accumulated
during the snow-covered period was resuspended once the streets dried
out.

3.2.1.2. Combustion/SIA factor. Combustion/SIA had the second-

highest contribution to fine particles at HW and SC and the highest
contribution at UBG (Fig. S11). No clear difference between the sites was
observed (Fig. 4). The highest monthly median concentration occurred
in August (Fig. S14). Also, PM; 5 had some higher mass concentrations in
August, and the WHO daily guideline value (15 pg m~>) was exceeded
twice. Based on the HYSPLIT backward trajectory model (Rolph et al.,
2017; Stein et al., 2015), air masses arrived in the Helsinki metropol-
itan area from south-southeast (Fig. S16) during the period of elevated
concentration of Combustion/SIA in August (Fig. 4). Similarly, PMy 5
concentrations at the rural site in the Helsinki metropolitan area were
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also elevated (Fig. S4).

Sulphur had the highest concentration within this factor. The
average sulphur concentration in the fine particle fraction was
280-340 ng m >, depending on the site, while the element with the
second-highest concentration was 10-20 times lower than sulphur. In
many source apportionment studies, sulphur-dominated factors have
been identified as secondary inorganic aerosol (e.g. Crilley et al., 2017;
Liu et al., 2025; Makkonen et al., 2023; Wang et al., 2024). It has been
suggested that combustion sources act as a major precursor for sec-
ondary aerosol formation (Wang et al., 2024). Also in this study, Com-
bustion/SIA likely originated from a mixture of combustion sources and
was further processed during atmospheric transport. The exact origins of
this factor could not be resolved using the methods applied in this study.
By using only elements in the source apportionment analysis, the sour-
ces of secondary aerosol from combustion processes are difficult to
separate properly. Therefore, the term Combustion/SIA has been used in
this study to represent aged aerosol originated from different processes
likely associated with this factor.

In this study, inorganic ions (sulphate, nitrate, and ammonium) were
not determined. However, assuming that sulphur was present domi-
nantly in the form of (NH4)2SO4, (Masri et al., 2015), Combustion/SIA
accounted for approximately 12-22% of the fine particle mass. The
actual contribution may be higher, as the concentrations of nitrate were
not considered.

3.2.1.3. Fresh and Aged salt factors. The average contributions of Fresh
salt and Aged salt were similar in both size fractions at HW. However, at
UBG and SC, Aged salt had a higher contribution than Fresh salt in fine
particles, whereas the opposite was observed in coarse particles
(Fig. S11). This pattern indicates that more chlorine depletion occurred
in fine particles at these sites. The two main elements in the salt factors
were Na and Cl, with the highest average concentrations in both size
fractions observed at HW and the lowest at UBG. The campaign at HW
was conducted during winter and spring, whereas at UBG, the campaign
was conducted during summer and autumn. The combined average
contribution of the salt factors was 17%, 19%, and 8% in the fine particle
fraction and 18%, 17%, and 11% in the coarse particle fraction at UBG,
HW, and SC, respectively. The average ratio of the salt factors to PMj 5
was 0.3-1.8% for Fresh salt and 0.7-1.6% for Aged salt, while the ratio
to PMjg.2.5 was 2.3-5.3% for Fresh salt and 0.6-2.7% for Aged salt,
depending on the site.

As stated before, the salt factors might originate from sea salt or road
salt. In cold-climate regions, substantial amounts of road salt are used
for de-icing to maintain traffic safety during winter. Most of the salt is
removed through drainage, but a certain amount can become resus-
pended into the air and contribute to particulate matter concentrations.

According to Denby et al. (2016), approximately 0.5% of the total salt
applied to roads can be released into the air as PMjo. In our study,
highest concentrations of Fresh salt occurred during winter or early
spring in the coarse particle fraction (Fig. 4 and S14). Highest contri-
butions of Fresh salt were also observed during winter months, when the
contribution of Dust was lowest (Fig. 5 and S15). At HW, up to 85% of
the sources contributing to daily values in the coarse particles fraction
were attributed to Fresh salt (Fig. 5). Similar findings of elevated
wintertime road salt concentrations have been reported in the USA
(Kolesar et al., 2018). It is therefore likely that pronounced Fresh salt
concentration peaks, particularly in winter, originated from road salt.
The concentrations of Aged salt in fine particles were lowest during the
summer months, whereas no clear seasonal dependence was observed
for coarse particles (Fig. 4 and S14).

