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ABSTRACT

Estimates of tyre and brake wear emission factors are presented, derived from data collected from roadside and
urban background sites on the premises of the University of Birmingham, located in the UK’s second largest city.
Size-fractionated particulate matter samples were collected at both sites concurrently in the spring/summer of
2019 and analysed for elemental concentrations and magnetic properties. Using Positive Matrix Factorisation
(PMF), three sources were identified in the roadside mass increment of the 1.0-9.9 pm stages of MOUDI im-
pactors located at both sites, namely: brake dust (7.1%); tyre dust (9.6%); and crustal (83%). The large fraction
of the mass apportioned to crustal material was suspected to be mainly from a nearby construction site rather
than resuspension of road dust. By using Ba and Zn as elemental tracers, brake and tyre wear emission factors
were estimated as 7.4 mg/veh.km and 9.9 mg/veh.km, respectively, compared with the PMF-derived equivalent
values of 4.4 mg/veh.km and 11 mg/veh.km. Based on the magnetic measurements, an emission factor can be
estimated independently for brake dust of 4.7 mg/veh.km. A further analysis was carried out on the concurrently
measured roadside increment in the particle number size distribution (10 nm-10 pm). Four factors were iden-
tified in the hourly measurements: traffic exhaust nucleation; traffic exhaust solid particles; windblown dust; and
an unknown source. The high increment of the windblown dust factor, 3.2 pg/m®, was comparable in magnitude
to the crustal factor measured using the MOUDI samples (3.5 pg/m®). The latter’s polar plot indicated that this
factor was dominated by a large neighbouring construction site. The number emission factors of the exhaust solid
particle and exhaust nucleation factors were estimated as 2.8 and 1.9 x 10'2/veh.km, respectively.

1. Introduction

the UK government to legal targets for future reduced concentrations of
PM, 5. On the international scene, the updated WHO guidelines (WHO,

Air pollution presents a major public health risk, ranking alongside
cancer, heart disease and obesity, and poses the single greatest envi-
ronmental risk to human health. As well as human health impacts, air
pollution has implications for the natural environment and for the
economy. In January 2019, the UK government committed to a Clean
Air Strategy which sets out actions designed to achieve a reduction in
particulate matter (PM) concentrations. Subsequent legislation commits

2022) recommend challenging targets for concentrations of both PM5 5
and PM;y. Non-exhaust emissions (NEEs) are estimated to make up the
majority of primary PM from road transport, 60% of PM; 5 and 73% of
PM; in the UK (AQEG, 2019), due to the tightening of EURO exhaust
emission requirements.

The key contributors to non-exhaust PM are resuspended road dust
and brake, tyre and road surface wear, with minor contributions from
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clutch and engine dust (Pant and Harrison, 2013). The estimated
contribution of each constituent to non-exhaust PM; varies depending
on the sampling location and measurement method (Amato, 2018; Lin
etal., 2022; Liu et al., 2022; Matthaios et al., 2022; Harrison et al., 2021;
Men et al., 2022; Park et al., 2021; Song et al., 2022). So far, relatively
few studies have focused on investigating tyre wear emissions, but have
shown that tyre wear particles could contribute up to 11% of total PM;¢
(Baensch-Baltruschat et al., 2020). The latter report tyre wear emission
factors for vehicles of different weights on urban roads ranging between
3.8 and 1500 mg/veh.km for motorcycles (TWMV) to heavy duty ve-
hicles (HDV), and Gopmann et al. (2021) report a truck to car tyre wear
ratio in environmental samples between 11:1 and 16:1.

In this study, we measured the size-fractionated increase in airborne
particle mass across 10 stages of MOUDI impactor samplers located at 2
sites in the UK second largest city, Birmingham. The data were used to
estimate brake and tyre wear emission factors using the elemental tracer
methodology of Harrison et al. (2012) and the known magnetite con-
centrations in brake wear (Gonet et al., 2021b). The value of elemental
tracers of non-exhaust sources has been confirmed in the work of Gri-
goratos and Martini (2014) and Charron et al. (2019) and reviewed in
Piscitello et al. (2021) and Harrison et al. (2021). The same tracers as
used by Harrison et al. (2012) have been applied by Hicks et al. (2021)
while using faster response measurement techniques. The use of mag-
netic properties of particles in this application has not previously been
reported. Additionally, in our study, particle size distributions from 10
nm to 10 pm were simultaneously measured at both sites, and the
roadside increment data subjected to Positive Matrix Factorisation
(PMF) to throw further light on source contributions.

2. Materials and methods
2.1. Birmingham receptor sites

With a population of 1.14 million in 2019 (ONS, 2020), the UK’s
second largest city, Birmingham, is the focus of our study, conducted at
two receptor sites which monitor air quality, namely the Bristol Road
Observatory Site (BROS; roadside) and Birmingham Air Quality Site
(BAQS; urban background). At these sites (separated by 0.93 km, see
Fig. S1). According to the West Midlands road traffic statistics, 4.21
billion vehicle miles were travelled on roads in Birmingham in 2019, of
which 3.44 billion were by cars and taxis. PM samples were collected
simultaneously over a continuous seven-week period (June 04,
2019-July 23, 2019, Table S2).

