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EXECUTIVE SUMMARY

Emissions of particulate matter (PM) from roadways can be classified into two primary
categories: exhaust emissions and non-exhaust emissions (NEE). Non-exhaust
emissions, often referred to as re-suspended dust or road dust (RD), encompass a range
of sources such as the mechanical wear of tires, brakes, vehicle components, road
materials, and the re-suspension of particles into the atmosphere due to vehicle-induced
and atmospheric turbulence (Casotti Rienda and Alves, 2021). Recent studies indicate
that road dust currently accounts for at least 50% of PM concentrations in urban areas
(Amato et al., 2014; Denier van der Gon et al., 2018). By 2035, this contribution is
projected to rise to about 67% (Reid et al., 2016; OECD, 2020) as exhaust emissions
decline due to vehicle turnover and heavier electric vehicles enter the fleet, increasing
both tire wear and dust resuspension. The growing dominance of road dust in overall
PM highlights the importance of accurately quantifying this source and addressing the

associated uncertainties.

The currently used regulatory model to estimate the road dust is described in the
“Compilation of Air Pollutant Emissions Factors” (AP-42).The current version of the
AP-42 model is a semi-empirical equation based on two inputs: road surface silt loading
sL, which refers to the fraction of surface dust with aerodynamic diameter below 75
um (US EPA, 1995), and average weight of vehicles on the road (US EPA, 2011a).
The model has been criticized (Venkatram, 1999) for yielding unreliable emission
results and its lack of a mechanistic foundation. Furthermore, the procedures
recommended by AP-42 for sampling silt loading on paved roads require manual
collection of road surface materials using a vacuum cleaner (US EPA, 1993). This
collection is impractical for high traffic roads, which is the reason that there are few
measurements of silt loading or emission factors for roads with traffic volume of more

than 10,000 vehicles/h.
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To address the difficulty of collecting silt loading on high-traffic roads, this study,
initiated in January 2022, designed a mobile dust collection system to measure silt
loading on California freeways with varying traffic volumes. The mobile dust collection
system used a VacuMaid GV30, 740-watt vacuum cleaner with a HEVB (High-
Efficiency Vacuum Bag) filter bag for dust collection. A brush, connected with a
telescopic hollow tube to the vacuum cleaner, made contact with the road to collect dust.
The system also included a Picarro G2401-m CO/CO; analyzer, a PurpleAir sensor to
measure PM concentrations and a 2D-sonic anemometer with a thermistor to measure
meteorological variables. In the fall of 2023, the tube connected to the brush was spring-
loaded to ensure stable contact of the brush to the road. An electrically-driven dust
sieving machine replaced the time-consuming manual sieving. A phone GPS tracked
the vehicle's location required to compute the distance traveled on the path of the road

where dust was collected.

Variables, such as friction velocity, derived from measurements with the 2D
anemometer and thermistor were calibrated with direct measurements from the 3D
anemometer to ensure that the meteorological measurements were adequate for the
dispersion modeling used to estimate emission factors. PurpleAir sensors were also
calibrated with a BAM 1020, a regulatory-grade instrument'. Additionally, measures

were implemented to control dust mass loss during silt loading measurements.

This mobile platform system was used in field studies at six highways and two city
roads: sections of CA-91, CA-60, CA 71, CA 55, 1-15, I-215 freeway, Chicago Avenue,
and Towa Avenue across 3 Counties of California. During the summers of 2023 and

summer 2024, a total of 109 dust samples were collected from road surfaces. In summer

' BAM 1020 refers to a particular model of Beta Attenuation Monitor (BAM) that has been
approved by the U.S. Environmental Protection Agency (EPA) as a Federal Equivalent
Method (FEM) for measuring ambient particulate matter (PM). In general, Beta Attenuation
Monitors use a small radioactive source and a filter tape to measure airborne particles in near-

real time.
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2023, 64 samples were collected from two highways, [-215 and CA-91, and two city
roads, Iowa Ave, and Chicago Ave. In spring and summer 2024, 45 samples were
collected at CA-91, CA-60, CA-71, CA-55, 1-15, I-215 freeways, and Chicago Avenue

and Iowa Avenue in Riverside.

The field experiments performed during 2023 and 2024 provided data sets that were
used to develop a mechanistic model for PM emission factors as an alternative to the
AP-42 model. The AP-42 model provides estimates of emission factors that are within
a factor of 5 of the measurements made on highways when measured values of silt
loading are inputs to the model. The mechanistic model yields emission factor estimates
that compare well with those from the AP-42 model. The major advantage that the
mechanistic model offers over the AP-42 model is that it is based on physical
arguments, which suggests its applicability to a wider range of conditions. The second
advantage is that its input can be readily quantified without making measurements that
require impractical disruption of traffic. We realize that measurements of emission
factors used in this exercise are overestimates of resuspended dust because they include
brake and tire wear emissions. One estimate from Matthaios et al. ( 2022) indicates that
road dust resuspension, brake wear, and tire wear account for 29.6%, 19.6%, and 16.4%

of the PM10-2.5 mass respectively.

To help separate the contribution of crustal material of road dust from brake and tire
wear emissions, elemental composition of PM10 and PM2.5 were measured at two sites
in eastern parts of the Los Angeles Basin (Ontario and Rubidoux, respectively) and a
source apportionment model, namely the Positive Matrix Factorization or PMF, was
employed. The PMF resolved 6-7 factors that describe the variability of the
measurements, including “Resuspended Dust”, “Brake Wear”, and “Tire Wear” factors.
Next, fractional contribution of the Resuspended Dust factor to several crustal elements
along with the soil mass parameterization equation of the IMPROVE network

(Pettijohn, 1975) was used to estimate only the crustal mass associated with the
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Resuspended Dust factor. When compared with the total PM10 and PM2.5 mass
concentrations, it was estimated that crustal materials sourced from upwind roads in
LA Basin that experience vehicular traffic contribute to 15% of PM10 and 12% of

PM2.5.

These results from this project will greatly extend the ability of Caltrans and regulatory

agencies in assessing the air quality impact of highways and city roads.
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1 Evaluation of the AP-42 Model and Development of a

Mechanistic Model

1.1  Introduction and Objectives

Particulate matter (PM), broadly categorized according to aerodynamic diameter into
PM2.5 (2.5 um) and PM10 (<10 um), remains a focal point in air quality management
because of its pronounced health impacts. Due to their small size, these particles can be
inhaled deep into the respiratory tract, aggravating or even triggering respiratory
ailments such as asthma and chronic obstructive pulmonary disease (COPD), and, in
the case of PM2.5, reaching the alveolar regions and entering the bloodstream (Pope
and Dockery, 2006; Cohen et al., 2017). Chronic exposure is linked to reduced lung
function, heightened cardiovascular risk, and increased mortality. This underscores the

importance of mitigating PM emissions, particularly in urban environments.

A substantial fraction of urban PM10 and PM2.5 concentrations arises from road traffic,
encompassing both exhaust and non-exhaust emissions. While exhaust emissions stem
directly from incomplete fuel combustion in internal combustion engines, non-exhaust
sources include brake wear, tire wear, and the resuspension of road dust (Thorpe and
Harrison, 2008; Pant and Harrison, 2013). Resuspension occurs when vehicle-induced
turbulence and mechanical friction lift settled particles back into the air. These road
dust particles can contain a complex mix of soil-derived minerals, heavy metals from
brake linings (e.g., copper, antimony), and rubber residues from tire wear (Amato et al.,
2009). Meteorological factors such as wind speed, humidity, and precipitation also
modulate resuspension rates, often making it highly variable across regions and seasons

(Nicholson, 1988).
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From a regulatory and planning perspective, accurate quantification of road dust
emissions is critical for designing targeted mitigation strategies. In the United States,
emissions inventories often employ the AP-42 emission factors published by the
Environmental Protection Agency (EPA) alongside the MOVES (Motor Vehicle
Emission Simulator) model to estimate both exhaust and non-exhaust PM contributions.
These tools use empirical data and activity-based parameters (e.g., vehicle miles
traveled, fleet composition, road type) to calculate emission inventories at local or
regional scales. In Europe, the EMEP/EEA (European Monitoring and Evaluation
Programme/European Environment Agency) Air Pollutant Emission Inventory
Guidebook serves as a key reference for emission factors, supplemented by region-
specific modeling tools such as COPERT (Computer Programme to Calculate
Emissions from Road Transport) and HBEFA (Handbook Emission Factors for Road
Transport) (Ntziachristos and Boulter, 2009). These comprehensive guides incorporate
real-world measurements and research findings to refine emission estimates,
acknowledging the contribution of local factors (traffic density, road condition, climate)

and encouraging harmonized reporting across member states.

Amato et al., (2009) provides a review of the variety of methods that are in use to dust
emissions from roads. In this paper, we focus on the AP-42 model, which is used in the
US and several countries in Europe and Asia used to estimate emission factors for
PM10 and PM2.5 emissions from roads. Details of the model and its evaluation are
described in the “Compilation of Air Pollutant Emissions Factors” (AP-42). U.S.
Environmental Protection Agency (EPA) initially published in 1968. The model is
routinely updated (US EPA 2011a). The current version of the AP-42 model is a semi-
empirical equation based on two inputs: road surface silt loading (sL), which refers to
the fraction of surface dust with aerodynamic diameter below 75 um (US EPA 1993),

and average weight of vehicles traveling on a road (US EPA 2011Db).
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The AP-42 model has been criticized (Venkatram 2000) for yielding unreliable
emission results and its lack of a mechanistic foundation. The procedures recommended
by AP-42 for sampling silt loading on paved roads require manual collection of road
surface materials using a vacuum cleaner (US EPA 1993). This collection is impractical
for high traffic roads, which is the reason that there are few measurements of silt loading

or emission factors for roads with a traffic volume of more than 10000 vehicles/hr.

The primary goal of this research project summarized in this report is to develop a
model for paved road dust emission factors that improves upon the current AP-42 model
for estimating emission factors of road dust (PMio and PM;5) for California freeways
with high traffic volume, which uses a default silt loading of 0.015 g/m? in the

absence of measurements.
This objective was achieved by:

1. Developing a mobile platform that allowed measurement of the model inputs

on high-traffic roads without the need for disrupting traffic flow.

2. Using the mobile platform to conduct field studies on several highways and

roads in Southern California.

3. Using the data from these studies to evaluate the applicability of the AP-42

model to high-traffic roads.

4. Using the data to develop a mechanistic model for PM2.5 and PM10 emission
factors that improve upon the formulation of the AP-42 model and yields
estimates of emission factors that compare well with those of the AP-42 model

based on measurements of silt loading.

5. Using measurements of the chemical components of ambient PM10 to separate
dust emissions from the road from other contributing sources such as brake and

tire wear.
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This report consists of three chapters. In the first, we describe the evaluation of the AP-
42 model and the development of the mechanistic model using the data collected in the
field studies we conducted. This necessitates a brief description of the field studies and
the associated data collection methods. In the second chapter of the report, we provide
details of the development of the mobile platform that allowed measurements of silt
loading and emission factors of PM2.5 and PM10 on high-traffic roads. Chapter 3
describes the measurements of PM concentrations at an urban site and the analysis of

the components of the concentrations of road dust to determine their origin.

1.2 The AP-42 Model
The current version of the emission factor for particulate matter emissions from paved

roads is.
EF = k x (sL)%°1 x (Weight)'.02 (1.1)

where EF is the particulate matter emission factor [g/(veh - mile)], sL is the road
surface silt loading [g/m?], k is the particle size multiplier taken to be 0.25 and 1.00
for PM2.5 and PM10 respectively, and Weight is the average weight [short tons] of
vehicles traveling on the road (US EPA, 2011a.). The empirical equation is based on
83 tests conducted on public and paved roads between 1983 and 2008. A technical
memorandum from Caltrans (US EPA, 2011b) provides a description of the features of

the data (most of the wording is taken directly from the report):

1. The equation is based on 83 road dust measurement tests with limited

geographic coverage.

2. More than 70% of the measurement tests that support the equation were
conducted on roadways at or near industrial facilities, and nearly two-thirds of
the tests involved predominately medium-duty and heavy-duty vehicles. None

of the tests include roadways in California.
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3. Only 7 of the measurement tests involved vehicles traveling at 55 mph on
freeways or expressways. Much of the test data are from roads with slow
moving traffic and stop-and-go traffic. The data did NOT include the following

information relevant to high-traffic roads:
e low silt loading (< 0.1 g/m?, and especially < 0.03 g/m?)
e high vehicle speed (> 55 mph)

e Jlow fleet-average vehicle weight (< 3 tons) with low vehicle speed (<

35 mph)

4. About 25% of the measurement data that support the equation are from

roadways with vehicle speeds less than 15 mph.

