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A B S T R A C T

As one component of a study investigating the impact of vehicle emissions on near-road air quality, human exposures,
and potential health effects, particles were measured from September 21 to October 30, 2010 on both sides of a major
roadway (Interstate-96) in Detroit. Traffic moved freely on this 12 lane freeway with a mean velocity of 69 mi/hr. with
little braking and acceleration. The UC Davis DELTA Group rotating drum (DRUM) impactors were used to collect parti-
cles in 8 size ranges at sites nominally 100 m south, 10 m north, 100 m north, and 300 m north of the highway. Ultra-fine
particles were continuously collected at the 10 m north and 100 m north sites. Samples were analyzed every 3 h for mass
(soft beta ray transmission), 42 elements (synchrotron-induced x-ray fluorescence) and optical attenuation (350–800 nm
spectroscopy). A three day period of steady southerly winds along the array allowed direct measurement of freeway emis-
sion rates for coarse (10 > Dp > 1.0 μm), PM2.5, very fine (0.26 > Dp > 0.09 μm), and ultra-fine (Dp < 0.09 μm) particles.
The PM2.5 mass concentrations were modeled using literature emission rates during the south to north wind periods, and
averaged 1.6 ± 0.5 μg/m3, versus the measured value of 2.0 ± 0.7 μg/m3. Using European freeway emission rates from
2010, and modeling them at the I-96 site, we would predict roughly 3.1 μg/m3 of PM2.5 particles, corrected from the 4.9
PM10 value by their measured road dust contributions. Using California car and truck emission rates of 1973, this value
would have been about 16 μg/m3, corrected down from the 19 μg/m3 PM5.0 using measured roadway dust contributions.
This would have included 2.7 μg/m3 of lead, versus the 0.0033 μg/m3 measured. Very fine particles were distributed
across the array with a relatively weak falloff versus distance. For the ultra-fine particles, emissions of soot and metals
seen in vehicular braking studies correlated with traffic at the 10 m site, but only the soot was statistically significant at
the 100 m north site. Otherwise, the 10 m north and 100 m north sites were essentially identical in mean concentration
and highly correlated in time for most of the 5 week study. This result supports earlier publications showing the ability
of very fine and ultra-fine particles to transport to sites well removed from the freeway sources. The concentrations of
very fine and ultra-fine metals from brake wear and zinc in motor oil observed in Detroit have the potential of being a
significant component in statistically established PM2.5 mortality rates.
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1. Introduction

Enormous advances have been made in the past 40 years in reduc-
ing particulate pollutants from highway vehicles, including the elim-
ination of lead from gasoline. Additionally, important advances have
been made in reducing emissions from diesel trucks by improved en-
gine design, low-sulfur fuels, and especially diesel particulate filters.
However, studies show that highways continue to be a source of both
coarse and fine particulate matter (PM) including known toxics such
as diesel exhaust (Zhu et al., 2002; Karner et al., 2010; Cahill and
Cahill, 2013). In addition, particles associated from vehicular wear
such as from brake pads and drums are currently roughly equal to
tailpipe emissions and are on track to exceed tail pipe emissions in
the near future (Denier Van der Gon et al., 2013). Only limited data

∗∗ Corresponding author.
Email address: tomandginny12@gmail.com (T.A. Cahill)

are available on wear particles by size and composition, but a major
source is known to be ultra-fine metals from abrasion of brake pads
and drums (Cahill et al., 2014).