2.1.1. Bristol Road Observatory Site (BROS)

The Bristol Road Observatory Site (BROS) (LAT = 52° 26’ 49.711" N
and LONG = 1° 55 42.074” W) is located between two busy traffic-
lighted junctions within the University of Birmingham grounds and
overlooking the Bristol Road (A38). The first road junction is west of the
site, and funnels traffic in and out of Selly Oak, and around the new A38
route passing along the perimeter wall of the University to the New
Fosse Way. At the second junction, the dual carriageway of the A38
intersects with a minor road (Bournbrook Road) and the South Gate
entrance to the University. At the sampling location, the A38 road runs
along a 68° — 248° axis past the site. North of the road is the University
campus and south of the site is a dense residential area. The road has an
annual average daily flow between the two junctions (referred to as the
Aston Webb Boulevard) of 26,027 vehicles per day, consisting of a 97%/
3% light duty vehicle (LDV) to HDV mix. This mix can be further dis-
aggregated as: 84.2% cars and taxis; 9.4% LGV; 1.8% rigid HGVs; 0.8%
articulated HGVs; 2.2% coaches and buses; and 1.6% TWMYV [Bristol
Road, Birmingham — Manual Traffic Survey: Tuesday, May 21, 2019,
Produced by Streetwise Services Ltd and commissioned by Birmingham
City Council]. The road has a 30 mph speed limit and a speed camera
after the sampling site on the east-bound carriageway which limits
traffic speed.
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2.1.2. Birmingham Air Quality Site (BAQS)

The Birmingham Air Quality Site (BAQS) Site (LAT = 52° 27/ 19.872"
N and LONG = 1° 55’ 44.213"” W) was used to quantify the local urban
background concentrations. BAQS is one of four air quality supersites in
the UK. The Birmingham facility is located within a self-contained cabin
in a small green space within the grounds of the University, which itself
is surrounded by green space residential and campus facilities. There is a
railway line 84 m NW of the site and the nearest roads are: Farquhar Rd
(177 m); Edgbaston Park Road (132 m); and Pritchatts Road (262 m).
The next largest facility is the Queen Elizabeth Hospital (1.1 km) and the
edge of the city centre (taken as the A4540 inner ring-road) is 2.1 km to
the NE. Edgbaston Park Road (130 m) carries roughly 4800 vehicles per
day and Vincents Drive (316 m) which takes traffic from Pritchatts Road
(265 m) and Farquhar Road (178 m) to the Hospital (1 km) carries
roughly 6814 vehicle per day (DfT Road Traffic Statistics for counting
sites 945,338 and 947,763: https://roadtraffic.dft.gov.uk/local-authorit
ies/141).

2.2. Micro-Orifice Uniform Deposit Impactor (MOUDI)

Our earlier work has shown the value of measurements at roadside
and urban background sites for estimating the impacts of road traffic
emissions (Gietl et al., 2010; Harrison et al., 2012; Harrison and Bed-
dows, 2017). In this study, we measured the size-fractionated increase in
airborne particle mass across 10 stages (Table S2) of MOUDI impactor
samplers located at 2 sites in Birmingham.

Described in detail by Marple et al. (1991), the Micro-Orifice Uni-
form Deposit Impactor (MOUDI) is a cascade impactor which — rather
than collecting all suspended PM for typical PMF studies onto a single
filter according to whether air is sampled with a PMj 5 or PM; inlet —
collects size fractions on 10 rotating stages (Table S1). Alternate nozzle
and impaction stages rotate distributing the deposited aerosol uniformly
around the filter. A total suspended particle (TSP) inlet was used on the
MOUDI, and air was sampled at a flow rate of 30 L/min. Each of the 9
upper stages were loaded with PTFE filter substrates and subsequently
analysed in the laboratory.

2.3. Laboratory analysis

The main analysis was carried out using Inductively coupled plasma
(ICP) - optical emission spectroscopy (-OES) and mass spectroscopy
(-MS), supplemented by wavelength dispersive X-ray fluorescence (WD-
XRF) and magnetic property measurements. WD-XRF was used to
measure Fe, Si and Al concentrations. The magnetic measurements
included saturation isothermal remanence magnetisation (SIRM), and
anhysteretic remanence magnetisation (ARM), together with magnetic
component analysis to quantify concentrations of metallic (zero-valent)
Fe and magnetite.

Full details of analytical methods are given in the Supplementary
Information.

2.4. Two-step PMF analysis of MOUDI concentration measurements

In air quality work, PMF is routinely applied to time series of data in
the form of mass concentration measurements, number concentration
size distributions, mass spectrometer ion intensities, to name but a few
applications. By the nature of campaign cascade impactor measure-
ments, time series are short in comparison, and in this case, consist of
weekly time steps over a campaign of 7 weeks (Table S2). Each weekly
measurement consists of 10 filter measurements across the mass size
distribution (0.1-40 pm; see Table S1 for size fractions) resulting in 140
fractionated filters, each analysed for elemental concentration, ™X, and
magnetic properties, *X. However, in line with the proxy measurements
described in Section 3.3, following protocols developed by Harrison
etal. (2012), only 4 coarse fractions covering 1.0-9.9 pm were used and
we considered only the roadside increment, i.e. the concentration
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difference between BROS and BAQS. Furthermore, on closer inspection
of the data, Week 3 was not deemed suitable (since a clear roadside
increment could not be clearly identified in the data) to be included in
the analysis, reducing the dataset down to 24 rows.