5. The current default silt loading value for freeways, 0.015 g/m?, lies outside the
range of conditions that were considered in developing the paved road dust

equation.

6. There is a significant data gap for road dust emission measurements of PM2.5.
Road dust emission factors for PM2.5 are scaled from PM10 emission factors
using an assumed particle size parameter (k). This approach assumes that the
PM10 and PM2.5 particle size multipliers reasonably represent the particle size

distribution of California paved road dust.

7. The current EPA default value for the particle size parameter (k) for PM2.5
(0.25 g/VMT) is based on data collected on freeway and local roads in Denver,
Raleigh, and Reno, and may not be representative of the PM2.5/PM10 ratio of

paved road dust emissions in California.

8. The emission factors for PM10 and PM2.5 were computed by subtracting
modeled emissions of exhaust, brake, and tire (EBT) wear from the measured
dust emissions. Thus, the AP-42 model reflects uncertainty in the modeled EBT

emissions.
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Figure 1.1 compares the PM10 emission factors presented in the AP-42 EPA

report with estimates from Equation (1.1).
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Figure 1.1 Comparison of AP-42 model estimate with measured values taken from US EPA
(2011b). The left panel shows the model estimates paired in time and location with the
corresponding measurements. The right panel compares the distribution of the model estimates
with that of the measurements. The parallel lines about the one-to-one line mark a factor-of-

two interval.

The model performance statistics presented here and in subsequent sections are
computed by assuming that the measurements of emission factors are lognormally
distributed to the modeled value. The parameter £=1.05 in the model is obtained by
fitting model estimates to measurements so that the geometric mean of the ratios of the

model estimates to measurements is unity. The 95% confidence interval is estimated

from s19¢ where s is the geometric ratio of the ratio of modeled to measured
g g

emission factors.

Figure 1.1 compares model estimates to corresponding observations in two ways. In the
first, the model estimates are paired in time and location with the corresponding
measurements. In the second approach, model estimates and measurements are ranked
from low to high values before comparing them; this is equivalent to comparing the
distributions of the two variables. There are good arguments(Venkatram et al., 2001;

Perry et al., 2005) for estimating model uncertainty using distributions of model
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estimates and corresponding observations rather than paired values when models are
applied in a regulatory context. The question that this comparison asks is: Is the model
capable of estimating the measured distribution of the variable to allow estimating the

statistics required for regulatory decision-making?

The right panel of Figure 1.1 shows that the scatter of the measured EFs about modeled
values is relatively large, with an estimated 95% confidence interval of a factor of 15:
95% of the measured values are within a factor of 15 of a given model estimate. The
scatter is reduced to a factor of 2.3, as seen in the right panel when the distributions
are compared. Note that almost all the measured EFs are above 100 mg/VMT, which

we will see is close to the maximum of those measured on high-traffic roads.

Because the model is empirical, the values of k in the expression depend on the data
used to derive the model (Venkatram 2000). The fitted k = 1.05 iscloseto k = 1.0

recommended by the USEPA for the PM10 emission factor model.

Figure 1.2 indicates that the EPA-compiled data corresponds to vehicle speeds of less
than 25 mph, which is well below the average vehicle speeds on highways.
Furthermore, 65% of the average vehicle weight included in the data set is over 3 tons,
which is not representative of vehicles on highways. This focus on heavy vehicles
traveling at low speeds is associated with a mean silt loading of over 20 g/VMT, which
is (Rienda and Alves, 2021) well above values measured on most highways. It is clear
that the data used to formulate the AP-42 model is of limited relevance to estimating
emissions of PM from high-traffic highways. In the next section, we describe studies to

fill this data gap.
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Figure 1.2 Variation of EF with average speed and weight of the vehicle on the road (US
EPA, 2011b).

1.3 Field Studies

We overcame the problems associated with estimating PM emission factors from high
traffic roads by developing a mobile platform that allowed us to measure silt loading,
particulate concentrations, and meteorological variables without setting stationary
monitors next to the highways that we studied. Here we provide a brief description of

the system, the details of which are described in Chapter 2 of this report.

The mobile laboratory was equipped with PurpleAir PM monitors and one Picarro
G2401-m In-flight Gas Concentration Analyzer CO/CO2 gas concentration analyzer.
The inlets for both the gas and PurpleAir PM monitors were mounted on the side door

of the vehicle at an elevation of approximately 1.2 meters.

Meteorological information was measured with a 2-D sonic anemometer mounted on
the mobile platform. A thermistor was mounted on the same tower where the sonic
anemometer was mounted. The 2-D sonic anemometer measured 2-D winds, while the

bead thermistor measured temperature, both at a frequency of 1 Hz.

The mobile dust collection system consisted of a brush connected to a VacuMaid GV30
central vacuum cleaner powered by 3.5 kW UPS (Expanded Uninterruptible Power

Supply) powered. The brush, attached to a spring-loaded arm, was designed to keep

UCR/ME-80014-MR-2-R0 8 College of Engineering



contact with the road as the mobile platform made transects. The dust collected by the

system was then sieved to compute silt loading.

Sampling was conducted on six freeways and two city roads in Riverside, San
Bernardino, and Orange County, California. The on-road field studies were conducted
during the Summer 2023 and Spring 2024 on sections of CA-91, CA-60, CA-71, CA-
55, I-15, 1I-215 freeways, Chicago Avenue, lowa Avenue in 3 Counties of California,
as shown in Figure 1.3. The sampling was conducted on sections of roads that were

1.22 to 3.51 km long and widths ranging from 24 to 50 m.

CA-60 4L ) C“"'”\{ i ¥ .

1115 \
|
Riverside |
‘(_,.‘:‘;;::,:;i_u 1-215

lowa w

e |
TR |CA-55 ‘
CA-91 (22 )] /

nta Ana

(%) |

30,

Figure 1.3 The left panel shows the locations of the city roads, and the right panel shows the

freeways that were sampled.

A phone-based GPS tracked the vehicle's location and was used to compute the distance
traveled by the van. The van was driven at speeds around 30 mph in the rightmost lane,
ensuring that the brush was fully in contact with the ground for stable dust collection.
A trailing vehicle observed the brush and provided additional safety. Dust samples were
obtained from both freeway and local streets, with HEVB (High-Efficiency Vacuum

Bag) bags subsequently sent to the lab for weighing.

As shown in Figure 1.4, in scenario 1 and 4, particulate concentration measurements
were measured while the vehicle was in motion on the upwind and downwind sides of
the road, followed by a stationary measurement for 10-15 minutes. This stationary setup

allowed us to collect turbulence parameters, such as the standard deviation of the
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vertical velocity ow and surface heat flux Qo . Scenario 3 includes stationary
measurements taken upwind, aiding in the determination of background concentrations
and relevant meteorological variables such as wind direction and speed.

)

T
M| ﬂ
3 | 1= 1
I ML
o L2
o

Figure 1.4 The schematic of paths taken by mobile platform during field studies. "ML" stands
for "Mobile Lab," with each number indicating a distinct measurement scenario described in

Section 2 of this report.

1.4 Computing Emission Factors
We used two methods to estimate emission factors for PM2.5 and PM10, both of which
are based on differences in concentrations of PM between the upwind and downwind

side of a road. The governing equation is:

C= gqD(source receptor geometry, Meteorology) (1.2)

where AC is the concentration difference across the road, q (g/(m. s) is the
emission rate of PM per unit length of the road, and D is a dispersion function that
depends on source-receptor geometry and meteorological variables. Then the emission

factor, EF (g/m) is given by:
EF = 1.3
'r ( * )

where Tr is the traffic flow rate (veh/s).
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We computed D using two different models, a line source model similar to RLINE
(Snyder et al. 2013) and a simplified version (Venkatram and Schulte 2018) that
depends on a smaller set on input variables. The two models yielded results within 30%
of each other, which is well within the factor of four uncertainty of the emission

estimates. The simpler model is given by:

2 1 Wow___
D=V In(1+ ) (1.4)
mWow hoUcos8

where W is the road width in [m], ow is the standard deviation of vertical velocity
[m/s ] measured by the mobile platform, U is the wind speed [m/s] observed on the
mobile platform, ho is the initial mixing height taken to be 2 m in this study, and 6

is the angle between the normal to the road and the wind direction.

1.5 Modeling Emission Factors
We interpreted data from the field studies using three models. The first is the AP-42
model given by Equation (1.1). The second model assumes that the emission factor

depends only on the silt loading.

The third model is based on the following mechanistic argument. Assume that moving
vehicles only access a small fraction of the dust embedded on the road so that the
emission rate of dust is determined by the frictional force applied by a vehicle on the
road. Take the force applied as p. Weight, where u is a friction coefficient and
Weight = mg is the weight of the average vehicle on the road. This force acting over
a distance d performs work given by u. Weight. d which gives rise to particle
emissions of EF. d with a kinetic energy that we assume is proportional to the average
speed of the vehicle, Vspd This energy balance results in the following equations:

k.u.Weight.d = (EF).d. (Vspd)?

(1.5)
EF = k.u.Weight/Vspd?
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where k is an empirical constant. Because the model, Equation (1.5), assumes that the
surface material available for resuspension is not depleted by dust emissions, it is likely

to provide an upper bound on the emission factor.

We explored various methods of estimating u using digital photographs of the road
surface. At this time, we have not found a method that accounts for the variability of
the road surface. Our results are based on a constant value of u, which is absorbed in

the empirical constant k.

The CO; data from the Picarro instrument showed little correlation with the PM data.

Consequently, the data was not used to estimate emission factors for PM2.5 and PM10.

1.6 Results

As described earlier, the measurements of emission rate and silt loading on the roads
were made by driving the mobile platform along the upwind and downwind sides of the
road. This sampling path took roughly two to five minutes on each side of the road and
was repeated about five times over an hour. These measurements were processed to

estimate emission factors corresponding to each loop lasting about 20 minutes.
The three models that we evaluated are:
EF = ki(sL)?°'Weight1.02

EF = ka(sL) (1.6)

_ ks.Weight
" (Vspd)?

The performance of the models is measured using the statistics of the residual €

defined by
€ = log(measured EF) — log(modeled EF) (1.7)

which assumes that the measured values are lognormally distributed about the model

estimate. Figure 1.5 shows that this assumption is well supported by the data
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corresponding to the mechanistic model, Equation (1.5). This agreement between the
measured and theoretical distributions also holds for the other two models listed in

Equation (1.5).

The empirical factor, ki, that multiplies the function of input variables is computed by
ensuring that the geometric mean of the ratios of the model estimate to corresponding
measurement is unity. To illustrate this calculation, assume that the emission factor is

given by one of the models in Equation (1.6)
EF =kf(sL, Weight, Vspd) (1.8)

where f is any one of the forms in Equation (1.6). Then the following choice for k

k = exp (mean (log (""" *£yy) (1.9)
f(sL,W)

ensures that mg = exp(mean(e)) = 1 and also minimizes mean(€?) in Equation

(1.7).

The geometric standard deviation sg = exp (standard deviation(e€)) measures the
performance of the model. The 95% confidence interval of the ratio of the modeled to
measured emission factor is conservatively estimated as s4% . A 95% confidence
interval of 5 implies that 95% of the observations corresponding to a given model

estimate are expected to lie within an interval of 5 times the model estimate.
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Figure 1.5 Comparison of the cumulative distribution of the ratio of the measured to the
modeled PM10 emission factor with the cumulative distribution of the lognormal distribution
based on the logarithmic mean and standard deviation of the measured ratios. Model

corresponds to the mechanistic model, Equation (1.5)

Figure 1.6 shows the evaluation of the AP-42 model using the data collected during the
summer of 2023 and the spring and summer of 2024. The plots of emission factors in
the left panels show that the scatter of the measurements about model estimates is
relatively large: the 95% confidence is 8 for PM10 and 5 for PM2.5. However, there is
much better agreement between model estimates and measurements when the
distributions of the two variables are compared by ranking them from low to high. The
scatter of measurements about model estimates is less than a factor of two, which

designated by the parallel lines that are above and below the one-to-one line.