In vitro laboratory studies of nanoparticles raise concerns about
the health impacts of highway emissions, especially very fine and ul-
tra-fine metals due to their propensity for penetrating to the deepest
portions of the lung and diffusing into the circulatory system (Lewis
et al., 2005; Chen and Lippmann, 2009; Lippmann, 2009; Oberdorster
et al., 2007; Denier Van der Gon et al., 2013). Additionally, epidemi-
ological health studies continue to show that highway emissions are
damaging to both pulmonary and cardiovascular systems of people
living near highways (Cahill et al., 2011), with reduced lung function
in children (Peters et al., 1999a,b); Gauderman et al., 2000; HEI, 2009;
Lin and Peng, 2010; Karner et al., 2010). These data have been com-
bined with data on the health impacts of roadway pollutants, including
potential cancer impacts largely from diesel exhaust, and used to gen-
erate estimated health impacts in models such as Emfac2007 (ARB,
2007).

http://dx.doi.org/10.1016/j.atmosenv.2016.09.023
1352-2310/© 2016 Published by Elsevier Ltd.
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A recent European survey noted that wear particles were approach-
ing and would soon surpass exhaust particles near roadways, with un-
certain health impacts. Their consensus statement concludes, “In light
of the continuous increase of the relative contribution of non-exhaust
emission to ambient PM, where it is becoming the dominant emission
process for urban transport, it is more than timely to devote greater
efforts to properly quantifying non-exhaust emissions and assessing
health relevance.” (Denier Van der Gon et al., 2013).

The U.S. Environmental Protection Agency (EPA) and the Uni-
versity of Michigan conducted the Near-road Exposures to Urban Air
Pollutants Study (NEXUS) – a research project to study the impact of
vehicle emissions on near-road air quality, human exposures, and po-
tential health effects. Components of NEXUS include but are not lim-
ited to human exposures in near-road residences (Vette et al., 2013),
studies of near roadway allergic impacts in mice (McGee et al., 2015).
The NEXUS aerosol component reported in this publication was de-
signed and conducted to update our information on highway emissions
and their potential human impact with a component on vehicular wear
emissions.

1.1. Experimental methodologies

1.1.1. Sampling array
Particles were measured from September 21 to October 30, 2010

on both sides of the Interstate 96 freeway 9 miles west of downtown
Detroit. The I-96 monitoring location was established as part of a col-
laborative research study conducted by the U.S. Environmental Pro-
tection Agency (EPA) and the U.S. Department of Transportation Fed-
eral Highway Administration (FHWA) (US EPA, 2013). The test sec-
tion was a 12-lane section of I-96 with an at-grade roadway config-
uration aligned east to west. Obstructions from vegetation between
the test array of four sites, which extended from 100 m south of the
highway to 300 m north of the highway, were negligible, as seen in

Fig. 1. As part of NEXUS, additional PM monitoring was conducted
at these sites.

Particles were collected in 8 size ranges at sites 100 m south, 10 m
north, 100 m north, and 300 m north of the highway, while ultra-fine
particles were continuously collected at the 10 m north and 100 m
north sites. (Table 1)All sampling sites were on the top of trailers
or one-story buildings with minimal obstructions (approximately 4 m
from ground to inlets). The exception was the 100 m south site that
had heavy trees south of the site, which did not obstruct the air flow
from the highway.

1.1.2. Weather
Wind direction and wind speed were measured continuously at the

100 m north site (Fig. 2). During most of the study winds were weak,
and extensive periods of calms occurred, especially at night. Wind di-
rections were most frequent from the northwest (315°) through north
northeast (35°). Given the southeast to northwest orientation of the
sampling array, an upwind/downwind analysis of I-96 traffic emis-
sions is best conducted when winds are from the southeast to south-
west sector.

Thus, in order to address the prime goal of the study, a small frac-
tion of the entire five-week period was chosen for which there was a
clean upwind-downwind profile along the array. Since the goal was
to quantify aerosol transport downwind of the freeway, results were
limited to periods when the upwind-downwind trajectory was within
±67° of the north-south axis across the east-west freeway with wind
speeds >1 km/hr. Periods of extreme wind or rain events were ex-
cluded as well as wind trajectories pointing back to strong upwind
sources such as the Monroe coal-fired power plant.

