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A B S T R A C T   

As the importance of non-tailpipe particles (NTP) over tailpipe emissions from urban traffic has been increasing, 
there is a need to evaluate NTP contributions to ambient particulate matter (PM) using representative source 
profiles. The Brake and Tire Wear Study conducted in Los Angeles, California in the winter of 2020 collected 64 
PM2.5 and 64 PM10 samples from 32 pairs of downwind-upwind measurements at two near-road locations (I-5 in 
Anaheim and I-710 in Long Beach). These samples were characterized for inorganic and organic markers and, 
along with locally-developed brake wear, tire wear, and road dust source profiles, subject to source appor
tionment using the effective-variance chemical mass balance (EV-CMB) model. Model results highlighted the 
dominance of resuspended dust in both PM2.5 (23–33%) and PM10 (32–53%). Brake and tire wear contributed 
more to PM2.5 than tailpipe exhausts (diesel + gasoline) for I-5 (29–30% vs. 19–21%) while they were com
parable for I-710 (15–17% vs. 15–19%). For PM10, the brake and tire wear contributions were 2–3 times the 
exhaust contributions. Different fleet compositions on and near I-5 and I-710 appeared to influence the relative 
importance of NTP and exhaust sources. The downwind-upwind differences in source contributions were often 
insignificant, consistent with small and/or nearly equal impacts of adjacent highway traffic emissions on the 
downwind and upwind sites. The utility of sole markers, such as barium and zinc, to predict brake and tire wear 
abundances in ambient PM is evaluated.   

1. Introduction 

Elevated pollutant concentrations in near-road environments have 
been a concern for health effects and disparity (Clark et al., 2017; 
Rowangould, 2013). Epidemiologic studies have linked vehicular 
emissions to health burdens, such as increased asthma attacks, cardiac 
and pulmonary diseases, impaired lung function, and low birth weights 
(Brandt et al., 2014; Brugge et al., 2007; Ghosh et al., 2016; HEI, 2022). 
Regulatory efforts by air quality agencies globally have resulted in 
decreasing tailpipe emissions over the years, but non-tailpipe emissions, 
such as brake and tire wear particles, are not affected by these efforts 

(Harrison et al., 2021). Battery electric vehicles, which are gaining 
market penetration, achieve zero tailpipe emissions but potentially 
generate higher brake and tire wear emissions than conventional vehi
cles due to their heavier weights (Beddows and Harrison, 2021; Timmers 
and Achten, 2016). Thus, the importance of non-tailpipe particles (NTP) 
to ambient particulate matter (PM) increases (Amato et al., 2014; Denier 
van der Gon et al., 2013). The statewide California Air Resources 
Board’s emission inventory (California Air Resources Board, 2021) es
timates that brake and tire wear have exceeded tailpipe in PM2.5 (par
ticles with aerodynamic diameters ≤2.5 μm) emissions since 2020. This 
is of concern since brake and tire particles have higher metal contents, 
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possibly resulting in higher toxicity and adverse health outcomes for 
traffic-impacted communities. 

Brake wear resulting from abrasion of brake pads and rotors contains 
trace metals such as iron (Fe), manganese (Mn), copper (Cu), titanium 
(Ti), zinc (Zn), antimony (Sb), and barium (Ba) (Pant and Harrison, 
2013). Rubber polymers, their derivatives, and carbon black dominate 
tire wear, while Zn and benzothiazoles are often used as tire wear 
markers (Klöckner et al., 2019; Pant and Harrison, 2013; Wik and Dave, 
2009). Zinc oxide, organozinc compounds, and benzothiazoles are 
added to tire tread during the vulcanization process. Tire wear particles 
can contain polycyclic aromatic hydrocarbons (PAHs) and n-alkanes, 
likely created through volatilization during contact of the tire tread with 
road surfaces and subsequent condensation into the particle phase 
(Aatmeeyata and Sharma, 2010; Baensch-Baltruschat et al., 2020). NTP 
may also include resuspended road dust/wear which is rich in mineral 
elements such as silicon (Si), aluminum (Al), and calcium (Ca). 
Compared to tailpipe exhaust particles that are primarily submicron in 
size, NTP markers are found in both fine- and coarse-mode particles 
(Harrison et al., 2012; Lin et al., 2015; Lough et al., 2005). 