UCR/ME-80014-MR-2-R0 14 College of Engineering



[ ] P
;Z"?.zcinﬁdence Interval= 8.1 95% Confidence Interval= 1.7 //
o =8. ,
2| S # ]
10 ¥
= ¥
= /
E . 3 S gﬁk
S E g
= 1 /4
[=2} ) 7
£ )
" g g
Ll e g ¥ P
: 8 s
3 ® 15 =107
ol ¢ 1215 o /"
(3] @
= *  CAS55 £ oy
= CAS60 S #
x
< CcAT1 f
CA-91
#  Chicago Ve
= jowa S
100 L L
. 10° 10° 102
EF PM2.5= k'sL %% *Weight %2, mg\VMT Ranked EF PM2.5= k*sL%%"*Weight' %2, mg/VMT
10°
10°
=
*]|
P *
3 % 95% Confidence Interval= 2.0 % *
- k= 0.85 g
= 95% Confidence Intervai= 5. 3 w
S i} *
2 B 10 o
2L * =
W 10 §
3 =
2 ® |15 B
o ¢ 1215 o ﬁ
s * CA55 <
B CA60
< cAm
CA91 10tk
; ¥  Chicago e !
101 H  lowa
! 10" 10° 10°
10! 102 103 Ranked EF PM10= k*sL%%"*weight' 92 mg/\VMT

EF PM10= k*sL%?"*Weight' 92, mg/VMT

Figure 1.6 comparison of modeled EFs (mg/(vehicle miles traveled) with measurements
made during 2023 and 2024. The top panels refer model to estimates from the AP-42 model for
PM?2.5 and the bottom to PM10. The left panels plot paired model estimates and corresponding
measurements, and the right to ranked modeled values versus ranked measurements. The model
inputs are the measured values of silt loading in g/m? and average vehicle weight in short
tons (2000 Ib).

Figure 1.7 shows the results of evaluating a simpler version of the AP-42 model, EF =
k. sL, which does consider the average weight of vehicles. We see that although the
paired comparison between model estimates and measurements is worse than that of
the AP-42 model, the comparison of distributions is noticeably better. This suggests
that measurements of just silt loading might provide adequate estimates of emission

factors from a regulatory viewpoint.
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Figure 1.8 shows the performance of the mechanistic model. The results on the left
panels show that the model performs better than those based on silt loading when model
estimates are paired with corresponding observations. However, the comparison of

distributions of model estimates and measurements shows that the model overestimates

concentrations at the high end of the modeled concentrations.
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Figure 1.7 Comparison of modeled EFs (mg/(vehicle miles traveled) with measurements
made during 2023 and 2024. The top panels refer model to estimates from the EF = k. sL
model for PM2.5 and the bottom to PM10. The left panels plot paired model estimates and
corresponding measurements, and the right to ranked modeled values versus ranked

measurements. The model inputs are the measured values of silt loading in g/m?2.
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Figure 1.8 Comparison of modeled EF's (mg/(vehicle miles traveled) with measurements
made during 2023 and 2024. The top panels refer model for estimates from the EF =
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model estimates and corresponding measurements, and the right to ranked modeled values
versus ranked measurements. The model inputs are the average vehicle weight in short tons

(2000 Ib) and average vehicle speed in m/s.

1.7 Discussion and Conclusions

This study was motivated by the need to estimate emission factors for PM10 and PM2.5
on high-traffic highways where it is difficult to deploy equipment to measure emission
rates and inputs such as silt loading that are required in models for emission factors.

The major results of the study described in this paper are:
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1. Development and demonstration of a mobile platform system that enables the
measurement of variables required to estimate emission factors of PM2.5 and

PM10 on high traffic roads.
2. Evaluation of the applicability of the AP-42 model to highways.

3. Formulation and evaluation of a mechanistic model to estimate emission

factors of PM2.5 and PM 10 for high traffic roads.

Table 1.1 summarizes the statistics of the evaluation of three models using data
collected from several highways in southern California. We see that when the estimates
of emission factors from the AP-42 model are paired with corresponding measurements
the scatter between the two variables is relatively large: the 95 % confidence interval
ranges from 5 to 9. However, the distributions of modeled emission factors are within
a factor of two of the measurements, suggesting that the model is adequate for
regulatory applications. The empirical k factor of the original AP-42 model that
multiplies the inputs of the emission factor for PM10 is 0.85, which should be compared
to the value of 1.05 corresponding to the data used by the USEPA to formulate the AP-

42 model for low traffic roads.

We find that the emission factor is modeled well when expressed as a linear function
of the silt loading. These results indicate that measured emission rates are strongly
dependent on the measured silt loading. Because of the difficulty of measuring silt
loading on highways, the AP-42 manual suggests a default value of 15 mg/m? when
measurements are not available. Our measurements made on highways, shown in
Figure 1.9 indicates that this value might lead to overestimates of emission factors

because about 80% of the measured silt loading are less than the default value.
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Figure 1.9 Left panel shows the relationship between measured emission factors and silt
loading measured on freeways. Right panel shows the cumulative frequency distribution of silt

loading. Vertical line is the recommended default value of 15 mg/m?

The ratio of the empirical factors, k, for PM2.5 and PM10 is 0.33, which is higher than
the 0.25 recommended in the AP-42 documentation. This ratio is approximately the
same for all three models because they were fitted to measured emission factors that
are all based on the same measurements of concentration differences of PM2.5 and

PM10 across the roads.

The mechanistic model yields emission factor estimates that improve upon those from
the AP-42 model when model estimates are paired with corresponding measurements.
However, the model shows a larger scatter than those of the silt-based models when the
evaluation involves distributions of model estimates and measurements. This is an

important issue in a regulatory context.
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Table 1.1 Model Performance Statistics

95% confidence 95% confidence interval

Species
interval for distribution

PM2.5 0.28 8.1 1.7
AP-42
PMI0 0.85 5.1 2.0
PM2.5 1.42 88 14
EF = k.sL
PM10 4.37 54 1.7
PM2.5 1.67 55 1.9
EF = k.W /v?
PM10 5.15 4.1 1.7

In the absence of measurements of silt loading, the mechanistic model provides an
estimate of the potential for dust emission: it increases with average weight of vehicles
and decreases with the average speed of the traffic. Its input can be readily quantified
without making measurements that require impractical disruption of traffic. Its
formulation tells us that dust emissions can be reduced if the average speed of vehicles

can be increased through traffic management.

All three emission-factor models are semi-empirical, meaning the “constants” in their
equations are derived from observed data. Their reliability ultimately depends on
independent validation by other researchers using separate datasets. Notably, the
emission factors in this study span nearly two orders of magnitude, which suggests
these models may be applicable beyond the specific highways from which the original
data were collected. We realize that measurements of emission factors used in this

exercise might be overestimates of resuspended dust because they include brake and
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tire wear emissions. Specifically, Matthaios et al. (2022) estimate that road dust
resuspension, brake wear, and tire wear account for 29.6%, 19.6%, and 16.4% of the

PM10-2.5 mass, respectively.
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2 Details of Field Studies and Instrumentation

As indicated earlier, we developed a mobile platform that allowed us to measure
particulate concentrations and meteorological variables without setting up stationary

monitors next to the highways that we studied.

All the instrumentation used in the field studies was mounted on the mobile platform,
as shown in Figure 2.1. The PM2.5 and PM10 concentrations were measured with
measured with a PurpleAir monitor. Meteorological information was measured with a
2-D sonic anemometer and a thermistor. Dust from the road surface was collected with
a brush mounted on a spring-loaded hollow arm, which was connected to a VacuMaid
GV30 central vacuum cleaner powered with a 3.5 kW UPS (Expanded Uninterruptible

Power Supply) rated at 740 watts.

The dust collected by the vacuum cleaner was sieved in the laboratory to obtain silt
loading corresponding to particle diameters below 75 um . The following sections

provide details of the instrumentation, and their deployment in the field.

Figure 2.1 The left panel shows the mobile platform with a 2-D sonic anemometer mounted at

3 m. The right panel shows the dust collection system mounted on the platform.
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2.1 Particle Concentration Measurement

We measured PM concentrations using PurpleAir (PMS-6003) monitors, which consist
of a pair of lasers scattering particle sensors, along with a Bosch BME688 sensor for
measuring pressure, temperature, and humidity. It also features a Wi-Fi-enabled
processor, enabling real-time data uploading to the cloud for immediate utilization. The
PurpleAir SD card recording offers a minimum time resolution of approximately 2
minutes. However, the PurpleAir terminal provides the capability to retrieve raw data
at a finer granularity of 1 second. PurpleAir monitors have not been used on mobile
platforms in previous studies due to potential challenges in maintaining data quality.
Section 4 describes steps that we have taken to maintain the integrity of the

measurements from these instruments.

To eliminate the influence of the lab vehicle on the data, the PurpleAir sensor was
secured with zip ties to the exterior of the driver’s side door, approximately 1.5 meters
above the ground. Once the field experiment began, the exact start and end times (to
the second) were logged, and after the experiment concluded, data from the PurpleAir
sensor and Picarro were exported to isolate the experimental time window for further

recording and analysis.

The PurpleAir-1I monitors were calibrated internally by co-locating them at the UCR
Agricultural Operations (Ag-Ops). One PurpleAir monitor served as a reference
monitor, and the other monitors were corrected based on its raw measurements. The
reference PurpleAir was first calibrated with measurements taken with a BAM (Beta
Attenuation Monitor) 1020 maintained by the South Coast Air Quality Management

District (SCAQMD) at the Rubidoux, Riverside location.
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Figure 2.2 Correlation between PM2.5 and PM10 measurements from BAM 1020 with those
from PurpleAir.

The PurpleAir measurement was calibrated by regressing the PurpleAir measurements
on the corresponding BAM measurements (Figure 2.2) using the equation suggested by

Barkjohn et al. (2021)
BAM = s1 X PAreference + s2 X T +s3 X RH + i (21)

where PAreference 1s the reference PurpleAir measurements, BAM represents the
BAM measurement(ug/m3), T is the PurpleAir recorded air temperature in degrees
Fahrenheit [°F], RH is the PurpleAir measured relative humidity [%], s1, s2 (ug/
(m3.e F), and s3(ug/(m3. %)are determined using the non-negative least-squares
method, which minimizes the square of the residual i between the reference
measurements and raw measurements. Table 2.1 presents the results of the regression.
Equation (2.1) was used to scale the measured PurpleAir PM concentration to obtain a

magnitude that is consistent with the more accurate EBAM measurement.

Although the corrected PurpleAir measurements correlated well (r2 > 0.6) with those
from the FEM monitor, the scatter of the 2-minute-averaged measurements of PM
between different PurpleAir instruments was larger than the concentration differences

across a road, which was used to estimate emission rates of PM from roads.
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Measurements with two DustTrak®s did not also provide the required precision. So,
we decided to avoid the precision problem by using a single calibrated PurpleAir

monitor to measure concentration differences across roads.

Table 2.1 Comparisons of PM ;9 and PM s measurements between PurpleAir and FEM BAM

1020 instruments

Particle Size Slope Intercept S1 S2 3 R? mg Fact2
Raw 0.7 32 1 0 0 0.73 0.95 87%

PM:s
Corrected 1.1 -0.6 0.67 0.05 0 0.76 1.1 92%
Raw 1.3 194 1 0 0 0.55 0.32 23%

PMyo
Corrected 1.0 -1.7 1.32 0.25 0 0.6 1.06 96%

2.2 Meteorological Measurements

The meteorological information required to derive emission factors is based on a
method that uses 2D wind information and high-frequency temperature
data(Thiruvenkatachari et al., 2023). This method allowed us to obtain
micrometeorological variables by parking the mobile platform next to a highway being
studied. The more commonly used instrument, the 3D sonic anemometer, would have
required setting up a tripod next to the road followed by careful leveling of the

anemometer. This was impractical at most highway locations.

Our method of estimating micrometeorological variables was evaluated and calibrated
with results from a Campbell Scientific CSAT3 3D 20 Hz sonic anemometer mounted
on a stationary tower, as shown in Figure 2.3. The sonic anemometer was mounted at

3 m and 5 m on a tower.
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Figure 2.3 Experimental setup to compare meteorological parameters derived from the 3D

sonic anemometer with those from the mobile platform meteorological sensors.

The idling mobile lab was parked next to the 3D sonic anemometer for 8 hours each
day to estimate the performance of the mobile platform observed meteorology as shown
in Figure 2.4. The raw data from the sonic anemometer was then retrieved and

processed to obtain 5-minute average micrometeorological parameters.