In terms of duration, while any 3 h period provides a valid signa-
ture in time, the ideal is several days in a row. The reasons include re-
ducing the inherent 1½ hr uncertainty in the elemental data set by the
width of the x-ray analysis microprobe to roughly 30 min, which al

Fig. 1. Monitoring site transect array across I-96 west of Detroit established for the EPA/FHWA National Near Road Study and used as a component of the NEXUS study. I-96 runs
east-west and Telegraph Road is the multi lane road running north-south to the west of the sampling sites.
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Fig. 2. a) Wind direction and rainfall, and b) wind speed, with the dotted box showing the periods with the wind from the south, 180° ± 67°, measured at the 100 m north site. Data
below the dashed line are calm periods with wind speed <1.0 km/hr.

lows better accord with meteorology and traffic patterns. It also allows
better sensitivity by summing the periods for averaging actions such
as size profiles. Limiting the intensive to week days avoided the com-
plexity of highly variable weekend conditions, especially in terms of
the truck traffic.

1.2. Experimental techniques

1.2.1. Sample collection
The primary aerosol collection instrument was the UC Davis

DELTA Group rotating drum (DRUM) impactor (Cahill et al., 1985;
Raabe et al., 1988; ) delivering aerosol samples in 8 size ranges: 10
to 5.0, 5.0 to 2.5, 2.5 to 1.15, 1.15 to 0.75, 0.75 to 0.56, 0.56 to 0.34,
0.34 to 0.26 and 0.29 to 0.09 μm aerodynamic diameter. Samples were
impacted at the rate of 4 mm/day onto 168 mm long, lightly greased
Mylar foils, which were then transferred to plastic frames for analy-
ses. Excellent agreement (r2 = 0.99, slope = 0.99 ± 0.011, and inter-
cept = 14 ng/m3) was seen in a side by side comparison of the DRUM
mass (summed over all stages including ultra-fines) versus a Califor-
nia Air Resources Board PM2.5 Federal Reference Monitor (Cahill et
al., 2014; Nichols, 2009, Supplemental Materials A).

For this study, a newly developed continuous ultra-fine stage was
added at the 10 m north and 100 m north sites. These allow continu-
ous collection of ultra-fine (<0.09 μm) particles directly after the last
stage of the DRUM and keyed to deliver a stretched Teflon filter strip
exactly matching in time the rotating drum stages (Cahill and Barnes,
2009).

1.2.2. Sample analysis
Details of the accuracy and precision of the mass, optical, and

elemental analyses of the DRUM are included in Supplemental
Materials. The measurements were made in 3 h increments using
500 μm wide excitation sources, and included:

• Mass (soft beta ray transmission, Ni63 source, MDL = 0.7 μg/m3).
• Elements sodium through molybdenum, plus lead (Synchrotron-in-

duced X-Ray Fluorescence (S-XRF), MDLs typically ∼ 0.1 ng/m3).
• Diesel soot (optical attenuation, 380–820 nm, 50 nm bites, Ocean

Optics spectrophotometer).
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1.3. Black carbon data

Measurements of black carbon were also collected at the I-96
sites based on optical absorption (880 nm) using a Magee Scientific
rack mount aethalometer (US EPA, 2013) and were compared to the
DRUM optical attenuation.

1.4. Traffic data

Traffic volume during the study period showed a highly repro-
ducible weekly pattern (Fig. 3). Weekday traffic averaged 175,000
cars and light trucks/day along with 12,000 heavy-duty trucks/day,
or 6.6% trucks. Weekend traffic averaged 110,000 cars and light
trucks/day, and about 3% trucks. Traffic data were collected as part
of the EPA/FHWA study in 5 min increments individually for each
of the 12 traffic lanes and for 6 classes of vehicle by length: 10 ft.
(3 m), 30 ft. (9 m), 40 ft. (12 m), 50 ft. (15 m), 60 ft. (18 m), and 70 ft.
(21 m) to 80 ft. (24.2 m), the maximum length allowed (US EPA,
2013). Traffic moved freely on the test section during the study, with

a mean speed of 69 ± 3 miles/hr (110 ± 5 km/hr), with little braking
activity. Below we plot the data reduced to one hour averages over all
12 lanes, using the 10 ft. (3 m) and 30 ft. (9 m) categories for cars and
pickup trucks (light-duty vehicles or LDVs, mostly gasoline powered)
and 40 ft. (12 m) to 70 ft. (24.2 m) for heavy trucks (mostly diesel).
The very strong morning and afternoon peaks seen in the light duty
vehicle (LDV) data is much less pronounced in the truck data, which
tends to be more uniform all day. Traffic data were not available be-
fore Sep. 29.