The possibility to distinct road salt and sea salt was investigated
using the conditional bivariate probability function (CBPF; Fig. S17).
The analysis showed that the highest Fresh salt concentrations (75th
percentile) at HW, in both the fine and coarse particle fractions, were
most frequently associated with westerly winds. For Aged salt, high
concentrations were associated with westerly and south-westerly winds,
the latter potentially indicating a marine influence. At UBG, south-
westerly winds were also associated with high Fresh and Aged salt
concentrations. At SC, the street canyon character limited the interpre-
tation of source origins. Overall, the CBPF analysis did not allow a clear
distinction between road salt and sea salt sources.

3.2.1.4. Non-exhaust emissions factor. The average contributions of NEE
in both size fractions were similar at the traffic sites (8-11%) and
slightly lower at UBG (4-7%, Fig. S11). Even though NEE and BC are
both associated with traffic emissions, they were not strongly correlated
(Pearson r: 0.44, 0.51, and 0.65 at UBG, HW, and SC), which was ex-
pected because their formation processes differ. Traffic-related BC is
primarily associated with diesel exhaust emissions, especially with older
diesel vehicles without particle filters. In contrast, non-exhaust emis-
sions such as brake dust depend primarily on braking intensity, brake
material composition, and street conditions such as surface moisture. In
addition, BC is typically emitted as fine particles, whereas NEE
contributed more to the coarse particle fraction (Fig. 4). The diurnal
profile has been presented to be different for BC and coarse particle mass
concentrations (Teinila et al., 2025).

Based on the laboratory experiment of brake wear (see 3.4),
approximately 57-78% of the mass was analysed, indicating that NEE
contributed roughly 2-5%, 3-7%, and 1-3% to PM;o, PMs5.19, and
PM, 5, respectively. These estimates assumed that NEE originated pri-
marily from brake wear and that, on average, similar brake pads were
used in the urban environments as in the laboratory study.
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Although the average contributions to the fine and coarse particle
fractions were relatively similar, highest concentrations clearly occurred
in spring in the coarse particle fraction (Fig. 4 and S14). On a monthly
basis, the highest median concentration in the coarse particles fraction
was observed in May followed by April, during periods when measure-
ments were conducted at the traffic sites. Lowest concentration occurred
in summer and autumn, when measurements were conducted at UBG
(Fig. S14).

The separation of exhaust and non-exhaust emissions is not common,
as they are typically combined into a single traffic factor (e.g. Liu et al.,
2025). Furthermore, in many studies, road dust has been included as
part of non-exhaust emissions (e.g. Piscitello et al., 2021 and references
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therein). In the study by Wahlin et al. (2006), exhaust emissions, road
dust, and brake wear have been separated into distinct factors. The main
elements associated with brake wear in that study included Fe, Cu, Ba,
Sb, Sn, and Mo, which largely correspond to those identified in the
present study. A recent study has shown that mineral dust and road
traffic emissions, especially brake-wear tracers such as Fe, Cu, Ba, and Sb
are relatively more enhanced in urban environments (Grange et al.,
2021) compared to rural environments. Consequently, the relative
contribution of NEE is expected to increase due to improvements in
exhaust after-treatment technologies and the transition towards a more
electrified vehicle fleet.

Over recent decades, regulations targeting exhaust emissions have
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Fig. 6. Size distributions of selected elements at the street canyon site. Note the different y-scales.



M. Aurela et al.

led to a notable reduction in anthropogenic trace element concentra-
tions. Therefore, non-exhaust emissions constitute an increasingly
dominant proportion of road transport-related particle emissions. Non-
exhaust emissions of particles arise mainly from four separate sources:
brake wear, tyre wear, road surface wear, and the resuspension of road
dust particles during on-road vehicle usage. Those particles are pro-
duced primarily through abrasion rather than combustion or chemical
processes, meaning that, in terms of mass, they predominantly occur in
the coarse particle fraction (PMj5.19) rather than in the fine particle
fraction (PMy s).