Hence the MOUDI input matrix X, comprised 24 rows i of elemental
concentration and magnetic properties j, for analysis by PMF using a
two-step approach.

In the first step, the elemental concentration data (™X) was modelled
using equation (1) by factors ™G and ™F. In order to ensure that the
number of explanatory variables was no more than 1/3 of the number of
rows of data (recommended for stable PMF), the elements used in the
first PMF step were limited to Al, Si, Ca, Cu, Ba, Sn, Fe and Zn. Runs were
attempted with a larger number of elements as explanatory variables,
but this did not reveal any further insights.

"X =G, oF, (@]

The elemental factors common to all measured stages were repre-
sented by matrix ™F and their contribution to each of the 4 stages for
each of the six weeks was given by ™G. A more detailed description of
PMF as applied in this work can be found in Section S4.

In the second step, the matrix G; was combined with the magnetic
properties (*X) and subsequently modelled by equation (2).

[G1,”X] =G, o*F 2

An fkey matrix was used as a priori information with sufficient
pulling strength such that G; = G,. A two-step PMF approach was taken
with this dataset initially because a successful model could not be ach-
ieved using an input matrix combining both the elemental concentra-
tions and magnetic measurements.

2.5. Number size distribution and merging procedure

Particle number size distribution (NSD) data were collected using an
SMPS. At BROS, the SMPS comprised a TSI 3080 Electrostatic Classifier
with a TSI 3081 DMA and a TSI 3775 CPC and measured from 14.6 to
615 nm using 64 channels per decade. Likewise, at BAQS, the SMPS
comprised a TSI 3082 Electrostatic Classifier with a TSI 3081 DMA and a
TSI 3750 CPC and measured from 11.8 to 552.3 nm also using 64
channels per decade. Both SMPS were set to collect data over the
quarters of the hour. The Coarse NSD data were collected using either
Aerodynamic Particle Sizer (TSI 3321 APS) or Optical Particle Counter
(TSI 3330 OPC). At BROS the APS collected dN across the size bins
0.523-19.81 pm with a 32 channels per decade and at BAQS the OPC
collected dN across a small number of size bins spanning from 0.308 to
8.749 pm with a 12 channels per decade. Both the APS and OPC
collected a NSD every 5 min.

With regards to sampling inlets, the APS at BROS sampled at 5 L/min
via a vertical 3/8 inch stainless steel sampling tube fitted with a rain cap
passing through the cabin roof. The SMPS sampled from a % inch side
arm in this vertical inlet at 0.3 L/min. In contrast, at BAQS the SMPS
sampled at 1 L/min via a TSI Sampling System for Atmospheric Aerosol
(TSI 3772200) and the OPC sampled at 1 L/min through a separate Y
inch conductive hose.

The NSD measurements were carried out over an 8-week period
(Mon June 17, 2019 — Tues Aug 12, 2019). NSD measurements were
taken at both roadside and background for the first 5 weeks after which
all instruments were run for 3 weeks at the background site for an
intercomparison. All data were aggregated to hourly steps.

For both sites these data sets were merged offline onto one common
size axis from 14.6 to 10,182 nm using the procedure outlined by Bed-
dows and Harrison (2008). In this procedure, the lower tail of the coarse
NSD is fitted to the upper tail of the fine NSD. The coarse NSD is shifted
by converting the aerodynamic or optical size data to mobility diameter
using a free parameter which is optimised by minimising the separation
between the tails of the merged NSD. The free parameter is associated
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with the effective density of the particles of diameters within the over-
lap. The noticeably high noise of the data across the overlap in each
merged NSD pair was addressed by fitting a spline. By assigning a
relatively low weight in the spline over the overlap and the highest
weight to those bins further away from the overlap any measurement
error was smoothed out of the data to give a continuous curve without
any noticeable kinks in the few data measurements. Finally, the datasets
were normalised to the BAQS data using the row of the matrix corre-
sponding to the 2-week intercomparison measurement at the end of the
campaign. The remaining 5 weeks from the matrix were then used to
create a roadside NSD increment that was analysed using the PMF
procedure outlined in the SI.

2.6. Supporting Data

At BROS NOy was measured using a Thermo Model 42i Chem-
iluminescence NO-NO,-NOy Analyzer which was standardised against
the Thermo NOy instrument at BAQS during the intercomparison period.
The average measurements for the two sites are given in Table 1,
showing typical city values for a UK background and roadside site. At
roadside, the NOx, PM; and particle number concentrations were 13.6
pg/m>, 19.5 pg/m> and 7013/cm® respectively, all between 30 and 42%
higher than the concurrent urban background measurements (Table 1).

Meteorological data used in this study (wind direction and wind
speed) were collected from Birmingham Airport (LAT = 52° 27’ 10.080”
N and LONG = 1° 44’ 32.820” W) which is considered to be represen-
tative of the conditions over Birmingham as a whole (Met Office, 2019).
The average temperature and pressure were 16 °C and 1016 mbar,
respectively (Table 1). The rainfall over the sampling periods is given in
Table S2. The weekly rainfall was highest during week 1 and 2. It was
notably wetter in those weeks, and the third, when the total rainfall was
just higher than the yearly average value. These three weeks were also
accompanied by the highest maximum hourly average between 14 and
16 mm/h corresponding to very heavy rain. Weeks 4, 5 and 6 were the
driest sampling periods and hence more conducive to the resuspension
of road dust.