1.5. Results of the 5-week study

The meteorology encountered during most of the study resulted
in aerosol concentrations that, even at the close-in 10 m north site,
displayed little or no correlation with the local traffic volume (Fig.
3). In Figs. 4–10 below we show four examples of typically regional
particles and three examples of particles likely to have local road-
way influence. Regional particles include PM10 and PM2.5 mass, sil-
icon (soil), sulfur (sulfates) and fine potassium (wood smoke). Par-
ticles with known roadway sources include zinc in coarse mode

Fig. 3. Traffic measured on I-96 west of Detroit on the EPA/FHWA National Near Road Study site. Heavy diesel truck numbers are scaled by a factor of 15 to facilitate comparison.
Weekends occurred on Sept. 25–26, Oct. 2–3, Oct. 9–10, Oct. 16–17, Oct. 23–24, and Oct. 30–31.

Fig. 4. PM10 and PM2.5 mass (without ultra-fines < 0.09 μm), at the 10 m north site. Each data point represents a 3 h measurement. The notation “tm” denotes a 6 mm long integral
blank for timing and background subtraction validation.

Cahill  --  00000327



UN
CO

RR
EC

TE
D

PR
OO

F

Atmospheric Environment xxx (2016) xxx-xxx 5

Fig. 5. Silicon from 10 to 0.09 μm derived from soil. The notation “tm” denotes a 6 mm long integral blank for timing and background.

Fig. 6. Sulfur (for sulfate, x 3.0) at 10 m north.

(5.0–1.15 μm) from tire wear, zinc in the very fine mode
(0.26 > Dp > 0.09 μm) from motor oil combustion, and black carbon
(diesel soot) (Malm et al., 1994; Supplemental Materials 1).

Zinc is seen routinely both in transects from the roadway and in the
ambient atmosphere. Zinc at the 10 m north site was highly variable
in concentration, with highest concentrations typically occurring when
the site was upwind of I-96. Note that unlike the potassium in Fig. 7,
there are strong sources of coarse zinc not associated with the very
fine zinc. Since there were no known sources close to the NEXUS site,
the calculated rate of settling favors regional industrial processes with
stack emissions.

Optical absorption was measured by two very different techniques,
namely light transmission through the DRUM Mylar foils using a
multi-wavelength optical spectrometer (Fig. 9), and direct measure-
ment of optical absorption (babs) from an aethalometer (Fig. 10; data
provided by the EPA). The average babs in units of ng/m3 of Black
Carbon (BC ≅ soot) for the entire period was 648 ng/m3 at

100 m south, 1014 ng/m3 at 10 m north, 638 ng/m3 at 100 m north, 438
ng/m3 at 300 m north, showing the impact of soot from the freeway.

1.6. Results of the 3-day intensive

The conclusion from the aethalometer data is that even close to the
freeway, regional sources are a major factor compared to roadway par-
ticles for much of the five week study. Thus, for the remainder of this
report, we will focus on those periods during which the criteria for
a clean upwind-downwind profile were achieved. The results of the
transects can then be compared to the regional particles seen during
the entire study, isolating roadway impacts.

In order to identify those periods that met these criteria, nonpara-
metric trajectory analysis (NTA) was performed using the meteoro-
logical data collected at the 100 m north site (Henry et al., 2011).
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Fig. 7. Potassium at 10 m north, with coarse modes derived from soil and fine modes largely from wood smoke and industrial combustion processes.

Fig. 8. Zinc from 10 μm to 0.09 μm at 10 m north.