Quantifying NTP contributions to fine- (PM2.5) and coarse-mode 
(PM10 and PM10-2.5: particles with aerodynamic diameters ≤10 μm 
and between 2.5 and 10 μm, respectively) remains a challenge. Harrison 
et al. (2012) estimated brake wear, tire wear, and road dust contribu
tions to size-segregated PM using Ba, Zn, and Si as markers and assuming 
brake-wear/Ba, tire-wear/Zn, and dust/Si mass ratios of 91, 50, and 3.6, 
respectively. This approach doesn’t take into account that Zn can result 
from both brake and tire wear whereas there are possibly other sources 
of Ba, Zn, and/or Si in the study area. Factor analysis models such as 
principle component analysis (PCA) and positive matrix factorization 
(PMF) sought to discern NTP factor(s) in a multivariate dataset that 
contains major markers (Amato et al., 2011; Fabretti et al., 2009; Jalali 
Farahani et al., 2022; Lawrence et al., 2013). However, temporal cor
relations among NTP and tailpipe emissions often cause them to mix into 
single factor(s), thus biasing the source apportionment (Chen et al., 
2010a). Despite of the uncertainty, NTP were found to rival exhaust 
particles in their abundances, particularly in urban PM10 and PM10-2.5 
(Harrison et al., 2021). 

With a high population density and heavy traffic, elevated air 
pollution levels in the Los Angeles metropolitan region of southern 
California have been well documented. Hasheminassab et al. (2014a,b) 
attributed long-term PM2.5 concentrations to vehicular emissions, sec
ondary nitrate, secondary sulfate, soil, aged sea salt, fresh sea salt, and 
biomass burning, with vehicular emissions accounting for ~20% of 
PM2.5 for the period of 2002–2013. NTP were not resolved in that study, 
though they were likely incorporated into vehicular emissions and/or 
soil factors. Habre et al. (2021) identified similar sources across Los 
Angeles in 2008–2009, but attributed 11% and 21% of PM2.5 to NTP 
(brake + tire) and exhaust particles, respectively, and 18% of PM10-2.5 to 
NTP (brake + tire). A more recent study (Jalali Farahani et al., 2022) 
near Los Angeles highways found similar contributions of NTP (brake +
tire) and exhaust particles to PM10, at 16% and 26%, respectively. 

To further understand real-world non-tailpipe emissions and con
tributions to exposure, PM2.5 and PM10 were sampled downwind and 
upwind of two major highways in Los Angeles during the winter of 2020 
and subsequently analyzed for elemental and organic compositions 
(Lopez et al., 2023; Wang et al., 2023). These data were used in the 
effective variance-chemical mass balance (EV-CMB) model with explicit 
brake and tire wear source profiles to obtain source contribution esti
mates. The results add to literature and emission inventories that 
highlight the importance of NTP in urban air pollution while informing 
regulatory strategies needed to attain ambient air quality standards. 

2. Materials and methods 

2.1. PM2.5 and PM10 data 

Time-integrated PM2.5 and PM10 samples were collected near high
way I-5 in Anaheim and near highway I-710 in Long Beach (Fig. 1) over 
a two-week period. I-5 and I-710 are paved with concrete and asphalt, 
respectively. On-site traffic counts during the tests indicated ~95% 
light-duty vehicles (LDV) and 5% heavy-duty vehicles (HDV) on I-5, 
representative of a typical southern California highway fleet, and ~90% 
LDV and 10% HDV on I-710, consistent with goods movement to and 
from the Ports of Long Beach and Los Angeles (Wang et al., 2023). 

Sampling occurred simultaneously on both sides of each highway 
and as close as logistically possible to the highway, i.e., <30 m from the 
nearest traffic lane except for the upwind I-710 site (~100 m from the 
nearest lane). Samples were acquired using DRI medium-volume 
sequential samplers (Chow et al., 1993) each day from 0600 to 1000 
local standard time (LST) to represent morning rush hours, 1000 to 1400 
LST for midday traffic, and 1400 to 1800 LST for evening rush hours. 
The sampling flow rate was 37.7 L/min. A total of 64 PM2.5 and 64 PM10 
samples from 32 pairs (18 at Anaheim and 14 at Long Beach) of 
downwind/upwind measurements were available for subsequent 
chemical analysis. 