2.7. PMF analysis of NSD measurements

A similar approach to the PMF analysis of the MOUDI data was
carried out on the NSD data whereby the roadside increment was fac-
torised. In contrast to the MOUDI PMF analysis, the hourly time series
were entered as matrix X in equation (3) giving us the capacity to un-
derstand the diurnal behaviour of the sources and link them to meteo-
rological data presented in bivariate plots (Fig. S7). Details of the
analysis are presented in the supporting information.

nsdincrement
hourly X= hnurlyG i Fsource increment (3)

Table 1

Average measurements at the Birmingham sites from June 04, 2019 to July 23,
2019 (mean =+ stdev). A Wilcoxon test showed that the difference (for all: NOx,
NOx, PM, 5, PM;, PN) was significant (p < 0.0001, effect size r = 0.3).

Measurement BAQS BROS

NO, [pg/m°] 9.8+ 11 14+ 10
PM, 5 [ug/m®] FIDAS 8.6 + 5.7 11 +7.5°
PM;, [pg/m>] FIDAS 15+8 20 +11*
Number Concentration [1/cm®] 4950 + 3240 7010 + 3920
Temperature [°C] Elmdon 16 + 4.1 -

Pressure [mbar] Elmdon 1016 £ 7 -

@ Values measured using the merged volume size distribution measured using
a TSI SMPS and APS pair and an estimated particle density of 1.3 g/cm?®,also
indicated by the FIDAS measurements. Klockner et al. (2021) reported the
density of TRWPs was mostly in the range of 1.3-1.7 g/cm®.
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3. Results

The results of the laboratory analyses and the processing of the data
are presented in the following sections starting with the laboratory
measurements.

3.1. Description of the size-fractionated elemental and magnetic
measurements

The size-fractionated measurements for the two sites are presented in
Fig. 1 and the full suite of metals is plotted for all MOUDI stages in
Figs. S4 and S5. From this, the roadside and regional background con-
tributions can be readily distinguished. For example, the mass distri-
butions of Na and Mg, likely to be predominantly from a marine source,
are as expected almost the same for both sites, since a background
marine source would impact both BROS and BAQS to the same extent.
Conversely, there are clear roadside increments for Fe and the magnetic
metrics (SIRM, magnetite, and zero-valent Fe) which are expected to be
associated with brake dust (Gonet et al., 2021a), although resuspension
of road dust can also contribute to the Fe (Piscitello et al., 2021). Ba and
Cu, widely used tracers of brake dust are also elevated at the roadside.
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Al, Ca, Si and Ti, crustal elements associated with resuspension, show a
roadside increment, as does Zn, widely taken as a tracer of tyre wear
(Harrison et al., 2021).

At the roadside, SIRM values (representing the content of ferrimag-
netic, remanence-bearing particles) and metallic Fe (zero-valent Fe)
concentrations were highest for particles ~ 5-8 pm in nominal diameter
(many such particles occur as agglomerations of much smaller, nano-
scale particles; Gonet et al., 2021b). Magnetite concentrations were
highest for particles >10 pm, with a smaller peak evident for particles
~2.5 pm. For all particles >1 pm in size, increments at the roadside
(compared to background values) are observed for all of the magnetic
particle metrics; i.e., for SIRM (86% higher than background), ARM
(representing ferrimagnetic particles ~ 0.03 pm in size, 47%), magnetite
content (76%), and zero-valent Fe (undetectable at the BAQS site).
Notable is that the roadside magnetite content and SIRM vary with PM
size in a similar fashion as previously observed for experimental,
dynamometer-derived brake-wear PM (Gonet et al., 2021b); i.e., with
peaks for particles >10 pm and ~ 5 pm. This consistency is unsurprising
given that the SIRM-carriers for roadside PM are often dominated by
brake-derived particles in urban environments. Indeed, specifically at
this roadside site (BROS), ~ 79-91% of airborne magnetite particles
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Fig. 1. Size fractionated elemental concentrations measured from the MOUDI stages at BAQS and BROS. [Red and blue bars show contribution at BROS and BAQS
respectively; darker red and blue indicate which measurements were used in the PMF and proxy apportionment calculations.]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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originated from vehicle brake systems, as shown in our previous study
(Gonet et al., 2021a). The observation of zero-valent Fe at the roadside
probably reflects the sampling of fresh wear particles from the brake
discs, which rapidly oxidise on mixing with ambient air.