Hourly averaged met data were aggregated into 3 h averages to bet-
ter match the 3 h aerosol data. Fig. 11 shows the fraction of time in
each 3 h period when the wind was blowing across I-96 from the south
to the north. Upon early analysis of the data, an additional criterion
was added, namely avoidance of sulfur (MDL = 5 ng/m3) and sele-
nium-rich (Se and As, MDL = 0.1 ng/m3) particles transported by SSE
winds that passed over the Ford Rouge River complex, other indus-
trial sources, and the large Monroe coal fired power plant 34 miles
(54 km) south (185°) of the array (Fig. 6). This eliminated the po-
tential October 25 day, while October 23 and 24 were both weekend
days and impacted by upwind aerosol sources. October 30 was also
eliminated as a weekend day. Although October 8 and 20 met the
trajectory criteria, both had extended periods of calm winds making
clean upwind-downwind analysis uncertain. A final criterion for the
upwind-downwind study was that the 10 m north site should be mini-
mally impacted by Telegraph Road, a multi lane road west of the I-96

sites (Fig. 1). Fig. 12 shows the subset of trajectories for which the
10 m north site was downwind of I-96 and without significant influ-
ence from Telegraph Road.

Although there was some influence of Telegraph Road traffic on
Oct. 27 and 28 at the 10 m north site, the distance to Telegraph road
was much farther than at the 100 m north site and a belt of trees in a
residential neighborhood interfered with wind and aerosol transport.
(Fig. 1). Also, Telegraph Road traffic volume was a tiny fraction of
I-96 traffic volume. For these reasons, the impact should be small,
confirmed by the low aethalometer soot readings (Fig. 13 below). The
300 m north site, on the other hand, is much closer to Telegraph Road
and was probably significantly impacted by Telegraph Road traffic for
much of the study period. The longest period during the NEXUS cam-
paign that met all criteria for a north-south transect occurred from Oct
26 through Oct. 28, 24–3 h periods, shown in the dashed box in Fig.
11.
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Fig. 9. Optical extinction at two wavelengths for very fine particles at the 10 m north site.

Fig. 10. Optical absorption (babs) from an aethalometer at both 10 m north and 100 m south.

The wind speed for the 3-day intensive averaged 10.7 ± 3.0 km/
hr, and the average direction was SSW, 208 ± 43°. However, the 10 m
north site was in the turbulent mixed zone of the northernmost lane of
the freeway, as evidenced by the winds from passing trucks. Thus, this
site was impacted by one lane of the freeway under most wind condi-
tions, representing only a small fraction of all traffic volume on the 12
lane freeway.

1. Validation of the meteorological analysis
Validation of the Oct. 26–28 choice for the upwind-downwind

study was obtained by correlation of soot and typical roadway parti-
cles with the daily daytime traffic maxima as shown in Figs. 13 and
14.

The days chosen for the intensive are in the dotted box area. Data
are from the 10 m north site.

During the intensive period, the calcium (roadbed abrasion) and
iron (vehicle “wear”) particles (Fig. 14a and b) are correlated with
traffic volume (Fig. 14d), with daytime peaks and nighttime low val-
ues, unlike during most of the prior sampling period. Both elements
are strongly enhanced over Earth crustal average, calcium by a factor

of 5, and iron by a factor of 10, suggesting resuspension of roadbed
concrete erosion and vehicle “wear” particles by wind and vehicular
turbulence. There was almost no braking of vehicles during the study,
so concentrations of the very fine Fe, Ni, Cu and Zn particles charac-
teristic of braking (Cahill et al., 2014) are limited.

Highway zinc coarse particles (Fig. 14c) are enhanced by the zinc
in tires and brake wear, while fine and ultra-fine zinc are observed in
both brake wear and the burning of the zinc thiophosphate stabilizer
used in many motor and lubricating oils, including diesels (Zielinska
et al., 2003).

2. Size profiles of the elements
Fig. 15a, b and c plot particle size distributions during the intensive

for crustal species (a), transition metals and lead (b) and sulfur (c). The
mean size distributions for crustal elements peak in the supra-micron
particles, indicating a mechanical source, such as mechanical wear and
resuspension of contaminated soils. Iron is very interesting, as it peaks
in the 2.5–5.0 μm mode but in concentrations far in excess of what
would be expected in soil.
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Fig. 11. Trajectory analysis for the 100 m north site isolating those periods when the northern sites were approximately downwind of I-96 and the 100 m south site was a clean upwind
background site. The period chosen for the intensive is shown in the dashed box, October 26 through October 28.