Each sample set was characterized for PM2.5 or PM10 mass, 51 ele
ments, water soluble cations and anions such as sodium (Na+), potas
sium (K+), sulfate (SO4

2−) and nitrate (NO3
−), as well as organic carbon 

(OC), elemental carbon (EC), and thermal carbon fractions (OC1-OC4, 
OP, EC1-EC3). Non-polar organic speciation included PAHs, alkanes, 
alkenes, hopanes, steranes, and phthalates that are common combustion 
markers (Ambade et al., 2023; Fadel et al., 2021; Kumar et al., 2020). 
Tire markers such as benzothiazole and its derivatives, as well as ther
mal decomposition fragments of rubber (styrene, butadiene, etc.), were 
also analyzed. Wang et al. (2023) documents the analytical methods and 
quality assurance/control in detail. 

2.2. Receptor modeling 

The EV-CMB- model (Watson et al., 1984) was employed to quantify 
source-specific contributions to PM2.5 and PM10 by solving: 

Cit =
∑J

j=1
FijSjt (1)  

where Cit is the measured concentration of species i in PM2.5 or PM10 at 
time t, Fij is the fraction of species i in source profile j, and Sjt is the 
contribution of source j at time t. To achieve valid results, source profiles 
should be representative of emissions typical of the times and locations 
of the receptor samples. The source contribution estimates (SCEs), Sjt, 
were calculated by the Hybrid Environmental Receptor Model (HERM) 
software using an iterative method (Chen and Cao, 2018; Chen et al., 
2021) to minimize the chi-square: 

χt
2 =

1
I − J

∑I

i=1

(

Cit −
∑J

j=1
FijSjt

)2

EVit
(2)  

where I and J indicate number of species and sources, respectively, in 
the model and EVit is the effective variance due to uncertainties in both 
measured ambient concentrations (σCit ) and source profiles (σFij ): 

EVit = σ2
Cit

+
∑J

j=1
σ2

Fij
S2

jt (3) 

As recommended by Watson (2004) and Chen et al. (2010b, 2012), 
sensitivity tests should be performed on selected sample(s) to evaluate 
how different combinations of source profiles and species affect SCEs 
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and model fitting performance. An acceptable solution requires percent 
mass (%mass) explained between 80 and 120, correlation (r2) > 0.8, and 
chi-square (χ2) < 4. In addition, the modified pseudo-inverse normalized 
(MPIN) matrix indicates the most influential species (e.g., with MPIN 
values > 0.4) for each source type. Five to ten different source combi
nations are typically attempted until the best solution, in terms of 
EV-CMB performance measures and the MPIN criteria, are attained. 
Uncertainties of the final SCEs (i.e., σSjt ) are estimated by 

σSjt
2 = d

(
F′(dEVii,t

)−1F
)−1

jj
× χt

2 (4)  

where d indicates the diagonal matrix operation. The uncertainties take 
into account the measurement precision, profile variability, and model 
goodness of fit. 

2.3. Source profiles 

Source profiles assembled for southern California are listed in sup
plemental Table S1. As part of this study, four dust samples were 
collected near the monitoring sites to develop local fine (PM2.5) and 
coarse (PM10) dust profiles (Wang et al., 2023). These profiles are best 
characterized as “Resuspended Dust”, as they can contain road and 
windblown dust, local soil, as well as other geological material. To 
examine the mass closure, reconstructed mass (RM) was calculated for 
these profiles following Malm and Day (2000): RM = 4.125 × [Sulfur 
(S)] + 1.29 × [NO3

−] + 1.4 × [OC] + [EC] + [Crustal Material] + [Trace 
Elements], where Crustal Material equals 2.2 × [Al] + 2.49 × [Si] +
1.63 × [Ca] + 1.94 × [Ti] + 2.42 × [Fe] and Trace Elements include all 
elements except S, Al, Si, Ca, Ti, and Fe. Crustal Material ranged 20–34% 
of the fine mass and 41–62% of the coarse mass. In general, fine dust 
exhibited a lower mass closure in terms of the RM/PM mass ratio 
(47–61%) than coarse dust (60–92%). The best mass closure was found 
for the PM10 dust collected downwind of I-5. Four composite dust pro
files were further calculated from the individual profiles (Table S1) 
following Chow et al. (2003). 

Brake dust samples were collected from laboratory experiments and 
analyzed for chemical composition as part of the California Regional 
Particulate Air Quality Study (CRPAQS, see Fitz et al. (2004)). Mass 
fractions of Fe, Ba, Mn, and Cu, known brake wear markers, were found 

to be 20–66%, 3–13%. 0.2–0.6%, and 0.04–0.08%, respectively, in the 
brake PM2.5. A recent inertial dynamometer study (Agudelo et al., 2020) 
examined brake wear PM10 compositions from six light-duty vehicles 
using a test cycle typical of that followed in California. The results were 
composited into four brake source profiles reflecting different brake pad 
materials and positions (Table S1). The mass fractions of Fe, Ba, Mn, and 
Cu in these profiles are 11–47%, 1–11%, 0.1–0.7%, and 0.04–4.9%, 
respectively, with two brake profiles showing much higher Cu contents 
(4.9% and 1.7%) than observed in CRPAQS. 