3.2. Evaluation of sources

3.2.1. Sources identified from the elemental data using MOUDI PMF

The application of PMF to the roadside increment elemental con-
centrations identified 3 sources which were associated with brake dust,
tyre dust and crustal material (normally resuspension). When Si was
included in the input matrix, an extra crustal factor was required to
balance the model. This resulted in a 4-factor solution with 2 crustal
factors with high and low Si concentrations, respectively. The profiles of
the Si-free model consisted of 3 factors, for which G and F are presented
in Fig. 2 and S6, respectively. The F matrix represents the roadside
increment in elemental and magnetic metrics of the factors, and G
represents the overall increment which those factors contribute to the 4
MOUDI stages each week. The explained variations EV¢ are included in
Fig. 2 whereas EVy is plotted separately as Fig. S6. Note that for Fig. 2
and S6, the weekly size distribution is given as line graphs but the
overall average campaign size distribution for each factor is included as
a bar chart, the widths of each bar representing the width of the size bin
represented by the MOUDI impactor stage. The explained variation
helps determine how an elemental concentration or magnetic metric
contributes to each factor and is often more useful than the increment
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given in F which often needs a log scale (not used here since F is treated
as secondary to EVy) for all concentrations to be shown.

Considering each source in turn, the brake dust factor is identified by
its strong contribution to Ba and Fe, together with contributions to Cu
and Sn. These elements are expected to be predominantly emitted by
brake wear, while Zn is primarily due to tyre wear and to a lesser degree
from brake wear (Budai and Clement, 2018; Harrison et al., 2021;
Fussell et al., 2022). For a coarse brake wear factor, magnetite (Fe304),
wustite (FeO), haematite (Fe;03), Cu oxides, Sb (III), Sb (V), Sn, Ba, Zr
and Al can be expected to be present (Gonet et al., 2021b; Mulani et al.,
2022). This factor has a mass modal diameter from 3.1 to 6.2 pm,
consistent with values reported previously for brake wear (Harrison
et al., 2021; Gonet et al., 2021b). This characterisation is further sup-
ported by the second step PMF analysis which shows that the brake dust
factor has the highest contribution of all the factors to SIRM, zero-valent
Fe, and magnetite, with a lesser contribution from the crustal (resus-
pension) factor.

Brake-wear PM emissions are very strongly magnetic compared to
other types of emissions in roadside environments (Gonet and Maher,
2019; Gonet et al., 2021b), displaying high SIRM and magnetite contents
(e.g., 100-1000 x higher than exhaust emissions), and also comprise
one of the very few sources of metallic (zero-valent) Fe in roadside PM
(Gonet et al.,, 2021b). Here, factor 3 contributes most to SIRM,
zero-valent Fe and magnetite as indicated by the values of Explained
Variation between 0.24 and 0.42. Given that SIRM for brake-wear PM is
~ 300 higher than that of crustal PM in Birmingham (Gonet et al.,
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Fig. 2. Metal and Magnetic factors: left Size resolved components reconstructed from matrix G; right concentration profiles, matrix F and (b) explained variation
matrix EVy Roadside increment of the factors 1-4 calculated from the G Matrix. [The equivalent plots for the explained variation EV, are given in Fig. S3.].
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2021a, 2021b), it is unsurprising that factor 3 (brake wear) explains a
similar or greater portion of the magnetic metric variation compared to
factor 2 (crustal/construction), even though the factor 2-related emis-
sion factor, EF is more than an order of magnitude higher than that for
factor 3 (brakes) (Table 2). It is also evident that the magnetic metrics
are strongly or moderately correlated with typical brake-wear elemental
tracers; SIRM values are directly correlated with Ba (n = 70; R = 0.74),
Cu (n =70; R = 0.67), and Fe (n = 70; R = 0.88) content, and magnetite
with Ba (n = 70; R = 0.62), Cu (n = 70; R = 0.51), and Fe (n = 70; R =
0.64). In addition, it is also worth pointing out that the crustal factor also
explains a large fraction of Fe, SIRM, ARM, metallic Fe and magnetite
which is likely unnaturally elevated due to mixing of road dust.

Based on our magnetic component analysis (see S5) and the
assumption that brake-wear constitutes ~ 83% of the total airborne
magnetite particles at BROS (Gonet et al., 2021a), we estimate that
brake-wear constitutes an increase (A), APMjy 44 = 0.116 pg/ m3
(particles between 0.9 pm and 9.9 pm).

In contrast, the tyre dust factor makes a small contribution to mag-
netic properties (unsurprisingly, since this a priori information was
included in the model) but makes a strong contribution to Zn, with a
bimodal size distribution with modes between 0.6 and 1.0 pm (excluded
from the analysis) and 6.2 and 9.9 pm. In published work, Oroumiyeh
and Zhu (2021) measured at-wheel brake particles as a unimodal mass
size distribution with a mode diameter of 3-4 pm, whereas their at-tyre
measurements showed particles with a slightly larger mode diameter of
4-5 pm. However, Kreider et al. (2010) found a distribution with a much
greater modal diameter (50-80 pm). The measured distribution is likely
to be determined predominantly not by the emission, but by the atmo-
spheric transport and deposition properties of the particles and the inlet
characteristics of the sampler. The sub-micrometre mode may be due to
exhaust emissions of zinc arising from combustion of zinc-based oil
additives (Harrison et al., 2003), but may also arise from tyre wear.

The crustal factor is identified from the elevated Al and Ca values.
Again, it is accompanied by trace elements and magnetic metrics asso-
ciated with brake wear (Ba, Fe, SIRM, ARM, zero-valent Fe and
magnetite). Such roadside dust is deposited on the road surface and
mixed with the crustal material deriving from roadside soil and mineral
material used in the road surface. The modal diameters are also clearly
well above 10 pm, characteristic of suspended dust.