3.3. Size distribution of elements at the street canyon site

The size distributions of elements were measured at SC in 2024. A
total of 11 Nano-MOUDI collections were conducted, with a collection
time of 2-5 days. Average mass size distributions for selected elements
are shown in Fig. 6. Elements primarily associated with dust (Al, Si, Ti)
were detected exclusively in the coarse particle size range. Similar size
distributions, characterised by a dominant coarse mode at approxi-
mately 4-5 pm for crustal elements, have been presented by Salma et al.
(2005). Elements largely attributed to non-exhaust emissions, such as Fe
and Ba, were also predominantly found in the coarse size fraction.
However, Cu and especially Zn had an additional mode in the fine size
fraction (<1 pm), suggesting the presence of sources other than NEE.
Consistent with this observation, the source apportionment analysis
indicated that Zn was also associated with Combustion/SIA (Fig. 2),
which was mainly present in the fine particle fraction (Fig. 3). In the
study by Harrison et al. (2012), Ba, Fe, and Cu have been linked to
traffic-related sources with a dominant mode at approximately 3 pm and
identified as constituents of vehicle brake wear. S, which was mainly
associated with Combustion/SIA, was found only in the fine particle
fraction, while V had some mass also in the coarse size range. In addition
to Combustion/SIA, V was also associated with Dust and Aged salt. S is
typically linked to high-temperature processes or anthropogenic sources
and has a unimodal size distribution with most of the mass in the fine
particle fraction (Salma et al., 2002). In contrast, V has been reported to
have bi- or multimodal size distributions, with a dominant mode in the
fine particle fraction (Taiwo et al., 2014). Elements associated with Aged
salt and Fresh salt (Na, Cl, Mg) were predominantly found in particles
larger than 1 pm, but generally at smaller sizes than those associated
with Dust and NEE.

3.4. Laboratory study of brake wear particles

The elemental composition of brake wear particles which were
emitted from the brake pad and brake disc during dynamometer tests
was compared with the elemental composition of NEE that was assumed
to be mostly related to the particles released from the brakes. In the
laboratory measurements, Fe had the highest contribution of analysed
elements for both pad types, 85% for Padl and 66% for Pad2 (Fig. 7).
Also, Fe had the highest contribution (60%) in NEE in ambient mea-
surements, but not as high as in the dynamometer test. Naturally, brake
discs also contain iron, and the high fraction of iron most likely origi-
nated from both the brake discs and the pads. The next-highest contri-
butions for Padl were Cu (4.4%), Zn (1.6%), Si (1.4%), and Sn (1.2%),
whereas for Pad2 they were Ba (7.7%), Ca (5.9%), Cu (4.5%), Ti (3.4%),
Sn (3.2%), and Si (3.2%). In ambient measurement, the next-highest
contributions in NEE were K (12%), Si (11), Ca (7.2%). The contribu-
tions of Cu, Zn, and Ba in NEE were 1.4, 1.9, and 1.1%, respectively. Sn
and Ti were negligible in NEE. The sum of all analysed elements covered
76-78% of the weighed mass for Padl-type samples and 57-74% for
Pad2.

Brake wear particles may have different chemical compositions in
emissions, depending on the type of brake assembly and the specifica-
tions of the vehicle. There are three major types of brake lining, referred
to as non-asbestos organic (NAO), low metallic, and semi-metallic.
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Ceramic linings are also used on some of the more expensive vehicles.
Padl was categorized as low/semi-metallic and Pad2 as NAO. The
elemental composition of seven different brake pads is shown in
Fig. S18. It shows that there are differences in the composition of brake
pads, but most of the pads were dominated by Fe. For Cu, Zn, and Ba, the
contribution depended largely on the brake pad. According to literature,
certain elements stand out in brake-wear particles, which are Fe, Cu, Ba,
and Sb (Grigoratos et al., 2020; Harrison et al., 2021; Hulskotte et al.,
2014; Thorpe and Harrison, 2008). The last three, Cu, Ba, and Sb,
have all been used as chemical tracers for brake wear in source appor-
tionment studies (e.g. Hicks et al., 2021; Thorpe and Harrison, 2008).
Especially, Ba is identified as the tracer of brake wear as it is less
influenced by the contribution of other sources (Gietl et al., 2010). In our
study, Fe, Ba, and Cu were also found at higher contributions from
emissions of brake pads, but not Sb, which was found in only one of the
seven brake pads. The other elements with higher contribution in our
laboratory study (Ca, Sn, and Zn) have also been found in emissions of
brake wear (e.g. Thorpe and Harrison, 2008; Wahlin et al., 2006).
However, especially Ca and Zn are not specific for brake wear as they
also have other sources. For example, Zn has also been used as a tracer
for emissions of tyre wear (Hicks et al., 2021) but its source is also for
example municipal solid waste burning and biomass burning (Schlosser
et al., 2017; Timonen et al., 2021), whereas Cu has both natural and
other anthropogenic sources (e.g. soil dust, construction and demolition,
Harrison et al., 2004) than brake wear.