CRPAQS also reported two tire wear profiles, which are dominated 
by OC and EC and contain elevated levels of Fe (18–22%), Zn (2–3%), Si 
(3%), Al (2–3%), Ca (2%), and Cu (1–2%). Such levels of crustal ele
ments, especially Fe, in tire wear are not expected. As part of this study, 
tire wear particles without size segregation were collected from a 
dynamometer test of Michelin and Cooper tires (Wang et al., 2023). This 
produced two tire wear profiles that are also dominated by OC and EC 
(>75%). The two tire profiles differ the most for the Si abundance (0.6% 
for Michelin versus 6% for Cooper), while the Fe, Zn, Al, Ca, and Cu 
fractions range 0.1–0.2%, 0.5–1%, 0.04–0.2%, 0.07–0.1%, and 
0.003–0.004%, respectively. Zn appears to be a consistent marker for 
tire wear, whereas other species abundances are more variable 
compared to the CRPAQS profiles. 

Since tailpipe exhaust profiles were not developed specifically for 
this study, those acquired for the National Renewable Energy Laboratory 
Gas/Diesel Split Study (Fujita et al., 2007a, 2007b) were used. The 
Gas/Diesel Split Study measured PM2.5 emissions from 59 light-duty 
(including 57 gasoline- and 2 diesel-fueled vehicles) and 30 medium- 
and heavy-duty diesel-fueled vehicles. It was conducted at a grocery 
distribution center in Riverside, CA, during the summer and winter of 
2001 using a constant volume sampling system. Profiles developed from 
that study include low emitters, high emitters, and black carbon (BC) 
emitters for gasoline vehicles under cold and warm start conditions, as 
well as medium-duty and heavy-duty diesel vehicles under city and 
highway driving cycles. These profiles are more recent and contain full 
organic speciation (except for alkanes). Its gasoline and diesel composite 
profiles (GAS and DIESEL) have been successfully applied to PM2.5 
source apportionment for California and Nevada fleets (Chen et al., 
2012; Chow et al., 2007). 

In addition to NTP and engine exhaust profiles, secondary nitrate and 

Fig. 1. Near I-5 and I-710 sampling sites in Los Angeles, California during the winter 2020 campaign. Average HDV and LDV fractions for the northbound and 
southbound traffic are indicated. This map derives from Google Maps. 
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sulfate were represented by pure ammonium nitrate (NH4NO3) and 
ammonia sulfate ([NH4]2SO4) profiles, respectively, in the EV-CMB 
modeling. Previous studies show that sea salt, biomass burning, indus
trial emissions, and secondary organic aerosol (SOA) may also 
contribute to Los Angeles PM (Habre et al., 2021; Hasheminassab et al., 
2014; Jalali Farahani et al., 2022). Given the highway-dominated 
sampling locations, absence of wildfire smoke, and low atmospheric 
oxidation capacity during the sampling period, these sources were not 
considered in the EV-CMB analysis. The usual chemical markers for 
biomass burning (K and K+) and sea salt (Na+ and Cl−) were excluded 
from the fitting species. Important NTP and engine exhaust markers 
were among the fitting species: 1) Al, Si, Ti, and Ca for road dust; 2) Fe, 
Ba, Mn, Cu, and Sb for brake wear; 3) Zn, OC, and phthalates for tire 
wear; 4) EC and hopanes for diesel engine exhaust; 5) PAHs such as 
indeno[1,2,3,cd]pyrene, benzo[g,h,i]perylene, and coronene for gaso
line engine exhaust; and 6) sulfur (S) and NO3

− for secondary inorganics. 
OC fractions (OC1-OC4) were also included. Although both motor 
vehicle exhaust and tire wear are dominated by organic matter, they can 
differ significantly in their OC fractions. 