3.2.2. Sources identified using NSD PMF

The hourly roadside incremental NSD data (10 nm-10 pm) were
analysed using PMF according to the description given in S4.2. Four
factors — using both the number and volume size distributions calculated
from the F matrix - were identified as most appropriately representing
the sources associated with the roadside increment. Factor splitting was
clearly observed in the 6-factor solution, and 5 factors did not provide a
satisfactory resolution. Considering Fig. 3, factors A and C are clearly
most prominent in the number size distribution and show diurnal trends
in matrix G which are characteristic of hourly traffic counts. These
factors are attributed to exhaust emissions, the first being due to
nucleation mode particles, with the second due to the larger solid carbon
particles. With number modal diameters of around 25 nm and 70 nm,
respectively, these factor assignments are very consistent with their

Table 2
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identification in earlier studies (Rivas et al., 2020; Dai et al., 2021;
Tremper et al., 2022; Wu et al., 2021). In contrast, factors B and D make
an insignificant contribution to the number size distribution but when
plotted as volume, it is clear that factor B is from a coarse material and
factor D, with a mode in the volume distribution at around 500 nm, and
a nocturnal predominance is from an unexpected, and unidentified
source, possibly biomass burning from the residential area bordering the
A38road. The crustal factor (factor B) shows a strong daily diurnal trend
peaking at midday, whereas factor D is strongest during the evening,
through the night and declines during the day. Fig. S7 presents the polar
plots of G for the 4 NSD-Factors. It is evident that factor D is a local
source, diluted as the wind speed increases and has a morning compo-
nent from the direction of the road (SSW of the BROS site). The crustal
factor (factor B) is elevated at midday for winds west of the site, in
particular between 247 and 270°. The solid exhaust factor (factor C)
shows an association particularly with wind directions from the east
along the Bristol Road, most notably its division into two highways after
a complex traffic lighted junction. Factor A shows a much more complex
association with wind direction (Fig. S7), and a strong tendency to peak
in the middle of the day. This is strongly suggestive of inclusion of events
of particle nucleation which can create larger numbers of particles and
higher growth rates at roadside than nearby urban background sites
(Bousiotis et al., 2021)

3.3. Emission factors derived from elemental proxies, PMF factors and
magnetic measurements

In this work, we used 2 different methods to estimate the emission
factors for brake and tyre wear: (1) an elemental tracer proxy method
and (2) the PMF-based method. Additionally, we estimated the emission
factor for brake wear using a 3rd method, i.e., based on magnetic metrics
(Table 2).

For the tracer proxy approach, the emission factors from brake and
tyre wear are estimated from concentrations of tracer elements together
with an estimate of the dilution in roadside air. In this work, Ba, Zn and
Si are used as tracers of brake and tyre wear and resuspension respec-
tively, and the methodology reported by Harrison et al. (2012) is used to
estimate a roadside incremental concentration. Table 2 shows the mass
concentration increments and emission factors calculated using the
roadside increments of Ba, Si and Zn. For each concentration increment,
summed over the stages covering the aerodynamic diameter >1.0 pm, a
scaling factor and dilution factor were applied. It is assumed that 50% of
the measured Zn in the super micrometre particles arises from tyre wear,
and the Zn content of tyre rubber is 1%, and hence a factor of 50 is
applied to the roadside Zn increment. In the case of brake dust, the Ba
roadside increment has been scaled by a factor of 91, based on the es-
timate that Ba represented about 1.1% of the mass of brake dust particles
(Gietl et al., 2010; Harrison et al., 2012). Similarly, given the fact that Si
represents 27.7% of average earth crustal material, the Si roadside
increment was scaled by a factor of 3.6 in order to represent the mass of
resuspended particles.

In addition to the tracer proxy method, an increment was also
calculated using the PMF factors. From the PMF analysis, the data from
the stages, X, were resolved into G and F, whereby F are the composition
profiles and G are the contributions of those profiles to the stages in the

Particulate Mass emission factors calculated using (a) the Tracer Proxy methodology described by Harrison et al. (2012) and (b) the VSD increment modelled by PMF.
[For conversion from APN and APM to EF see $3.3, using a Dilution Factor = 0.018 pg/m>(g/km) ‘and traffic flow of 1383 veh/hr.] For the magnetic size mea-

mag

surements APM}' ¢ oo = 0.116 pg/m3, the brake emission factor derived from the magnetic size measurements EF;'y o 5 = 4.69 mg/veh.km.

Proxy Tracer Proxy PMF Factor Derived EMEP/EEA Estimate
Source
APM[{g,g_g EFl—p APMI;%EQQ EFPMF EFEMEP/EEA
pg/m> mg/veh.km pg/m* mg/veh.km mg/veh.km
Brake [Ba] x 91 0.182 7.38 0.109 4.41 3.4
Tyre [Zn] x 50 0.245 9.92 0.268 10.9 2.5
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Fig. 3. Four factor NSD-PMF solution: left F - expressed as number size distributions, NSD; middle F - expressed volume distributions (VSD) and right G - expressed as

the average diurnal trend.