Fig. 12. Trajectory analysis isolating those periods when the 100 m south site was a clean upwind background for 100 m north. The 10 m north site had less Telegraph Road interfer-
ence.

Size distributions for transition metals (Fig. 15b) also peak in the
supra-micron range. Iron (brake drums and rust), copper (brake pads),
zinc (stabilizing agent in lube oil, tire wear), and lead (“legacy lead”
from past emissions) are known to be associated with traffic (Cahill et
al., 2011). Note that in addition to a coarse mode (re-suspended road
dust), zinc, lead and copper also exhibit an ultra-fine mode. Very fine
and ultra-fine zinc is most likely associated with lubricating oil.

A very different profile is shown for sulfur (Fig. 15c). Typically
the accumulation mode around 0.5 μm represents regional ammonium
sulfate, while very fine and ultra-fine sulfate has local combustion ori-
gins, including from diesel combustion in trucks and cars.

3. Transects in the three day intensive: Coarse (5.0 > Dp > 2.5) parti-
cles – experimental

For the time-resolved coarse particles, we used only part of the
distribution since the time resolution of the coarsest DRUM stage,
10 to 5.0 μm, was large enough to blur the day/night differences.
(Supplemental Materials B).

Results of the highway transect (Fig. 16) show highest concentra-
tions at the near freeway site at 10 m north, supporting traffic-derived
sources. Concentrations fall off from the roadway to 100 m north, but
concentrations of the coarsest particles increase again at 300 m north,
especially for crustal species. The presence of the heavily traveled
Telegraph Road approximately 380 m west of the 300 m site (Fig. 1)
as well as local exposed soils near the site might be contributory fac-
tors. In addition, the sampler inlet cut point may have been raised by
an estimated 10% due to a non-standard, slightly wider inlet slot. This
effect disappeared for the PM2.5 particles which are not influenced by
coarse local soils.

4. Transects in the three day intensive: Coarse
(10 μm > Dp > 1.15 μm) particles – theoretical

I-96 traffic during the intensive was typical of the entire 5 week
period (Fig. 2). For modeling purposes, traffic data for the intensive
was broken into two periods: daytime (6 a.m. through 9 p.m.), and
nighttime (9 p.m. through 6 a.m.). Daytime traffic averaged 10,479
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Fig. 13. Aethalometer data on optical absorption (∼soot) from the EPA/FHWA National Near Road Study. The days chosen for the intensive are in the shaded area. October 25 and
earlier days were rejected because of substantial upwind aerosol pollution seen in Figs. 5–7.

cars and light trucks/hr, and 824 heavy trucks/hr, while the numbers at
night were 3874 and 187 vehicles/hr respectively.

For the theoretical analysis of the data, all coarse particles from
10 to 1.15 μm were used so as to allow comparisons to other work.
We used a Sliding Box Model Estimate of the I-96 10 to 1.15 μm
mass emission rate for the 3-day intensive. The “sliding box model”
(Cahill and Feeney, 1973, Feeney et al., 1975; Courtney et al., 1978)
is a well-tested way to measure roadway emissions when one has ac-
cess to both upwind and downwind information on pollutants, a flat
terrain, and a lateral wind across the roadway. The dimensions of the
box are set by the roadway width, including lateral turbulence, and
the top of the mixed zone, set by vehicle height and velocity. The lat-
ter is the greatest uncertainty, but extensive data on the height of the
mixed zone were taken in Los Angles in 1973 and used in several stud-
ies. The length of the box is arbitrary, and we use 1.6 km, which was
needed since the project accepted winds at ± 45° from normal and
still had to meet the line source assumption even 300 m downwind.
The box so defined represents a volume into which pollutants are uni-
formly mixed by vehicular turbulence. The box then slides laterally
across the freeway while vehicles are emitting into the box. A new box
takes its place upwind in a smooth transition and the process repeats.