3. Results and discussion 

3.1. Sensitivity tests 

Sensitivity tests evaluate the performance of different source profile 
combinations in terms of r2, χ2, and %mass. To create a sample that is 
suitable for the sensitivity test, upwind concentrations at the I-5 site 
were subtracted from the corresponding downwind concentrations so 
that the differences could be fully attributed to traffic-related emissions 
including: 1) brake wear, 2) tire wear, 3) road dust, and 4) tailpipe ex
hausts. Since wind directions varied from time to time, here the down
wind and upwind samples for each specific period were designated as 
the one with higher and lower reconstructed mass, respectively. Some
times the differences between downwind and upwind concentrations 
were insignificant (i.e., within the measurement uncertainties). To 
improve the signal-to-noise ratio, the 18 downwind-upwind-difference 
compositions were further averaged to produce the chemical profile 
shown in Fig. 2(a) for the sensitivity tests. 

Sensitivity test results are shown in Tables S2 and S3. Inclusion of 
any single brake profile led to poor fits (low r2 and high χ2) for both 
PM2.5 and PM10, likely due to the wide range of brake PM chemical 

Fig. 2. Chemical compositions of: (a) ambient samples and (b)–(d) optimal source profiles derived from sensitivity tests. The ambient samples were derived from the 
downwind-upwind differences of I-5 near-road measurements. MA: mass; INCDYP: indeno[1,2,3,cd]pyrene; BGHIPE: benzo[g,h,i]perylene; CORONE: coronene; 
hop17: αβ-norhopane (C29αβ-hopane); hop19: αβ-hopane (C30αβ -hopane); hop26: 22 S-trishomohopane (C33); DEPHTH: diethyl phthalate; and BBPHTH: butyl 
benzyl phthalate. 
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compositions within the fleet. A combination of two brake profiles, 
BRAKE_C (low Cu) and BRAKE_D (high Cu), achieved the optimal fitting 
performance. These two brake profiles differ mostly by their Cu and Ti 
abundances relative to Fe, with ratios of 1.2 × 10−3 and 8.8 × 10−5 in 
BRAKE_C, respectively, compared with 0.33 and 0.34 in BRAKE_D. 

For PM2.5, using dust profiles representative of local fine dust par
ticles all produced %mass well above 120 while using dust profiles 
representative of coarse dust particles (i.e., PM10) produced more 
reasonable %mass. This is consistent with the lower mass closure in the 
fine dust profiles (47–61%). Overall, a PM10 dust profile originating 
from I-5 downwind (CCDust, with a mass closure of 92%) led to the best 
fitting performance. Alternating different tire, gasoline exhaust, and/or 
diesel exhaust profiles resulted in minor changes to SCEs. Fig. 2(b)–(d) 
show the final selected combination, which contains an individual tire 
profile (COTIRE), a composite gasoline exhaust profile (GAS), and a 
composite diesel exhaust profile (DIESEL), in addition to BRAKE_C, 
BRAKE_D, and CCDust. This combination led to r2, χ2, and %mass of 
0.94, 0.78, and 102, respectively, for PM2.5 (Table S2), while it also 
produced a good fit for PM10 with a lower %mass at 84 (Table S3). 
Although a better %mass in PM10 could be achieved by replacing CCDust 
with a composite dust profile (MCDust), this was at the expense of r2. 
The same source profile combination was eventually applied to PM2.5 
and PM10 samples for consistency. 

The EV-CMB MPIN values are normalized such that they range from 
−1 to 1. Species with MPIN values of 0.4–1 are considered influential 
species for a specific source. The MPIN matrices for the selected model 
inputs (Table S4-S5) indicate that the most important BRAKE_C marker 
is Fe, followed by Ba while the BRAKE_D contribution is influenced most 
by Ti and Cu. For tire wear, the most influential markers are OC3 and Zn, 
followed by OC and diethyl phthalate (DEPHTH). As expected, the 
CCDust SCE is influenced by Si and Ca. Three PAH species, indeno[1,2,3, 
cd]pyrene (INCDPY), benzo[g,h,i]perylene (BGHIPE), and coronene 
(CORONE) are highlighted for gasoline exhaust while EC and C29αβ- 
hopane (hop17) mark diesel exhaust. These findings are consistent with 
known source characteristics. 

3.2. Source contribution estimates 

Using the EV-CMB model established by the sensitivity tests, along 
with AMNIT and AMSUL to account for secondary nitrate and sulfate, 
respectively, in the background air, SCEs for PM2.5 and PM10 at the I-5 
downwind and upwind sites were determined (Figure S1). Performance 
measures attained the guideline of r2 > 0.8 and χ2 < 4 for 29 of the 36 
PM2.5 samples and all of the 36 PM10 samples. Due to the exclusion of 
sources such as sea salt, biomass burning, and SOA, %mass tended to be 
< 100. The source apportionment for the I-710 samples (Figure S2) used 
the same source combination as for I-5, except that CCDust was replaced 

with AQDust from I-710 resuspended dust. Satisfactory performance 
measures (r2 > 0.8 and χ2 < 4) were achieved for all of the 28 PM2.5 
samples and 20 of the 28 PM10 samples near I-710. Lower performance 
measure values for some samples led to higher SCE uncertainties. 