Figure 2.4 compares the meteorological measurements from the 3D sonic anemometer
with those derived from measurements made on the mobile platform. Panels (c) and (d)
show the performance of the mobile platform model in estimating the standard
deviation of vertical speed, ow, and kinematic heat flux Qo. The comparisons indicate
that the meteorological parameters derived from the mobile platform are more than
adequate as inputs to the dispersion model used to derive emission factors. Details are

described in Thiruvenkatachari et al. (2023).
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Figure 2.4 Comparison of meteorological variables measured with 3D sonic anemometers with

modeled values derived from measurements with a 2D sonic anemometer and thermistor.
2.3 Dust Collection and Silt Measurement System

A mobile dust collection system was developed for a cargo van in the spring of 2023.
The system used a 3.5 kW UPS to power a VacuMaid GV30 central vacuum cleaner,
which features 740 max air watts and a High-Efficiency Vacuum Bag (HEVB) filter
bag. A GPS tracker recorded the van's location to calculate travel distances. Inside the
mobile lab, a Picarro G2401-m analyzer measured CO and CO: concentrations, while

a PurpleAir sensor monitored PM concentrations on the driver-side door.

Dust from the road was collected with a telescopic hollow tube that connected the brush
head to the vacuum cleaner. Straps secured the tube to the trailer and bungee cords were
used to adjust brush position. A trailing vehicle monitored the brush to ensure that road
conditions did not disable it, and that malfunctions of the equipment did not endanger

the safety of other vehicles on the road.

2.3.1 Design of Dust Brush

Figure 2.5 shows the Cen-Tec Systems 34839 Vacuum brush to collect road dust.
During preliminary experiments, we found that a significant portion of the dust was
blocked by the rear bristles, preventing it from being sucked into the vacuum. This

problem was solved by cutting off the rear bristles of the brush as shown in the red box
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in Figure 2.5. This ensured that all the dust in the area covered by the brush was

collected into the vacuum.

Figure 2.5 Brush and the Section of brush that was trimmed to ensure contact with road.

Additionally, to ensure that dust particles were collected as thoroughly as possible into
the vacuum, the brush was compressed by the spring-loaded arm on to the surface of
the road. during the experiments. The contact area between the brush and the ground
was not the original width of the brush (8 cm) multiplied by the travel distance, but
rather the width of the bristles after they were compressed and spread out, multiplied

by the travel distance.

Figure 2.6 shows the width of the area vacuumed by the dust collection system. The
width of the area, 11 cm, multiplied by the distance traveled by the mobile platform, is

the effective area used to compute silt loading of the road.
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Figure 2.6 a) Area vacuumed by the dust collection system, and b) Width of vacuumed area.
2.3.2 Quality Control of Dust Collection

After collecting the dust samples, the dust collection bags were transferred to the
laboratory for measurement and analysis. Directly cutting open the dust bags and
pouring the contents into the mesh would result in significant loss of fine dust particles.
To minimize experimental errors, the dust collection bags were carefully prepared, with
only the top portion being cut. The opening of the bag was placed at the bottom of a
sealed bag, and the entire dust collection bag inverted. By gently tapping the dust bag,
as much dust as possible was transferred into the sealed bag. Subsequently, a small 2
cm opening was made in the sealed bag to slowly pour the dust into the automatic

sieving system.

There was always some fine residual dust left on the inner surface of the dust collection
bags and the transfer bags after they were manually emptied. To control experimental
errors, the empty dust collection bags and transfer bags were weighed in advance. After
transferring the dust, the bags with residual dust were weighed again to determine the
weight difference. We assumed that the diameter of the residual dust particles was less

than 0.15 mm. After sieving (discussed next) was completed, this mass of residual dust
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was distributed to the mass of particles below 0.15 mm using the sieved mass fractions

as weighting factors.
2.3.3 Dust Shaker

To minimize errors and maximize throughput efficiency, an automatic dust sieving
system was used separate the collected particulate matter in size ranges in Figure 2.7.
The system uses an electric vibrating sifter, which simulated the manual shaking
process of the mesh. Because the standard sieve hole size of commercially available
electric vibrating sieve machine sifter was too large to meet experimental requirements.
a finer mesh was added to the sifter machine. The collected dust was then sieved
sequentially through 0.315 mm, 0.15 mm, 0.075 mm, and 0.0385 mm of meshes. The
dust per unit area with an aerodynamic diameter below 0.075 mm measured silt loading

(sL).
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Figure 2.7 Dust sieving shaker.

The automated sieving system is equipped sequentially with meshes of 0.315 mm, 0.15
mm, 0.075 mm, and 0.0385 mm. Each sample underwent a vibration screening process
for 30-45 minutes, with duration depending on the initial dust sample weight. Details

of the process used to determine silt mass are shown in the Figure 2.8 and Figure 2.9.
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To prevent secondary loss of dust particles during transfer for weighing, the sieves were
weighed together with the dust particles inside. The dust mass in each sieve was then

determined by subtracting the previously measured empty sieve weight from this total.

Silt Loading
Measurement

empty dust bag's mass

Preparations

1
1
|
empty Ziplock's mass | weigh and mark
1
empty filter's mass i

Road Dust Collection

#HPB2H: dust bag

cut top portion of the dust bag

Transfer the Dust

place the opening of the dust bag at the bottom of

Sample to Sealed Ziplock and then tap the dust bag

bag(Ziplock)

weigh the dust bag'’s current mass(calculate the
dust left on the dust bag's inner surface)

a small 2 cm opening was made in the sealed bag
to slowly pour the dust into the shaker
Transfer the Dust

Sample to Shaker use spring ropes and straps to fix the finer mesh.

weigh the Ziplock's current mass (calculate the
dust left on the Ziplock's inner surface)

weigh the net mass of particles. (Diameter

below 0.075 mm was considered the
Measure the mass of measured silt loading)
different size particles mass correction: the mass of the residual

dust is proportionally added.

Figure 2.8 Silt Loading Measurement Process.

(@) (b) © (d) (©

Figure 2.9 (a) Particles bigger than 0.315 mm. (b) Particles between 0.315 mm and 0.15 mm.

(c) Particles between 0.15 mm and 0.075 mm. (d) Particles between 0.075 mm and 0.0385 mm.
(e) Particles smaller than 0.0385 mm.
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Improvements Made to Equipment During Field Studies

Following the initial field studies in spring 2023, challenges included balancing brush

attachment tightness and manually controlling the UPS switch for the vacuum cleaner.

The following enhancements were implemented:

1.

A new fixture allowed controlled upward and downward brush movement via a
hollow tube connected to a spring-loaded part. This design ensured consistent

contact between the brush and the ground (see Figure 2.10).

The UPS power source was relocated inside the van, enabling researchers to
activate and deactivate the vacuum cleaner from within the mobile lab. This

reduced errors and improved efficiency.

A Cen-Tec Systems 34839 vacuum brush was modified by removing rear
bristles to prevent dust blockage and ensure effective collection. The contact
area between the brush and ground was adjusted to account for bristle

compression, increasing the collection area to 11 cm.

An automatic sieving system simulated manual shaking to sift dust samples
through meshes 0of 0.315 mm, 0.15 mm, 0.075 mm, and 0.0385 mm. Finer mesh
attachments were added to improve accuracy. Dust samples were weighed

before and after sieving to calculate silt loading (dust mass per unit area).

(c

Figure 2.10 (a) Brush and tube attached to trailer (b) Details of attachment, (c) Components

of attachment
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The equipment list for the modified mobile platform is detailed in Table 2.2.

Table 2.2 Equipment list for mobile platforms.

Number Purpose

1 UPS generator 3.5kW Power the vacuum cleaner.
2 Vacuum cleaner VacuMaid GV30 Collect road dust.

3 Brush Fixture Machined parts Adjust brush.

4 Trailer 60" x 24" x 14.4" Hold the vacuum cleaner.

Cen-Tec Systems 34839

Sweep and vacuum dust from the

5 Brush Vacuum Attachment,
roads
5x2.5x4.5 inches
METSENSS500 Campbell

6 2D-sonic Anemometer Measure meteorological variables

Scientific
7 Thermistor IMET-XQ2 Measure temperature fluctuations
8 PurpleAir Flex sensor 35inx3.5inx5in Measure PM concentrations

Measure CO/CO2 gas
9 Picarro G2401-m
concentrations

2.5 Traffic Flow Measurements

Traffic data during road sampling included traffic speed, traffic flow, and the average
vehicle weight on the road. The average vehicle weight was derived from the truck ratio,

assuming an average truck weight of 16.5 tons and a passenger car weight of 1.95 tons.

The traffic data for the freeways were obtained from the Caltrans Performance

Measurement System (PeMS). This information is collected in real-time from Loop
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Detector Stations (LDS) embedded within the road surface, providing the traffic

information for all lanes, updated every 5 minutes at a minimum (Caltrans 2020).

Traffic data for Chicago Ave. and lowa Ave. was obtained with video equipment set up
at intersections. Analysis of the video records provided information on the number of
cars and trucks passing each camera, which was then converted to traffic flow and
average vehicle weight on these roads. Vehicle speed was determined by using online
tracker software (shown in Figure 2.11) that analyzes object motion speed from videos.
The methodology involved setting up an XY coordinate system within the video frame,
assuming a standard vehicle’s length of 5 meters. Using a fixed point on each vehicle
(e.g., door handle) as a reference, the new positions of this point were marked across
video frames to determine the vehicle’s speed. For each road, five vehicles were

analyzed, and the average speed was used as the traffic speed for that particular
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Figure 2.11 Diagram of the Tracker Interface and Operation.

2.6 Field Studies

The locations where the field studies were conducted are shown in Figure 1.3.
Particulate concentration measurements were measured while the vehicle was in motion
on the upwind and downwind sides of the road, followed by a stationary measurement
for 10-15 minutes. To avoid errors associated with the precision of the PurpleAir

instruments, we used the same sensor for both upwind and downwind sampling. The
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sampling scenarios are shown in Figure 1.4. Scenario 1 and 4 involved measurements
taken while the vehicle was in motion on the downwind and upwind side of the road.
In Scenario 2, we conducted turbulence measurements while the vehicle was parked on
the downwind side of the road. This stationary setup allowed us to collect turbulence
parameters, such as the standard deviation of the vertical velocity ow and surface heat
flux Qo . Scenario 3 includes stationary measurements taken upwind, aiding in the
determination of background concentrations and relevant meteorological variables such

as wind direction and speed.
A summary of sampling conducted in Spring 2024 is shown in

Table 2.3.

Table 2.3 Summary of sampling information on roads.

q Mean
Sampling Road Mean Silt
Road . Vehicle Mean Traffic
Duration  Width RERIE:
Location [ ) [m] Weight Flow [Veh/hour]
minutes m
[g/m?] [tons]
CA-55
~4 50 0.0314+0.015 68+1 2.83 12899
Freeway
CA-60
~4 30 0.019£0.015 5115 2.06 7893
Freeway
CA-71
~4 49 0.053+0.005 6145 223 6340
Freeway
CA-91
~7 30 0.024+0.007 58411 2.05 7654
Freeway
I-15
~3 48 0.0100.007 6312 2.46 7465
Freeway
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Mean Silt b e
Vehicle Mean Traffic

Sampling

Road .
Duration Loading
Location Weight Flow [Veh/hour]
minutes
[ ] [g/m?] [tons]

1-215
~7 48 0.038+0.002 5543 3.64 10254
Freeway
Chicago
~5 24 0.2214+0.060 42410 3.20 2352
Avenue
Towa
~5 24 0.137£0.058 40+5 425 1875
Avenue

This project involved conducting field studies at eight roadway sites. The on-road
studies were carried out during the summer of 2023 and the spring of 2024 along
sections of CA-91, CA-60, CA-71, CA-55,1-15, and I-215 freeways, as well as Chicago

Avenue and lowa Avenue in three counties in California.

Each field study lasted 3-5 hours at various roadway sections and times, providing

primary samples for analysis.