MOUDI. The model calculates a G value for each stage of the MOUDI and
for each factor which is then tabulated against a PM value for the stage
calculated from the NSD data (see S4.4). The PM value is regressed
against the G values and used to assign a quantified mass increment to
the stages. Using this approach, we do not lose any of the mass
accounted for in the laboratory analyses by the exclusion of metal
concentrations from the matrix. The metals, Ba, Cu, Fe, Zn, Ca and Al are
used in the model to identify brake, tyre and crustal factors through
matrix F and the ‘calibrated” G values are used to apportion all of the

expected mass associated with those factors.

As summarised in Table 2, the tracer-proxy APM;J o, factor-
derived APMPYF ; and magnetically-derived APM]'y 4 4 roadside con-
centration increments are all comparable for brake and tyre wear. The

brake wear "APM, £ oo, "APM; 5 o o and "APM]®  ; increment esti-
mates were 0.18, 0.11 and 0.12 pg/m® respectively, and the tyre wear
increments YAPM, { ,, and ‘YAPM?SE” were 0.25 and 0.27 pg/m>. In

. . . . 1—
comparison, the estimated increment for resuspension ““'APM; | 4
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and CmS‘APMff\gfg_g display huge values of 2.1 and 3.5 pg/m°, respec-
tively. These values were then converted (below) to emission factors
using traffic count estimates and NOy concentrations.

Extensive traffic data were not measured during the campaign and
instead traffic surveys were relied on to calculate the dilution factor. For
a typical 24-h diurnal cycle, 24 pairs of measured roadside NOy incre-
ment were regressed against the fleet emission of NOy estimated using
emission factors derived from the. UK National Atmospheric Emissions
Inventory (NAEL UK, 2019). The emissions of NOy were summed from
cars, LDV, Rigid, Articulated, Bus/Coach, and TWMV weighted by
counts collected by a daytime junction survey carried out manually by
Birmingham City Council (May 21, 2019). The NOy emission data were
scaled for each hour of a diurnal cycle by a total traffic count to give an
hourly emission. Using the methodology of the 2019 European Moni-
toring and Evaluation Programme/European Environment Agency
(EMEP/EEA) Guidebook (EMEP/EEA, 2019), emissions from brake and
tyre wear from the vehicle fleet were also estimated. For PM;, total
emissions from conventional passenger vehicles range from 5 to 16
mg/km, but these vary hugely as a function of weight and consequently
the fleet composition (see discussion below). For our case study, Bristol
Road at the University of Birmingham, the PM;( brake and tyre dust
were estimated from the vehicle fleet passing the site to be 3.4 and 2.5
mg/veh.km, respectively.

On average, a traffic flow of 1383 vehicles per hour passed the
junction adjacent to the BROS site and an average dilution factor 0.018
pg/m>(g/km) ! was estimated using the calculations given in $4.3 and
presented in Table 2 alongside the calculated increments. Using the
tracer proxy method described above, the increments APM above yiel-
ded brake dust EF;,” and tyre dust EF,
mg/veh.km respectively, which may be compared with values estimated

from the EMEP/EEA Guidebook (EMEP/EEA, 2019) of EFp™ /A = 3.4

and EFS,MEP/EEA
increment of APM{¥ ,, = 0.116 pg/m?, the brake emission factor
derived from the magnetic measurements EF,** = 4.69 mg/veh.km. A
similar calculation was carried out using the apportioned increment in
mass calculated for each PMF factor (see section S4.3), yielding a PM;(
brake dust EFf" and tyre dust EF{"" emission factor of 4.4 and 11

mg/veh.km, respectively (Farwick zum Hagen et al., 2019).

The crustal calculations, typically treated as resuspension, yielded a
consistently high value of EF;», = 86 mg/veh.km and EF"™F = 143 mg/
veh.km. The polar plot of this factor shown in Fig. S7 strongly indicated
that its source was predominantly from a large neighbouring construc-
tion site (see Fig. S8). Elevated wind speeds between 247 and 270°
correspond both to the increase in this crustal NSD-Factor and the di-
rection of an ongoing development centred at the Battery Park. It
therefore seems likely that the roadside increment and resuspension
emission factor at this roadside site are at present largely unrelated to
road traffic. Factor 2 from the NSD data analysis was notable in that its
roadside increment (3.5 pg/m>) was of a similar magnitude to that
derived for the crustal factor measured using the MOUDI (3.2 pg/m?)