Table 1 compares mean SCEs for I-5 and I-710. These contributions 
resulted not only from traffic on the adjacent highways but also from 
emissions incorporated into the urban background. Resuspended dust 
was found to dominate and contribute significantly more to PM10 than to 
PM2.5 (p < 0.05). The contributions of brake wear and tire wear were 
also higher in PM10, but the differences between PM2.5 and PM10 were 
not significant due to large standard errors in the SCEs. Brake_C (low 
copper) exceeded Brake_D (high copper) for I-5, but the reverse was true 
for I-710, likely reflecting different fleet mixes. The downwind-upwind 
differences of NTP (brake wear, tire wear, and road dust) contributions 
were small, although the downwind sites generally observed higher 
values, especially at I-5. As noted, the nominal downwind sites (Fig. 1) 
were not always downwind due to wind directions changing throughout 
the day (Lopez et al., 2023; Wang et al., 2023). 

For gasoline and diesel exhausts, similar contributions were found 
between PM2.5 and PM10 (p > 0.05), consistent with the dominance of 
fine particles in tailpipe emissions. The downwind-upwind differences 
were also insignificant. Diesel contributions appeared higher at I-710 
(1.75–1.92 μg m−3) than at I-5 (1.13–1.48 μg m−3) while the gasoline 
contributions to PM2.5 were higher at I-5 (0.61–0.77 μg m−3) than at I- 
710 (0.26–0.31 μg m−3). The higher fraction of HDV, mostly diesel- 
fueled, on I-710 did not lead to more brake (Brake_C + Brake_D) and 
tire wear contributions to PM2.5 and PM10 (Table 1). More frequent 
congestion and a generally slower traffic speed near the I-710 segment 
(Wang et al., 2023) might explain the observation. 

Secondary ammonium nitrate was more abundant at I-710 than at I- 
5, consistent with higher NOx emissions from HDV, while secondary 
ammonium sulfate appeared to be uniform across the study area. The 
high concentrations of nitrate and sulfate in PM10 (Table 1) are attrib
uted to displacement of chloride in coarse sea salt by NO3

− and SO4
2− and 

the reactions of NO3
− and SO4

2 with mineral dust (Wang et al., 2023). 

3.3. NTP vs. exhaust fractions 

For the I-5 sites, resuspended dust accounted for 26–33% and 
50–53% of PM2.5 and PM10 mass, respectively (Fig. 3). The dust fractions 
were higher than those often found at Los Angeles urban sites (e.g., 
Hasheminassab et al., 2014), likely reflecting the near-road microenvi
ronment. For PM2.5, the brake and tire fractions (brake + tire = ~30%) 
exceeded the exhaust fractions (diesel + gasoline = ~20%). The unac
counted mass was minor (2–7%). For PM10, the brake and tire fractions 
(brake + tire) were ~15%, more than twice the exhaust fractions (diesel 
+ gasoline) of ~6%. This is consistent with the higher amounts of NTP in 

Table 1 
Mean and standard error of source contribution estimates (SCEs in μg m−3) for PM2.5 and PM10 measured at I-5 and I-710 downwind/upwind sites.   

Anaheim (I-5) Long Beach (I-710) 