2.7 Evaluation of Emission Factor Estimates

PurpleAir monitors have seldom been used on mobile platforms in previous studies,
likely due to potential challenges in maintaining data quality, and the possible influence
of vehicle motion on measurements. To evaluate the performance of mobile
measurements, we compared the results from the stationery and vehicular monitors
placed in the vicinity of the 1-215 freeway. The mobile setup involved placing two
monitors on each side of the van's doors, while the stationary setup included one
monitor positioned on the downwind shoulder of the freeway and another
approximately 100 meters upwind from the freeway. During the study, the van traveled
back and forth along the freeway, collecting on-road PM data for around 2-5 minutes

based on changing traffic situations. At the end of each loop, the van stopped for 5
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minutes at both the downwind shoulder and the off-road upwind location to record PM
and meteorological data. The differences in PM concentrations across the road were
derived from the averages of the on-road downwind and off-road upwind measurements
while the van was parked. Similarly, the difference in stationary PM concentrations was
obtained from the down-wind shoulder measurements and the upwind stationary
monitor during the vehicle's travel. Both PM concentration and meteorological data

were used as inputs to the dispersion model to determine emission factors.

The comparison of emission factors obtained from these two monitor configurations at
the Chicago street located in Riverside, shown in Figure 2.12, suggests that
concentration measurements from the mobile platform are adequate substitutes for
stationary measurements: the coefficient of determination, R%, between PM;i¢ and
PM; 5 emission factors measured by mobile and stationary PurpleAir units are 0.93 and

0.87, respectively, with little scatter between the two estimates.

The close comparison between estimates of emission factors from the dispersion model
and the line source model also provides support for deriving emission factors from

concentration measurements made on a moving platform.
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Figure 2.12 Emission factors estimated with mobile platforms compared to those using data

from stationary monitors.
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2.8 Results

2.8.1 Concentration of PM2.s, PMjo, and CO;

Measurements of PM2.5 and PM10 concentrations were made along upwind and
downwind sections of roadways. Each upwind-downwind loop lasted approximately 10
minutes, resulting in concentrations averaging over approximately two minutes
corresponding to the time between the entry into and exit from the road of the mobile

platform. Information on these measurements is presented in Table 2.4 and Table 2.5.

Table 2.4 Concentrations of PM2.5 and PM10.

Time Downwind Downwind Upwind Upwind Delta Delta

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

(FDT) [ug/m’] [ug/m3) [ug/m’] [ug/m’] [ug/m’] [ug/md]
13:31:15-

2024/04/21 5.19 3.51 4.53 2.97 0.54 0.66
13:47:12
17:03:48-

2024/05/05 4.86 3.51 453 3.37 0.14 0.33
17:11:49
17:07:05-

I-15 2024/07/23 19.48 14.29 14.83 11.81 2.48 4.65
17:15:25
17:23:30-

2024/07/23 19.79 15.12 15.04 12.05 3.07 4.75
17:31:41
17:40:57-

2024/07/23 16.73 12.45 14.64 11.42 1.03 2.09
17:48:57
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Downwind Downwind Upwind Upwind Delta Delta

Time
PM10 PM2.5 PM10 PM2.5 PM2.5 PM10
) [ug/m?] [ug/m?) [ug/m’]  [ug/m’] [ug/m’] [ug/m?)
9:52:40-
2024/04/19 73.76 55.4 54.72 42.56 12.84 19.04
10:00:48
16:26:25-
2024/06/05 243 20.34 21.86 20.09 0.25 2.44
16:36:29
13:41:06-
2024/07/25 24.8 15.66 21.26 14.94 0.72 3.54
13:48:27
1-215
13:57:33-
2024/07/25 19.02 12.55 16.68 12 0.55 2.34
14:04:51
14:13:55-
2024/07/25 16.85 12.76 14.62 10.84 1.92 223
14:20:08
13:09:48-
2024/08/16 10.53 7.90 9.81 7.67 0.23 0.72
13:16:30
13:25:54-
2024/05/05 6.79 3.74 3.29 2.70 1.04 3.50
13:34:00
13:37:36-
2024/05/05 592 3.59 3.84 2.59 1.00 2.08
13:45:37
15:17:58-
2024/05/05 6.71 4.45 5.05 345 1.00 1.66
15:17:45
CA-55
13:00:07-
2024/07/23 15.29 9.56 12.33 8.05 1.51 2.96
13:09:39
13:19:26-
2024/07/23 13.82 10.33 12.07 9.52 0.81 1.75
13:30:50
13:37:49-
2024/07/23 16.54 10.64 12.18 9.86 0.78 4.36
13:47:47
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Downwind Downwind Upwind Upwind Delta Delta

Time
PM10 PM2.5 PM10 PM2.5 PM2.5 PM10
) [ug/m?] [ug/m?) [ug/m’]  [ug/m’] [ug/m’] [ug/m?)

19:38:10-

2024/04/20 33.24 24.71 26.00 21.72 2.99 724
20:01:07
16:46:57-

2024/06/05 22.19 18.72 21.09 18.22 0.50 1.10
16:52:27
14:41:18-

2024/07/30 15.56 12.67 14.55 12.34 0.33 1.01
15:02:50

CA-60

15:39:38-

2024/07/30 11.80 9.56 10.83 9.46 0.10 0.97
15:56:41
16:19:27-

2024/07/30 14.68 991 12.00 9.60 0.31 2.68
16:35:29
14:17:30-

2024/08/16 11.19 8.53 9.76 7.96 0.56 1.42
14:31:55
16:14:28-

2024/05/05 6.83 4.81 4.15 3.58 1.23 2.68
16:26:05
15:43:32-

2024/07/23 19.10 14.16 18.07 13.30 0.86 1.03
15:48:17

CA-T1

15:55:09-

2024/07/23 16.44 13.58 15.04 12.77 0.81 1.40
16:01:06
16:11:19-

2024/07/23 21.05 14.72 17.22 12.89 1.83 3.83
16:16:28
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Downwind Downwind Upwind Upwind Delta Delta

Time
PM10 PM25  PMI0 PM25 PM25  PMI0
) [ug/m?] [ug/m?) [ug/m’]  [ug/m’] [ug/m’] [ug/m?)

20:14:20-

2024/04/20 35.98 27.41 29.76 26.63 0.78 6.22
20:25:50
16:59:35-

2024/06/05 19.00 16.14 15.96 15.02 1.12 3.04
17:07:26
15:52:29-

2024/07/25 14.02 10.44 12.37 9.65 0.79 1.65
16:03:05

CA-91

16:11:26-

2024/07/25 15.35 11.17 12.46 9.37 1.80 2.89
16:21:04
16:28:08-

2024/07/25 14.37 10.47 10.47 8.05 242 3.90
16:36:25
11:06:16-

2024/08/17 33.67 26.04 24.66 18.78 7.26 9.01
11:19:20
12:01:40-

2024/05/10 67.98 50.82 58.41 48.74 2.08 9.57
12:06:15
14:50:01-

2024/06/05 29.32 19.02 21.75 17.19 1.83 7.57
14:54:00
12:53:44-

TIowa 2024/07/22 18.17 13.46 16.29 13.24 0.22 1.88
12:57:33
13:02:35-

2024/07/22 19.45 14.61 18.20 14.50 0.11 1.25
13:06:58
13:12:36-

2024/07/22 14.22 11.14 13.70 10.82 0.32 0.52
13:16:18
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Downwind Downwind Upwind Upwind Delta Delta

Time
PM10 PM2.5 PM10 PM2.5 PM2.5 PM10
) [ug/m?] [ug/m?) [ug/m’]  [ug/m’] [ug/m’] [ug/m?)
09:52:40-
2024/05/10 56.67 44.52 49.17 38.15 6.37 7.50
10:00:45
10:29:26-
2024/05/10 49.28 39.44 38.19 30.23 9.21 11.09
10:36:06
11:00:50-
2024/07/22 33.26 26.86 27.21 25.16 1.7 6.05
11:07:44
Chicago
11:13:36-
2024/07/22 14.73 11.02 13.49 10.49 0.53 1.24
11:19:19
12:40:14-
2024/07/22 14.45 10.84 12.7 10.68 0.16 1.75
12:47:29
09:46:30-
2024/08/17 17.08 13.03 16.63 12.97 0.06 045
09:48:47

Table 2.5 Concentration of CO..

CO,
CO; upwind delta CO,
downwind
ppm ppm
ppm
1-15 2024/04/21 13:31:15-13:47:12 453 370 83
1-215 2024/04/19 9:52:40-10:00:48 514 469 45
CA-55 2024/05/05 13:25:54-13:34:00 496 452 44
2024/04/20 19:38:10-20:01:07 455 400 55
CA-60
2024/06/05 16:46:57-16:52:27 489 427 62
CA-71 2024/05/05 06:14:28-16:26:05 499 420 79
2024/04/20 20:14:20-20:25:50 500 440 60
CA-91
2024/06/05 16:59:35-17:07:26 506 475 31
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(603

CO; upwind delta CO,
downwind
ppm ppm
ppm
Iowa 2024/05/10 12:01:40-12:06:15 518 429 89
Chicago 2024/05/10 09:52:40-10:00:45 506 421 85

2.8.2 Meteorological Data

Table 2.6 presents the average wind speed (WS), wind direction (WD) and temperature

(T) from different roads. Temperatures varied from 13.8°C to a maximum of about 39°C
during the study periods. West winds dominated the study days with wind directions
within 270 + 45 degrees most of the time. Wind speed varied a lot due to the different

s€asons.

Table 2.6 Meteorological data.

Time (DT) Wind Speed Wind Direction Temperature

m/s degree °C

2024/04/21 13:31:15-13:47:12 1.01 203.53 233

2024/05/05 17:03:48-17:11:49 3.74 250.00 22.5

I-15 2024/07/23 17:07:05-17:15:25 4.81 186.48 36.1
2024/07/23 17:23:30-17:31:41 4.03 188.82 355

2024/07/23 17:40:57-17:48:57 4.64 217.59 35
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Wind Speed Wind Direction Temperature

Time (PDT)
m/s degree °C
2024/04/19 9:52:40-10:00:48 2.30 234.23 13.8
2024/06/05 16:26:25-16:36:29 2.02 275.00 294
2024/07/25 13:41:06-13:48:27 0.80 251.91 37.7
I-215
2024/07/25 13:57:33-14:04:51 2.05 240.36 38
2024/07/25 14:13:55-14:20:08 1.70 233.77 383
2024/08/16 13:09:48-13:16:30 0.82 214.48 33.8
2024/05/05 13:25:54-13:34:00 1.34 253.33 183
2024/05/05 13:37:36-13:45:37 1.21 264.00 18.6
2024/05/05 15:17:58-15:17:45 2.65 215.00 18.8
CA-55
2024/07/23 13:00:07-13:09:39 2.00 228.83 36.6
2024/07/23 13:19:26-13:30:50 3.28 305.19 36.9
2024/07/23 13:37:49-13:47:47 2.60 217.29 372
2024/04/20 19:38:10-20:01:07 1.60 240 21.1
2024/06/05 16:46:57-16:52:27 2.53 293.33 294
2024/07/30 14:41:18-15:02:50 2.35 161.89 344
CA-60
2024/07/30 15:39:38-15:56:41 0.87 291.30 33.8
2024/07/30 16:19:27-16:35:29 1.15 245.05 333
2024/08/16 14:17:30-14:31:55 1.55 22891 35.8
2024/05/05 16:14:28-16:26:05 1.01 262.50 18.8
2024/07/23 15:43:32-15:48:17 1.58 206.17 372
CA-T1
2024/07/23 15:55:09-16:01:06 3.24 227.59 36.1
2024/07/23 16:11:19-16:16:28 2.58 312.05 35
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‘Wind Speed Wind Direction Temperature

Hea) m/s degree °C
2024/04/20 20:14:20-20:25:50 1.59 271.42 16.1
2024/06/05 16:59:35-17:07:26 227 295 294
2024/07/25 15:52:29-16:03:05 3.44 237.81 383
CA-91
2024/07/25 16:11:26-16:21:04 247 329.40 383
2024/07/25 16:28:08-16:36:25 2.81 318.673 383
2024/08/17 11:06:16-11:19:20 1.55 91.10 255
2024/05/10 12:01:40-12:06:15 3.03 230.48 26.1
2024/06/05 14:50:01-14:54:00 3.03 230.48 31.6
Towa 2024/07/22 12:53:44-12:57:33 3.98 283.15 36.1
2024/07/22 13:02:35-13:06:58 2.75 234.44 36.6
2024/07/22 13:12:36-13:16:18 2.00 277.64 372
2024/05/10 09:52:40-10:00:45 0.65 74.62 22.7
2024/05/10 10:29:26-10:36:06 3.03 230.48 272
2024/07/22 11:00:50-11:07:44 3.54 209.47 322
Chicago
2024/07/22 11:13:36-11:19:19 1.86 241.69 33.6
2024/07/22 12:40:14-12:47:29 2.08 182.90 36.1
2024/08/17 09:46:30-09:48:47 3.31 205.35 22.7

2.8.3 Traffic Count and Traffic Speed
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Table 2.7Table 2.7 and Table 2.8 presents data on traffic flow, speed, truck ratio, and
average vehicle weight for various road types. Traffic flow values reflect the combined
volume of vehicles traveling in both directions, while traffic speed and truck ratio
represent values averaged over both directions. The average vehicle weight was

estimated based on the truck ratio.