Y P emission factor of 7.4 and 9.9

= 2.5 mg/veh.km). Furthermore, given a roadside

4. Discussion

In this work, we measured the increment in elemental mass con-
centrations and magnetic properties measured from filter samples
collected on the size-fractionated impactor stages of two MOUDI im-
pactors co-located at a roadside and background site at the University of
Birmingham during the spring/summer of 2019. For the PMF analysis,
rather than the traditional approach of analysing the time series — which
for the MOUDI would restrict our dataset to 6 measurements — we
analysed the mass concentrations across each of 4 of the 10 impactor
stages (1.0-9.9 pm) for the 6 of the best 7 weekly samples using PMF.
This resulted in the identification of sources which impacted all the
stages but to different degrees according to the size range. Further, the
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PMF analysis was extended with a second step which fitted the G
matrices from the first step to the measured PM magnetic properties.
Since it is the roadside increment which is analysed by PMF, regional
sources are not expected to be identified since these contribute equally
at both background and roadside. However, these results demonstrate
that the roadside site and its increment were heavily impacted by a local
construction site, elevating the contribution of the crustal factor to 83%
of the mass, c.f. brake dust (7.1%) and tyre dust (9.6%). In an ideal
situation, our third factor ought to account for the vehicle resuspension
at the roadside site (BROS). However, accompanying hourly merged
SMPS-APS data collected at the site help elucidate this outlier. Meteo-
rological data plotted against the time series of the PMF factors derived
from the merged data showed a wind directional dependence on a large
commercial construction site 1-2 km WSW of the site. Interestingly, the
estimated roadside increment of this NSD-PMF derived factor was 3.2
pg/m3 which is in line with a MOUDI-PMF derived value in this work of

CmS‘APMlp%fgg = 3.5 pg/m® (cf. a lower tracer-proxy value of
C’“S‘APM‘{_(’;Q9 =21 pg/m3). Hence, rather than refer to resuspension,

we have named this source ‘crustal’ to account for the large contribution
from the construction site.

Using Ba and magnetic metrics as tracers, the brake wear emission
factor was estimated as EF, ? = 7.4 mg/veh.km and EF,¢ = 4.7 mg/veh.
km. The tyre wear emission factor (tracer proxy method; Zn as tracer)

was EF{; P = 9.9 mg/veh.km. In comparison, PMF-based emission factors

are EFfM"" = 4.4 mg/veh.km (for brake wear) and EF{"" = 10.9 mg/veh.
km (for tyre wear) (Table 2). These values are very close or exceed the
regulated exhaust emission limit of 4.5 mg/veh.km (Euro 6 limit for
LDVs), and the upcoming Euro 7 limit for brake wear-derived PM;( of 7
mg/veh.km, to be implemented in 2 years’ time. Farwick zum Hagen
et al. (2019) investigated brake wear emissions during on-road driving
with a midsize passenger car on a closed test track. A novel sampling
system was designed that aimed at monitoring the entire aspiration of
brake wear particles in the Los Angeles City Traffic (LACT) cycle,
representative of realistic driving behaviour. For two different brake
materials, PM; o emission factors ranged from brEF10 = 5.6 mg/veh.km to
8.4 mg/veh.km. For tyre wear, Grigoratos and Martini (2014) present an
average value of YEF,, = 6.3 mg/veh.km. Higher brake and tyre dust
emissions might be expected at BROS due to the higher loads caused by
braking into and accelerating out of a traffic lighted junction as brake
dust emissions can vary depending on braking conditions as well as
measurement protocol (Hagino et al., 2015).

The respective fleet exhaust number emission factors were EFoyr
=1.9x10'%/veh.km and EF?YF _ 2.8x 10'%/veh.km. Taking the sum of
the emission factors, a composite emission factor of 4.7 x 10'2/veh.km
for the typical vehicle fleet passing BROS, 86% of which are passenger
cars. This EF significantly exceeds the Euro-6/7 limit for exhaust particle
number (both Euro-6 and Euro-7 limits for non-volatile particle number
= 6 x 10'!/veh.km). Based on a survey of recent measurements, 4.7 x
10'2/veh.km is in the vicinity of laboratory and field values for a general
UK fleet 0.53:0.47 split between petrol and diesel vehicles [2019 ratio
calculated from table VEH1103 from https://www.gov.uk/government
/statistical-data-sets/vehicle-licensing-statistics-data-tables]. Boveroux
et al. (2021) looked at the impact of mileage on particle number emis-
sion factor distributions for EURO 5 and 6 diesel European passenger
cars based on the measurements of 757 vehicles, reporting emission
factors in the region of 0.60-5.8 x 10*2/veh.km. These are in line with
earlier studies carried out by Momenimovahed et al. (2015) who
measured Canadian passenger cars with model years 2012-2014. The
number emission factors (for particles larger than 2.5 nm) ranged be-
tween 0.55 x 102 and 3.50 x 10'?/veh.km for freshly emitted (nascent)
particles and between 0.29 x 10'2 and 3.31 x 10'%/veh.km for
non-volatile (thermodenuded) particles.


https://www.gov.uk/government/statistical-data-sets/vehicle-licensing-statistics-data-tables
https://www.gov.uk/government/statistical-data-sets/vehicle-licensing-statistics-data-tables
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5. Conclusions

In summary, here we used three different methods (tracer proxy,
PMF and magnetic measurements), combined with particle size distri-
bution data, to estimate emission factors for brake and tyre wear at a
roadside site in Birmingham, UK. They give broadly consistent results.
Brake wear emission factors ranged between 4.4 and 7.4 mg/veh.km,
and tyre wear between 9.9 and 10.9 mg/veh.km. A third factor was
identified related to crustal emissions from a nearby construction site,
and was so large as to obscure resuspension emissions from the highway.
Additionally, exhaust number emission factors at the site were estimated
at 1.9 x 10'2/veh.km for nucleation mode particles and 2.8 x 10*2/veh.
km for solid carbon particles. Given the current shift towards battery-
electric vehicles, the measurement and modelling of non-exhaust
emissions will become of increasing importance.
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