Downwind Upwind Downwind Upwind 

PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 

# of Data 18 18 18 18 14 14 14 14 
Total Mass 10.9 32.5 9.6 28.5 14.4 31.9 11.0 30.4 
Res. Dusta 3.60 ± 0.57 17.1 ± 1.44 2.50 ± 0.47 14.4 ± 1.30 3.39 ± 0.29 10.3 ± 1.36 2.50 ± 0.29 10.5 ± 1.39 
Brake_Cb 1.44 ± 0.96 2.10 ± 1.26 1.21 ± 0.90 1.76 ± 1.29 0.40 ± 0.22 1.23 ± 1.17 0.34 ± 0.19 0.93 ± 1.10 
Brake_Db 0.54 ± 0.36 1.18 ± 0.61 0.34 ± 0.31 0.68 ± 0.55 0.74 ± 0.34 1.81 ± 1.39 0.55 ± 0.33 1.97 ± 1.63 
Tire Wear 1.28 ± 0.73 2.01 ± 1.10 1.21 ± 0.70 1.60 ± 0.99 1.05 ± 0.42 1.84 ± 1.56 0.96 ± 0.42 1.25 ± 1.53 
Gasoline 0.77 ± 0.47 0.65 ± 0.41 0.61 ± 0.36 0.62 ± 0.36 0.26 ± 0.13 0.73 ± 0.72 0.31 ± 0.15 0.47 ± 0.46 
Diesel 1.34 ± 0.68 1.48 ± 0.85 1.40 ± 0.64 1.13 ± 0.78 1.84 ± 0.45 1.92 ± 1.32 1.75 ± 0.45 1.80 ± 1.26 
S. Nitrate 0.99 ± 0.11 2.34 ± 0.16 0.92 ± 0.11 2.18 ± 0.17 2.56 ± 0.21 4.81 ± 0.46 2.51 ± 0.22 3.13 ± 0.37 
S. Sulfate 0.69 ± 0.19 1.28 ± 0.27 0.65 ± 0.18 1.28 ± 0.26 0.78 ± 0.12 1.16 ± 0.38 0.74 ± 0.13 1.13 ± 0.37 
Others 0.23 ± 1.88 4.37 ± 3.11 0.72 ± 1.74 4.83 ± 2.88 3.33 ± 1.43 8.08 ± 3.74 1.34 ± 1.52 9.23 ± 3.76  

a Resuspended dust. 
b Brake_C (low copper), Brake_D (high copper); see Table S1 for profile descriptions. 
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coarse PM than in fine PM. The fraction of unaccounted mass increased 
to 14–17% of PM10. 

Dust fractions were lower for the I-710 locations (22–24% for PM2.5 
and 32–34% for PM10, respectively), while the fractions of secondary 

nitrate and unaccounted mass were higher (Fig. 3). A few elevated PM 
events occurring 0600–1000 LST also exhibited substantial unaccounted 
mass up to ~40% (Figure S2). Water-soluble ions dominated PM2.5 and 
PM10 in these events (Wang et al., 2023) whereas water associated with 
the inorganic salts along with SOA could partly explain the unaccounted 
mass (Chen et al., 2003). 

For PM2.5, the brake and tire fractions (brake + tire = 15–17%) were 
comparable with the exhaust fractions (diesel + gasoline = 15–19%) at 
I-710. For PM10, the brake and tire fractions (brake + tire) were 
~14–16%, about twice the exhaust fractions (diesel + gasoline) of ~8%. 
These findings corroborate the CARB emission inventory, which high
lights the importance of brake and tire wear. The similar breakdowns 
between upwind and downwind sites suggest a similar impact of on-road 
traffic emissions on the downwind and upwind sites. 

The brake wear fraction was found to be higher than the tire wear 
fraction for I-5 PM2.5, while they were comparable in I-710 PM2.5. 
Oroumiyeh and Zhu (2021) found that brake and tire wear emissions 
increased with vehicle mass, but magnitudes of the increase were sen
sitive to vehicle deceleration. The generally lower traffic speeds near 
I-710 might explain the lower brake/tire wear ratio. Brake wear became 
more dominant over tire wear in PM10 at the I-5 and I-710 sites, though 
large uncertainties in the mean SCEs (Table 1) should not be overlooked. 

Fig. 3. Source contribution fractions at I-5 and I-710 designated downwind (D) 
and upwind (U) sites. 

Fig. 4. Brake and tire wear contributions to PM2.5 and PM10, as quantified by EV-CMB, versus brake wear (Ba) and tire wear (Zn) markers for the I-5 and I-710 
monitoring sites. 
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Substantial brake and tire wear particles may exist above the PM10 size 
range, which were not quantified in this study. 