As shown in Table 2.7 and Table 2.8, traffic flow on highways ranges from
approximately 5,000 to 10,000 vehicles per hour, with average speeds between 38 and
70 mph. The truck ratio on highways varies significantly, influenced by both the
highway type and time of day. In contrast, traffic flow on city roads is around 1,000 to
3,000 vehicles per hour, with speeds ranging from 16 to 40 mph, also depending on the

time of day. Generally, the truck ratio on city roads is higher than on highways.
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Table 2.7 Traffic conditions on different roads in 2023.

Traffic flow  Traffic speed Average weight
Road Name Truck ratio %
veh/hour mph Tons
5364 50.24 4.47% 2.60
6468 45.93 4.64% 2.62
5880 41.74 4.08% 2.54
6120 46.25 431% 2.58
5616 53.69 4.49% 2.60
5664 56.73 4.66% 2.63
5940 56.14 4.85% 2.66
5376 47.89 4.24% 2.57
4536 39.46 2.91% 2.37
6468 44.66 4.27% 2.57
2023
1215 6072 44.00 3.95% 2.53
May 6252 53.28 4.03% 2.54
5112 61.56 4.23% 2.56
5052 57.40 3.80% 2.50
5400 47.65 3.56% 247
5352 42.46 291% 237
5088 44.61 3.30% 243
5736 43.18 3.35% 2.44
6264 41.60 3.64% 248
6792 39.82 4.24% 2.57
5844 37.92 4.11% 2.55
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Traffic flow  Traffic speed Average weight

Truck ratio %

LGNS veh/hour mph Tons
9940 59.74 2.45% 231
8944 62.50 2.64% 233
8648 63.16 2.78% 235
9048 52.50 2.12% 226
7552 62.52 2.91% 237
2023 9916 57.95 222% 227
CA-91

10280 57.74 2.18% 2.27

May
6876 64.08 3.08% 2.40
6436 60.48 2.73% 2.35
9620 56.14 2.20% 227
9488 51.24 1.73% 2.20
10428 55.95 2.07% 225
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Traffic flow  Traffic speed Average weight

Truck ratio %

LGNS veh/hour mph Tons

2512 27.10 17.49% 4.49

2338 28.62 14.37% 4.04

1460 36.26 17.44% 4.49

1071 39.64 13.82% 3.96

1936 32.11 22.76% 5.26

1716 34.03 26.30% 5.78

1903 32.40 20.28% 4.90
2023

Chicago 2047 31.14 17.34% 4.47
May

2162 30.15 15.04% 4.14

1372 37.02 12.35% 3.75

1707 34.11 19.78% 4.83

1573 35.27 18.01% 4.57

2282 29.10 17.90% 4.55

1760 33.64 15.44% 4.20

1919 32.26 17.51% 4.50
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Traffic flow  Traffic speed Average weight

Truck ratio %

LGNS veh/hour mph Tons
1883 32.58 24.65% 5.54

2150 30.25 21.82% 5.13

1819 33.13 24.12% 5.46

2367 28.37 21.00% 5.01

1426 36.55 17.61% 451

1572 35.28 27.79% 5.99

1563 35.35 30.06% 6.32

1556 3542 17.80% 4.54

2023
Towa 2238 29.48 28.70% 6.13
May

2077 30.88 21.97% 5.15

2932 23.44 12.47% 3.76

2241 29.46 14.53% 4.06

1904 32.39 16.64% 4.37

1885 32.56 27.67% 5.98

2184 29.96 25.61% 5.68

2127 30.45 24.20% 547

2205 29.78 20.58% 4.94
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Table 2.8 Traffic conditions on different roads in 2024.

Traffic
Traffic Truck Average
Time (PDT) flow
speed Mph ratio % weight tons
veh/hour
2024/04/21 13:31:15-13:47:12 8095 61.65 6.00% 2.82
2024/05/05 17:03:48-17:11:49 6834 64.7 8.90% 3.24
I-15 2024/07/23 17:07:05-17:15:25 8784 60.5 6.30% 2.87
2024/07/23 17:23:30-17:31:41 8412 58.75 7.05% 2.96
2024/07/23 17:40:57-17:48:57 8232 61.1 6.95% 2.96
2024/04/19 9:52:40-10:00:48 10974 52.37 12.00% 3.70
2024/06/05 16:26:25-16:36:29 9534 57.1 17.40% 4.48
2024/07/25 13:41:06-13:48:27 9468 451 12.50% 3.77
I-215
2024/07/25 13:57:33-14:04:51 10176 45.15 13.35% 3.89
2024/07/25 14:13:55-14:20:08 10092 454 13.75% 3.95
2024/08/16 13:09:48-13:16:30 10464 48.95 10.90% 3.53
2024/05/05 13:25:54-13:34:00 14517 67.25 5.00% 2.68
2024/05/05 13:37:36-13:45:37 12346 67.15 12.40% 3.75
2024/05/05 15:17:58-15:17:45 11834 68.15 11.80% 3.67
CA-55
2024/07/23 13:00:07-13:09:39 10560 61.25 4.85% 2.66
2024/07/23 13:19:26-13:30:50 11508 60.5 5.70% 2.78
2024/07/23 13:37:49-13:47:47 11472 62.05 3.70% 2.49
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Traffic

Traffic Truck Average
Time (PDT) flow
speed Mph ratio % weight tons
veh/hour

2024/04/20 19:38:10-20:01:07 7642 62.3 5.00% 2.68
2024/06/05 16:46:57-16:52:27 8652 36.6 8.60% 3.20
2024/07/30 14:41:18-15:02:50 7008 46.1 3.10% 2.40

CA-60
2024/07/30 15:39:38-15:56:41 7812 45.35 2.75% 2.35
2024/07/30 16:19:27-16:35:29 7500 472 2.65% 2.34
2024/08/16 14:17:30-14:31:55 7956 42.25 12.65% 3.79
2024/05/05 16:14:28-16:26:05 6340 60.8 6.00% 2.82
2024/07/23 15:43:32-15:48:17 6948 56.6 6.05% 2.83

CA-71
2024/07/23 15:55:09-16:01:06 6336 55.45 5.90% 2.81
2024/07/23 16:11:19-16:16:28 6504 56.65 6.30% 2.87
2024/04/20 | 20:14:20-20:25:50 7057 65.7 4.00% 253
2024/06/05 16:59:35-17:07:26 8250 50.25 5.90% 2.81
2024/07/25 15:52:29-16:03:05 8976 48.45 8.40% 3.17

CA-91
2024/07/25 16:11:26-16:21:04 9048 50 5.50% 275
2024/07/25 16:28:08-16:36:25 9000 52.45 5.75% 2.79
2024/08/17 11:06:16-11:19:20 7380 40.65 4.15% 2.55
2024/05/10 12:01:40-12:06:15 2352 28.4936 13.00% 3.84
2024/06/05 14:50:01-14:54:00 2181 29.9813 11.00% 3.55
Iowa 2024/07/22 12:53:44-12:57:33 1400 36.91 13.00% 3.84
2024/07/22 13:02:35-13:06:58 1140 393 12.00% 3.70
2024/07/22 13:12:36-13:16:18 1220 38.02 10.00% 341
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Traffic

Traffic Truck Average
Time (PDT) flow
speed Mph ratio % weight tons
veh/hour
2024/05/10 | 09:52:40-10:00:45 760 42.344 13.00% 3.84
2024/05/10 10:29:26-10:36:06 2010 16.684 12.00% 3.70
2024/07/22 11:00:50-11:07:44 1740 23.218 25.00% 5.59
Chicago
2024/07/22 11:13:36-11:19:19 1260 34.6 11.00% 3.55
2024/07/22 12:40:14-12:47:29 1170 36.9 5.00% 2.68
2024/08/17 | 09:46:30-09:48:47 1230 35.94 7.00% 2.97

2.8.4 Silt Loading

Table 2.9 below presents silt loading data obtained from the analysis of road dust
samples in the study of 2024. The silt loading data shows distinct differences between
highways and city roads. On highways (e.g., I-15, [-215, CA-55), silt loading values
typically range from approximately 0.0012 to 0.0534 g/m? reflecting lower dust
accumulation likely due to higher speeds. In contrast, city roads such as Iowa and

Chicago exhibit higher silt loading values, ranging from about 0.0102 to 0.2640 g/m>.

Table 2.9 Silt loading from different roads in 2024.

Distance Km Silt loading g/m?
2024/04/21 11.45 0.0156
2024/05/05 5.73 0.0048
I-15 2024/07/23 5.73 0.0031
2024/07/23 5.73 0.0028
2024/07/23 5.73 0.00228
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Distance Km Silt loading g/m?

2024/04/19 8.04 0.03918
2024/06/05 4.08 0.0363
2024/07/25 4.08 0.0012
I-215
2024/07/25 4.08 0.0017
2024/07/25 4.08 0.00217
2024/08/16 4.08 0.0266
2024/05/05 9.39 0.0478
2024/05/05 9.39 0.0286
2024/05/05 4.7 0.0179
CA-55
2024/07/23 5.14 0.0172
2024/07/23 5.14 0.0043
2024/07/23 5.14 0.0085
2024/04/20 12.87 0.0302
2024/06/05 2.1 0.0084
2024/07/30 6.82 0.0044
CA-60
2024/07/30 6.82 0.0082
2024/07/30 6.82 0.0026
2024/08/16 6.82 0.0085
2024/05/05 5.15 0.0534
2024/07/23 2.84 0.0118
CA-T1
2024/07/23 2.84 0.0071
2024/07/23 2.84 0.0136
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Distance Km Silt loading g/m?

2024/04/20 10.62 0.0181
2024/06/05 4.6 0.0289
2024/07/25 5.5 0.0102
CA-91
2024/07/25 5.5 0.0091
2024/07/25 5.5 0.0115
2024/08/17 5.5 0.0286
2024/05/10 3.25 0.1787
2024/06/05 3.25 0.2640
Towa 2024/07/22 3.25 0.0391
2024/07/22 3.25 0.0605
2024/07/22 3.25 0.0652
2024/05/10 3.25 0.1034
2024/05/10 2.44 0.1781
2024/07/22 1.03 0.0954
Chicago
2024/07/22 244 0.0244
2024/07/22 2.44 0.0102
2024/08/17 2.44 0.0211
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3 Analysis of Components of Road Dust
3.1 Field Sampling

In Summer 2021, we planned a field study to test out using a mobile van for measuring
on-road composition of submicron aerosols, including their non-refractory components
and black carbon. It turned out the mobile van was not equipped to keep up with the
power/cooling needed to operate the mass spectrometer. Given the additional power
that would have been needed to operate an Xact-6251 monitor for aerosol elemental
composition as well as the longer averaging time the instrument needs to obtain enough
mass for accurate XRF analysis, we concluded that mobile measurements using this
van were not promising for the next set of field studies. Instead, we decided to use
stationary measurements at some of the sites managed by the South Coast Air Quality
Management District in Riverside County to obtain ambient measurements of PM10
and PM2.5 concentrations and elemental composition needed for source
apportionment. The chosen sites were a near-road site in Ontario (near Etiwanda Ave,
Figure 3.1 (a)) and a suburban site in Rubidoux (Figure 3.1 (b))- both of which are
located in eastern part of the Los Angeles Basin, and therefore are typically downwind
of emissions from the western sections of the Basin. Carrying out measurements at
these sites also provided us the opportunity to access data from other measurements
available at the site from either the SCAQMD or by coPI Bahreini, thereby assisting
with interpretation of the source apportionment results. Table 3.1 summarizes the
location, duration, and available measurements for each of the different phases of the

stationary field projects.
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Figure 3.1 (a) location of the near-road sampling site in Ontario/Etiwanda; (b) location of the

suburban sampling site in Rubidoux.