4. Conclusions

Urban air contains trace elements from natural and anthropogenic
sources, many of which harm human health and the environment. This
study analysed the elemental composition of over 700 samples at three
sites and two size fractions (PM;o and PMy 5) in urban environments in
Helsinki, Finland, using the XRF technique. Two of the sites were
considered traffic sites—one located beside a highway and the other in a
street canyon—while the third represented the urban background of
Helsinki. On average, 12-19% of the PMy 5 mass and 22-29% of the
PM;( mass were quantified by the EDXRF.

The multi-linear engine algorithm was used to identify sources of
elements in the fine (PMy5) and coarse particle fraction (PMs5.1¢0).
Based on the stability of factor profiles and their consistency with known
pollution sources, a 5-factor solution was selected to best represent the
sources of elements in the urban environment. The factors were iden-
tified as Dust, Fresh salt, Aged salt, Non-Exhaust Emissions (NEE), and a
mixed factor called as Combustion/SIA. The majority of S, Ni, V, Se, Br,
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and Pb were in Combustion/SIA, whereas the majority of Cr, Fe, Cu, Zr,
Zn, and Ba were in NEE. The main elements in Dust were Al, Si, Ti, and
Mn, whereas Na and Mg were in Aged salt, and Cl in Fresh salt.

A few size distribution measurements were conducted with a cascade
impactor (MOUDI) at SC. Tracer elements, i.e. S for Combustion/SIA, Si
for Dust, and Ba for NEE showed peaked concentrations at size ranges of
0.32-0.56 pm, 5.6-10 pm, and 3.2-10 pm, respectively. For tracers of
Fresh salt and Aged salt, the mass size distributions of Cl and Na were
bimodal with peak concentrations at 1-1.8 pm and 3.2-5.6 pm.

Combustion/SIA had most of the mass in PMy 5, whereas the other
factors were dominated by PMjs5.10. Although the contribution of
Combustion/SIA to PM, 5 varied notably (21-56%), the concentration
level was similar across all sites, likely indicating that the main origin
was regional or long-range transport. Combustion/SIA was estimated to
be aged aerosol and represent several combustion sources. These sources
could not be separated by using PMF because of the limited elemental
tracers for aged aerosol from combustion sources.

Dust was the dominant contributor to particulate matter mass across
sites and particle sizes (50-78%), except at the urban background site,
where Combustion/SIA dominated the fine particle fraction. Seasonal
variation strongly influenced Dust, with the highest concentrations
observed during springtime in the coarse fraction at traffic sites, linked
to the drying of the road surface and resuspension of dust following
snowmelt. In contrast, wintertime levels were lowest due to reduced
resuspension under cold and moist conditions.

The contribution of Fresh salt and Aged salt varied by site and
particle-size fraction (2-16%). Seasonal variation was evident, with
Fresh salt concentrations peaking during winter and early spring in the
coarse fraction, coinciding with typical road-salting periods. At the
highway site, Fresh salt accounted for up to 85% of coarse-particle
sources during winter days with minimal Dust influence, strongly sug-
gesting that road salt was occasionally the dominant source.

NEE contributed similarly to both fine and coarse particle fractions at
the traffic sites (8-11%) and slightly less at the urban background site
(4-7%). Despite similar average contributions across particle sizes, the
highest NEE concentrations occurred during springtime in the coarse
fraction, with peak median values in April and May. The clear seasonal
and site-specific variability indicated that traffic activity and road-
surface conditions strongly influence NEE emissions. Brake wear was
assumed to be the main contributor, an assumption supported by labo-
ratory brake-wear experiments showing similar elemental composition
to NEE.

Overall, the results demonstrate that traffic-related
sources—including mineral and road dust, wintertime road salting,
and non-exhaust emissions such as brake wear—are dominant contrib-
utors to particulate matter in urban environments. Their influence is
particularly pronounced during dry spring conditions, emphasizing the
need to mitigate pavement wear (mainly caused by studded winter tyres
and brake wear), optimize road salting and sanding practices, and
enhance springtime dust-control efforts to reduce urban PM emissions.
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