3.4. Variations of brake & tire wear markers and contributions 

Barium is considered as a specific marker for brake wear as it is 
predominantly derived from brake wear in urban atmospheres (Gietl 
et al., 2010; Jeong et al., 2019). Jeong et al. (2019) determined a Ba 
mass fraction of 8.2–9.1% in brake wear related PM2.5 in North America, 
which is consistent with the Ba mass fraction of 6.6–7.8% for the two 
brake wear profiles used in this study. A lower faction of ~1% was re
ported by Gietl et al. (2010) for Europe. Variations of brake PM10 at both 
I-5 and I-710 were found predictable with the measured Ba concentra
tions, ranging from 0.01 to 0.34 μg m−3, and a scaling factor of 20 (Fig. 4 
(a-b)). The highest Ba levels occurred during 0600–1000 LST on week
days, consistent with the morning rush hours. Brake PM2.5 contributions 
were not associated with Ba as well as brake PM10, partly due to lower 
Ba concentrations (0–0.14 μg m−3) and signal-to-noise ratios. A few 
outliers in Fig. 4 indicate possible overestimates of brake wear contri
butions to PM2.5, particularly for I-5. 

While tire wear markers such as benzothiazole and rubber de
rivatives were quantified in this study, including them in the model 
inputs generally lowered the goodness-of-fit and did not change the SCEs 
significantly. Zinc, commonly used as a tire wear marker, lacks speci
ficity as it may also originate from brake wear and tailpipe exhausts 
(Panko et al., 2018). The Zn fraction of ~1% in the tire wear profile used 
in this study is more consistent with those in tire tread particles (0.9%) 
than in tire wear particles (0.3%) (Panko et al., 2018), possibly owing to 
differences between laboratory and real-world road surfaces. There was 
not a clear association between the tire PM10 and Zn at either I-5 or 
I-710. The upper edge of the tire PM10-Zn scatter (100:1) in Fig. 4 is 
consistent with the Zn fraction in the tire wear profile, and it estimates 
the amount of Zn attributable to tire wear (0–0.06 μg m−3). Similar 
scatter was found for tire wear PM2.5-Zn with 0–0.04 μg m−3 Zn 
attributable to tire wear. 

Most of the Zn observed at the monitoring sites appears to result from 
non-tire sources. The highest Zn concentrations (up to 0.7 μg m−3) were 
observed at downwind and upwind I-5, in both PM2.5 and PM10, during 
0600–1000 LST. These extreme Zn levels could not be explained by NTP 
and exhaust sources. They might inflate the SCEs for brake and tire wear 
and warrant further investigation. Nonetheless, this finding indicates 
limitations for the utilization of Zn as a sole marker for tire wear 
emissions. 

4. Conclusion 

This paper documents EV-CMB-based source apportionment for 
PM2.5 and PM10 samples collected at near-road sites downwind and 
upwind of I-5 and I-710 in Los Angeles. Dust, brake wear, and tire wear 
source profiles were developed specifically for contemporary southern 
California. Sensitivity tests used the downwind-upwind differences in 
PM chemical composition caused by on-road traffic emissions. The 
optimal model revealed contributions of resuspended dust, brake wear, 
tire wear, and vehicle exhausts (diesel and gasoline), as well as sec
ondary ammonium sulfate and ammonium nitrate, explaining on 
average 95% and 82% of PM2.5 and 85% and 72% of PM10 for I-5 and I- 
710, respectively. Two different brake wear profiles were needed to 
explain the ambient measurements, one with high Cu and the other with 
low Cu fractions, highlighting variability of brake PM compositions. 

The source contribution estimates corroborate the importance of 
NTP in near-road environments. Resuspended dust was found to domi
nate in all samples. Contributions of brake and tire wear to PM2.5 
exceeded those of tailpipe exhausts at the I-5 sites (29–30% vs. 19–21%) 
while they were comparable at the I-710 sites (15–17% vs. 15–19%). For 
PM10, brake and tire wear accounted for 2–3 times the exhaust contri
butions. A higher fraction of HDV might explain the higher diesel (over 

gasoline) exhaust and high-Cu (over low-Cu) brake wear contributions 
near I-710, and vice versa near I-5. Only primary PM contributions were 
quantified in this study, though volatile organic compounds from both 
tailpipe and non-tailpipe (e.g., tire vapor) emissions might lead to SOA 
formation. The more unaccounted PM mass in I-710 samples could be 
attributed to SOA, sea salts, and water associated with ammonium ni
trate that were not included in the CMB model. 

The downwind-upwind differences of NTP and exhaust contributions 
were small and often insignificant, likely due to minor and nearly equal 
impacts from I-5/I-710 traffic on the downwind and upwind sites. This 
poses challenges to quantifying vehicle emission factors based on the 
near-road measurements. Barium can serve as a robust marker for brake 
wear PM, as evidenced by its strong association with brake wear con
tributions. On the other hand, caution should be taken to use zinc as a 
tire wear marker as only a small fraction of zinc appeared to result from 
tire wear emissions. 
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