The Xact monitor was rented for the different phases of the project. When deployed at
Ontario/Etiwanda, an inlet system was used with the intent of switching between
sampling PM2.5 and PM10 particles every hour, providing 12 measurements for each
size fraction per day. At Rubidoux, the rented Xact instrument sampled PM10 at an
hourly rate while another instrument available through the NSF-funded ASCENT
program (for which coPI Bahreini is a coPI) provided hourly PM2.5 measurements,
therefore, doubling the number of data points available for each size fraction in a given
day and providing a higher-time resolution on the compositional data. At Rubidoux,
PM2.5 BC and non-refractory aerosol composition were also available through
ASCENT, at high time-resolution (I min for BC and 10 min for non-refractory
components of PM2.5, meaning organic aerosols, sulfate, nitrate, chloride (non-

refractory), ammonium).

The eBAM instruments were borrowed from SCAQMD to provide hourly PM10 and/or

PM2.5 mass concentration.

UCR/ME-80014-MR-2-R0 57 College of Engineering



Table 3.1 Summary of measurements for different phases of the project.  Data not available

between Feb. 4-8, 2023. * Data suggests that the switching valve was not operating as

designed.
Measurements
Project
Deployment Period Measurements made by coPI Bahreini available from
Phase
SCAQMD
PMio and PMa s elemental
Phase 1 NOx, BC, wind
(Xact, Jan 31- Feb. 16)
Ontario/ Winter; Feb. 2023 speed, wind
X PMio and "PM2.5 mass concentration L
Etiwanda direction
(eBAMs, Feb. 3-16)
*PMio and PM2 s elemental (Xact, Aug. 15-
Phase 2 :
25) NOx, BC, wind
Ontario/ Summer; Aug. 2023 speed, wind
PMi0mass concentration
Etiwanda direction
(eBAM, Aug. 18-25)
PMig elemental (Xact Aug. 25- Sep 5)
CO, NOx, O3,
PM2.5 elemental (Xact Aug 1- Sep 30)
Phase 3 Summer; Aug.-Sep. PMioand PM2s
PM2.5 BC (AE33, Aug 1- Sep 30)
Rubidoux 2023 mass, wind speed,
PM2.5 non-refractory composition (ACSM, il dReastiam
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3.2 Instrument Calibrations and QA/QC

Upon receiving the rented Xact instruments, the instrument was calibrated using 5

elements (Cr, Ba, Zn, Pb, Cd). Results were found to be within 10% of the expected

values. Furthermore, after installation, instrument flow rate was checked and the

instrument was leak-checked. Additionally, everynight, the XRF energy levels were

checked automatically using two internal standards (Cr and Nb) and the response to 4
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internal standards (Cr, Nb, Cd, Pb) were rechecked. Figure 3.2 shows extremely high
stability of the instrument response during phase 1. Similar behavior was observed

during other deployments. Similar checks and calibrations are carried out routinely for

the ASCENT instrument.
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9500
9000 e o o ® ©® o © o 4 o o o ° L
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Date and Time

Figure 3.2 Example of the nightly calibration response of Xact-625i to internal standards.

Before receiving the eBAM instruments, SCAQMD staff had performed detail
calibration of the instumemtns. Upon receiving the e BAM units, the flow rate and leak
rate were checked again. During Phase 3 when eBAM-PMI10 (borrowed from
SCAQMD) was deployed at Rubidoux, we had a chance to compare its measurements
to the colocated PM10 data provided directly by SCAQMD from their regular
measurements using a BAM instrument at the site. As shown in Figure 3.3, the two data
sets are highly correlated (r>=0.85) and the agreement is reasonable to within 25%. This
level of correlation and agreement gives us confidence about the reliability of e BAM-
PM10 units deployed at Ontario/Etiwand during earlier phases of the project. We do
not have an independent method to verify the performance of eBAM-PM2.5

instruments.
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Figure 3.3 Comparison of borrowed eBAM-PMI10 and SCAQMD-operated BAM-PMI10

instruments at Rubidoux during Phase 3.

3.3 Results

3.3.1 Elemental Composition Measurements

The Xact monitor measured concentrations of several elements, with varying levels of
certainty, namely, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Br, Rb. Sr,
Sn, Ba, Pt, and Bi. An estimate of the uncertainty, based on the influence of interfering
elements to the XRF signal, are automatically provided for each sample. Following the
guidelines from the manufacturer, in our analysis we focus on elements with signal
values higher than the reported uncertainty. As an example, Figure 3.4 shows the
average concentration to uncertainty value of several of the elements (during Phase 1)
that are important markers for different types of PM. As shown here for the PM10
fraction, As and Ni (tracers of anthropogenic/industrial processes) have the lowest
concentration to uncertainty ratio, while main tracers of crustal material (Ca, Fe, Si,
Mn, Ti, K), brake wear (Ba and Cu), and tire wear (Zn) have significantly higher ratios

and are thus measured with much more certainty. The trends are similar for the PM2.5
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fraction, with the exception of Cr, Si and Mn. These different confidence or uncertainty

levels have been considered explicitly in our source apportionment efforts.
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m PM25
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Ratio of Concentration to Uncertainty

Figure 3.4 Distribution of the average concentration to uncertainty values reported for key
elements in PM10 and PM2.5 during Phase 1.

3.3.2 Elemental Spatial Distribution
Phase 1- Winter Ontario/Etiwanda

During Phase 1, the Ontario/Etiwanda site was predominantly under the influence of
southwesterly and northeasterly winds. These general daytime onshore flows and
nighttime offshore flows are typical in S. California. However, during Phase 1, periods
of more intense wind events associated with offshore, northeasterly Santa Ana winds
were also encountered. During these events, it is likely that air masses sampled at the
site had a higher influence of dust emissions from natural crustal sources upwind of the
site consistent with a higher fraction of high-concentration crustal material observed in
this wind sector (Figure 3.5 and Figure 3.6). However, as shown in Figure 3.7, vehicular
and truck traffic-related emission tracers, namely BC, CO, and NOx, were still
enhanced under the influence of northeasterly winds, likely due to the reversal of the
flow of air masses transported previously to the inland areas. Therefore, we did not

limit our analysis to only southwesterly flows.
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Figure 3.5 Wind roses of wind speed, PM10, and several trace elements of PM10 (Fe and Si

as tracers of crustal material, Ba as brake wear, and Zn and tire wear) for Phase 1
(Ontario/Etiwanda in Winter 2023).
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Figure 3.6 Wind roses of PM2.5 and several trace elements of PM2.5 (Fe and Si as tracers of

crustal material, Ba as brake wear, and Zn as tire wear) for Phase 1 (Ontario/Etiwanda in
Winter 2023).
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Figure 3.7 Wind rose of BC, NOx, and CO as markers of traffic- related emissions for Phase 1
(Ontario/Etiwanda in Winter 2023).

Figure 3.8 compares the distribution of the key elements that are indicators of crustal
material, brake wear, tire wear, or industrial activities between PM10 and PM2.5. For
all of these elements, factors of ~2-10 more mass is found in PM10, with crustal
material being dominated in the PM10 fraction.
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Figure 3.8 Box and whisker plots representing 10", 25" 50" 75" and 90™ percentile values
of PM10 and PM2.5 mass concentrations of Fe, Ca, Si, Ba, Zn, and Cu during Phase 1
(Ontario/Etiwanda, Winter 2023).

Phase 2- Summer Ontario/ Etiwanda
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During Phase 2, Xact was deployed at Ontario/Etiwanda near-road site with a switching
inlet again along with an eBAM-PM10 instrument. As apparent in Figure 3.9, the site
was under the influence of southwesterly flows, and therefore, directly downwind of

emissions from western sections of LA Basin.
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Figure 3.9 Wind roses of wind speed and PM10 for Phase 2 (Ontario/Etiwanda in Summer
2023).

However, careful look at the elemental data revealed that the inlet switching valve was
likely not working as designed during this phase. Starting on Aug. 21%, the reported
PM2.5 and PM10 concentrations of all the elements are almost exactly the same,
indicating that the switching valve had completely failed. When examining the
distribution of the key elements between PM2.5 and PM10 (Figure 3.10), the median
values in PM2.5 are still lower than in PM10; however, the 75™ and 90" percentile
values are highly similar. This observation suggests that the valve was perhaps only
partially switching during earlier times of deployment; therefore, there is cross
contamination between sampling PM10 and PM2.5. As such the data from Phase 2 are

not used in any further analysis.
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Figure 3.10 Box and whisker plots representing 10" 25" 50" 75" and 90" percentile values
of PMI10 and PM2.5 mass concentrations of Fe, Ca, Si, Ba, Zn, and Cu during Phase 2
(Ontario/Etiwanda, Summer 2023). Data suggest the switching inlet valve was not working

properly during this phase.
Phase 3- Summer Rubidoux

During the summertime deployment at Rubidoux, the site was predominantly under the
influence of westerly flows at low to moderate wind speeds (Figure 3.11 and Figure
3.12). Enhancements in traffic related emissions, BC, NOx, and CO, in westerly flows
confirm persistent transport of emissions from western sections of the LA Basin to the

site.
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Figure 3.11 Wind rose of wind speed and PM10 for Phase 3 (Rubidoux in Summer 2023).
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Figure 3.12 Wind rose of BC, NOx, and CO as markers of traffic- related emissions for Phase
3 (Rubidoux in Summer 2023).

Figure 3.13 demonstrates the distribution of the key elements among PM10 and PM2.5
during Phase 3. The results are consistent with earlier observations in Ontario/Etiwanda
during Winter 2023, with much higher concentrations of each element being observed
in PM10. These results confirm that Summer Ontario/Etiwanda elemental
measurements are not valid and that the significant presence of these elements in PM10

is not due to influence of northerly/northeasterly winds observed during Phase 1.
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Figure 3.13 Box and whisker plots representing 10", 25" 50", 75" and 90" percentile values
of PMI10 and PM2.5 mass concentrations of Fe, Ca, Si, Ba, Zn, and Cu during Phase 3
(Rubidoux in Summer 2023). PM2.5 statistics are based on the data collected only during the

deployment of Xact- PM10 for consistency in comparison.

3.3.3 Diurnal Profiles

Phase 1- Winter Ontario/Etiwanda

Diurnal profiles of several key elements in PM10 and PM2.5 as well as that of BC are

shown in Figure 3.14. These figures indicate that.

1. With the sharp increase in BC in the morning, there is a clear morning traffic

influence at the site from 5-10 am PST.
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2. The increase in crustal elements (especially Si) starts earlier and it doesn’t

decrease as sharply as BC after 10 am, indicating that the site is not only

influenced by on-road, nearby emissions but also it is under the influence of

transport of air masses from the western part of the Los Angeles basin.

3. With the increase in boundary layer height and overall reduction in traffic

volume, there are lower concentrations of all species mid-day.

4. At around 4 pm, with the afternoon rush hour, there is an increase in BC and

several other elements, including Zn and Ba.
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Figure 3.14 Diurnal profiles of BC and several elements in PM10 (a) and PM2.5 (b) for Phase

1 (Ontario/Etiwanda in Winter 2023).

Phase 3- Summer Rubidoux

Average diurnal profiles of CO, O3, BC, PM2.5 and PM10 are shown in Figure 3.15.

The peak in primary traffic-related emissions of CO and BC indicate the influence of
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local emissions during the morning rush hour as well as significant influence of
transport from LA Basin to the site during noon-afternoon timeframe, coinciding with
the peak in ozone (a secondary pollutant). Interestingly, PM10 mass shows a stronger
morning rush hour peak than PM2.5 and neither shows the large afternoon
enhancements like BC or ozone. However, PM2.5 decreases more slowly after the

morning peak.
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Figure 3.15 Diurnal profiles of PM2.5, PM10, BC, CO, and Os for Phase 3 (Rubidoux, in

Summer 2023). PM10 data corresponds to the period of deployment of the Xact at Rubidoux
(Aug. 25- Sep. 5, 2023) while other data are averages for Aug.- Sep. 2023.

Diurnal profiles of PM10 and PM2.5 elements were very similar (Figure 3.16), showing
a morning rush hour peak between 4-10 am (PST) and an afternoon peak between 1-8
pm (PST), which coincides roughly with the peak in BC and ozone. For Zn (marker of
tire wear emissions), the afternoon peak is as strong as the morning peak, whereas the

crustal and brake wear emission tracers have a much weaker afternoon peak.
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Figure 3.16 Diurnal profiles of several elements in PMI10 and PM2.5 during Phase 3

(Rubidoux, Summer).
3.3.4 Source Attributions

Positive Matrix Factorization (PMF) is an established method to determine sources of
environmental pollutants in samples based on covariability of pollutant constituents
(Frie et al., 2019, 2017; Paatero and Tapper, 1994). In this analysis, the matrix of the
observed values of various PM components and trace gases (i.e., X, n x m dimension)
and the corresponding uncertainties (o, n x m dimension) are used as input variables.

The method solves the following bilinear matrix equation.

X=GF+E 3.1)

where G is the unknown “factors” (n x p dimension), F is the unknown associated
concentrations of each factor (p x m dimension), and E is the residual matrix (n x m
dimension). The equation is then solved to minimize the quality of fit, O, as defined

below:

m n
Q=2>%C,) (3.2)
L
i=1 j=1
The factors and their concentration are in essence the collection of chemical
constituents that describe a source profile. The only constrain on the solution is that all

elements of G and F are non-negative in order to be physically meaningful, which
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makes PMF to be a superior method in its application to environmental sample analysis
compared to other factor analysis (e.g., Principal Component Analysis, PCA) (Paatero
and Tapper 1994). It is worth noting that the PMF factor profiles derived in each model
run are assumed to stay the same throughout the model run, with only their

concentrations (i.e., contributions to the total) changing with time.

In this project, concentrations of key elements, plus concentrations of PM10 and/or
PM2.5, and auxiliary measurements (BC, CO, and/or O3) along with their associated
uncertainties were used as input parameters to the EPA PMF v5.0 toolkit (available
freely online) to determine the source profiles of PM2.5 and/or PM10 (Amato et al.,
2016; Farahani et al., 2021). Note that when seeking the PM 10 PMF solution, the PM10
elemental composition was used while in PM2.5 PMF solutions, the PM2.5 elemental
composition was used. More than two dozen PMF runs for each size fraction have been
carried out, with different set of input parameters and numbers of solutions. In
determining the best set of solution factors, we considered the trends in the value of Q,
stability of the solutions, predictability of the individual input parameters, and physical
interpretability of the resolved source factors, based on the known measured chemical
characteristics (i.e., fingerprints) of the different components. Too few numbers of
solutions will have the influence of several source profiles mixed in together while too
many solutions result in splitting of the factors. Below we show the best selection of

the PMF results for PM2.5 and PM10 during Phase 1 and Phase 3.

Phase 1- Winter Ontario/ Etiwanda

Figure 3.17 presents results of PMF solution factors across PM10 and PM2.5 elements
during Phase 1. In these simulations, we were not able to predict PM10 or PM2.5
concentrations very well (i.e., correlation coefficients (r*) between the measured input
values and PMF predictions were <0.3). It is possible that the location of the two e BAM
sensors was not ideal to sample unobstructed air the same way that the Xact instrument

was sampling. Therefore, for these PMF runs, only the bi-hourly Xact elemental
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concentrations and the concentrations of CO and BC, as tracers of vehicular
traffic/combustion processes, were used as inputs. Given the estimated uncertainties in
the measurements, As, Cr, and Ni were treated as weak variables in the PM10 PMF
runs. On the other hand, for the PM2.5 PMF runs, Cr and Ni were removed because of
their frequent very low and uncertain concentrations while Si, Mn, and As were

regarded as weak variables.

The best solutions for the PM10 and PM2.5 PMF runs were selected as the 6-factor
solution, with convergence on all the tested 50 runs. Furthermore, 100 bootstrapping
runs resulted in higher than 83% similarity (defined as r >0.6) between its results and
solutions of the base run, and displacement runs did not show any error or rotational
ambiguity in the solutions. Similarly, for the PM2.5 PMF runs, all the tested 50 runs
converged; the 100 bootstrapping runs showed more than 84% similarity, and

displacement runs did not show any error or solution ambiguity.
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Figure 3.17 Distribution of different PM10 and PM2.5 PMF solutions across different elements
during Phase 1 (Ontatrio/Etiwanda, Winter).

When interpreting both the PM 10 and PM2.5 sets of solutions, “Brake Wear” and “Tire
Wear” factors were assigned based on the respective dominance of Ba and Zn in the
factors. For PM10, the assignment for the “Resuspended Dust” factor was based on the
high contribution of several crustal elements such as Si, Mn, Ti, K and Fe. However, in
the PM2.5 set of solutions, crustal elements were grouped mainly with Ba; therefore,
we believe here the Brake Wear factor also has influence of “Resuspended Dust”. The
“Marine” factors in both size fractions show significant contribution to Cl, and to some

extent to S and Br. In PM10, the “Industrial” factor has a strong contribution to Ni (but
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also Ca, which is unusual, but could indicate influence from a specific industry). In
PM2.5, we did not have a good detection of Si; however, the “Industrial” factor has a
strong contribution to Ca again with additional contributions to other elements (e.g.,
Mn, Ti, Cu, S). The factor interpreted as “Combustion” explains 40-50% of BC and CO

which are markers for incomplete fuel combustion.

Phase 3- Summer Rubidoux

Figure 3.18 highlights the distribution of different PMF solution factors across PM10
and PM2.5 elements during Phase 3. All species shown in these figures were used as
input variables in the PMF. In solving for the PM10 factors, As, Cr, and Ni were treated
as weak variables; all the tested 50 runs converged; 100 bootstrapping runs resulted in
more than 80% similarity between its results and solutions of the base run; furthermore,
displacement runs did not show any error or rotational ambiguity in the solutions. When
solving the PM2.5 factors, As, Si, Mn, and PM2.5 were treated as weak variables. The
reason for setting the PM2.5 mass concentration as weak is that PM2.5 is not over-
emphasized by PMF because of inclusion of aerosol organics and nitrate (available
from ASCENT measurements) which are the two dominant components of PM2.5.
Similar to PM10 solutions, all the tested 50 runs converged; the 100 bootstrapping runs
showed more than 74% similarity, and displacement runs did not show any error or
solution ambiguity. It is worth noting that while the PM10 PMF model is based on ~10
days of available PM10 elemental data, the PM2.5 PMF model is based on a 2-month
(Aug.- Sep. 2023) data available from ASCENT in order to improve predictability of

the PMF model.
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Figure 3.18 Distribution of different PM10 and PM2.5 PMF solutions across different elements
during Phase 3 (Rubidoux, Summer).

In both sets of solutions, the factor enriched in crustal elements such as Ca, Si, Mn, Ti
is called “Resuspended Dust;” the factors dominating Ba and Zn respectively are
identified as “Brake wear” and “Tire Wear.” Note that in the PM10 solution set, 40%
of Zn is also associated with the “Resuspended Dust” factor, suggesting that this factor
also includes some signatures of rubber. This could be from rubberized asphalt that is
used on some roads in LA Basin or from tire wear particles that are mixed in with
Resuspended dust and cannot be well separated by PMF. However, as outlined in the
next section, we can estimate only the crustal mass associated with the Resuspended
Dust factor to better isolate its contribution to PM. Other factors identified based on

their elemental abundance are “Marine” because of high contribution to Cl; “Industrial”
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due to high contribution to S, combustion markers like CO, and anthropogenic elements
such as As; “BB/Mixed”, “BB/Combustion” or “Urban/Combustion” sources due to
contributions from primary and secondary biomass or fossil fuel combustion products

(K, 03, CO, BC).
3.3.5 Overall Assessment of Contribution of Road Dust to PM;¢ and PM: 5

Because of the location of our sampling sites and potential contribution of natural dust
emissions from arid areas in the Inland Empire, it is possible that the PMF cannot
separate out contribution of crustal material from road dust vs. arid lands. We therefore
proceed to reconstruct the mass concentration of crustal material associated with the
PMF-Road Dust factors and consider its diurnal profiles to estimate the contribution of

traffic-related crustal material to PM10 and PM2.5.

The IMPROVE network has developed an empirical formula (Eq. 3.3) to estimate the
total mass of crustal material based on measurements of the main elements of soil,
namely, Al, Ca, Fe, Ti, and Si, to account for the mass of the main soil minerals

containing these elements (Pettijohn, 1975):

Crustal Material = 2.2 x Al +1.63 X Ca + 2.42 X Fe + 1.94 X Ti + 2.49 x Si (3.3)

However, Xact measurements of Al are typically uncertain unless high concentrations
are measured. Therefore, we used the ratio of Al to Ca (determined as the slope of a
scatter plot of Al vs. Ca when the measured Al concentration to its uncertainty was
greater than 1) and substituted the corresponding values in PM10 (Al/Ca=0.70 + 0.06
for Phase 3) and PM2.5 (Al/Ca=1.26 + 0.04 for Phase 3) for the first term in Eq. 3.3
Furthermore, we used the fractional attribution of Ca, Fe, Ti, and Si to the Resuspended
Dust factor solution of PM10 and PM2.5 when calculating the crustal material mass.

These attributions are summarized in Table 3.2.
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Table 3.2 Summary of Resuspended Dust attributions to Ca, Fe, Ti, and Si in PM10 and
PM?2.5 PMF solutions during Phase 3 (Rubidoux, Summer).

% of Species

In “Resuspended Dust”

Ca 63.07 52.99
Fe 57.22 30.87
Ti 51.56 34.61
Si 71.38 100

Results of these calculations for Phase 3 are presented in Figure 3.19. These figures
demonstrate that crustal materials are ~10% of background PM10 and 2% of
background PM2.5. Furthermore, we can attribute the observed increase due to local or
transported traffic-related activities relative to the background as the resuspended
crustal material from roads alone. Based on these profiles, traffic/road-related crustal
material is 15% of PM10 and 12% of PM2.5. These estimates agree reasonably well
with the resuspended dust contributions to PM 10 and PM2.5 in the Greater Boston Area
as reported by Matthaios et al. (17.5% and 9.1% for PM10 and PM2.5, respectively)
(2022).
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Figure 3.19 Diurnal profiles of PM10, PM2.5, and calculated crustal mass of PM10 and PM2.5
during Phase 3 (Rubidoux, Summer).

3.3.6 Emission Factors of Road Crustal Material, Brake Wear, and Tire Wear
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Figure 3.20 Diurnal profiles of PMo, CO, crustal mass of PMio and PM: s during Phase 3
(Rubidoux, Summer). Early morning background values are subtracted so that enhancements

during morning rush hour (5-10 am) can be considered as the traffic related emissions.
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To estimate the total emission factor of the crustal material portion of the PM, the
enhancements observed in the PMjo or PM3 s-calculated crustal material and CO over
the background are combined with the emission factor of CO for the average fleet in

California in the following equations:

EF __ ACrustal PM x (] (34)
Crustal ACO VMT
Material

Using the early morning peaks in ACrustal PM19(8200 ng/m*) and ACrustal PM. s
(865 ng/m?) (Figure 3.20), peak ACO of 0.16 ppmv (Figure 3.20), and CO/VMT of
0.922 g CO per vehicle miles travelled (CARB, 2022), the estimated EFpm10 Crustal
Material aNd EFpM2 5 Crustal Material are 41.5 mg/VMT and 4.4 mg/VMT, respectively. These
are average emission factors that represent emissions in the South Coast Air Basin,
upwind of Rubidoux, with the average 2020-2024 California fleet of light duty

passenger vehicles, light duty trucks, and motorcycles (CARB, 2022).
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Based on the PM10 PMF results at Rubidoux, ~ 3% of PM o is attributed to Tire wear
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Figure 3.18). Therefore, based on the morning peak in APM; (15,000 ng/m?®, Figure
3.20), the peak A Tire wear PM10 is estimated to be 450 ng/m?, leading to EFpmi0 Tire
wear Of 2.3 mg/VMT. The PM10 PMF runs did not attribute any brake wear aerosol to
the measured PM10, likely due to its low contribution or uncertainties in PMF in

separating the Brake wear elements from resuspended dust. However, based on the
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PM10 Brake wear factor contribution to PM2.5 mass (~20%, Top Panel of
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Figure 3.18) and the observed fraction of PM10 that is PM2.5 (0.36+0.05), the peak

ABrake wear PM10 is estimated to be 1080 ng/m?, leading to a rough estimate of EFpmio

Brake wear Of 5.5 mg/VMT
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Appendix A: Electronic Data Files for Dust Project

All source data from this study have been stored in a cloud database. The folder labeled
"2023" contains experimental data collected during the summer of 2023, while the

"2024" folder includes data from experiments conducted in 2024.
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https://drive.google.com/drive/folders/1jI_r23QOfh_s7gGsu76KRCRPGgRyN7CB?usp=sharing
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