The model was validated with data taken in 80 two-hr up-
wind-downwind periods of lead transport from five freeway sites in
1972 (Cahill and Feeney, 1973; Feeney et al., 1975). Since accurate
traffic data and meteorology were available and emissions of auto-
motive lead were precisely known from the literature (Habibi, 1973),
the sliding box model gave a roadway edge prediction at the at-grade
freeway section of 4.0 ± 0.4 μg/m3 for 5000 vehicles/hr. The three
day average measured at the at-grade site was in excellent agreement,
4.0 ± 0.15 μg/m3. The sliding box model was also successfully ap-
plied in General Motors test facility studies of sulfur from catalytic
converters (Courtney et al., 1978)

Sliding box model calculations were run separately for daytime, 6
a.m. to 9 p.m., and nighttime, 9 p.m. to 6 a.m., keyed to the traffic
flow. Traffic flow, wind velocities were also separated in the analy-
sis. It was assumed that trucks had 10 times the emission rates as cars
(Gertler et al., 2003). Table 2 below shows the analysis for cars and
trucks for calcium, and then the net result for calcium, iron, and zinc.

Coarse calcium and iron are enhanced by enrichment factors 5 and
10 times Earth crustal averages respectively (Fig. 14a and b), likely
a consequence of the erosion of the concrete highway and iron-rich
debris from vehicles. The transition and heavy metals, vanadium,
copper, zinc, and lead, are enormously enhanced compared to Earth
crustal averages and represent vehicular debris, including brake pads,
brake drums and tire wear.

In this analysis, the unknown emission rates were calculated by
matching the predicted concentrations to the measured concentrations
at the 10 m north site after correcting for concentrations at the 100 m
south site.

In Table 2, the emission rates in mg/km were fit to the NEXUS
background corrected concentrations (μg/m3) at 10 m north (Fig.
14a–c). Matching the upwind-corrected data at the 10 m north site for
freeway impact to the predicted concentrations, emission rates of 1.5
mg/km for calcium, 2.8 mg/km for iron, and 0.09 mg/km for zinc are
calculated, with truck emission rates 10 times these values.

Direct comparisons are possible to similar analyses in Los An-
geles in 1972 from an at-grade concrete freeway. The NEXUS free-
way-sourced calcium level in the mixed zone, 0.24 μg/m3, is about 1/
5 of that seen in 1973, 1.13 μg/m3. Note that the Los Angeles freeway
had not seen rain in over 2 months, while rain fell about once/week in
the NEXUS study. For iron, which has both a concrete component and
one associated with vehicle wear, the NEXUS values are 0.52 μg/m3,
versus 1.43 μg/m3 in Los Angeles. For zinc, the NEXUS level of 0.017
μg/m3 is far less than the 0.22 μg/m3 seen in Los Angeles in 1973.
The California data (Cahill et al., 2003) for 15 > Dp > 5.0 μm parti-
cles from tire wear were run through the sliding box model of Table
2 and yielded 120 ng/m3 of zinc, about 10 times what was observed
in NEXUS for < 5.0 μm particles (Fig. 14c). However, the upper cut
point for the Los Angeles particles was ∼15 μm, which increased the
numbers, while better high mileage tires and aerosol size differences
reduce the NEXUS value.

A very similar protocol (upwind-downwind samplers, rotating
drum impactors, x-ray analysis) was utilized in Switzerland
(Bukowiecki et al., 2010) for an extensive series of measurements to
separate vehicular wear from exhaust emissions. The Swiss results
showed most vehicular wear particles in the 10 to 1 μm range. The
vehicular wear results were 50 ± 13 mg/km per vehicle for light duty
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Fig. 14. a, b, and c. Typical roadway particles during the Oct. 26 through Oct 28 intensive (in shaded box). d. Traffic from Fig. 3 on the same time scales (trucks x 15).

vehicles, 288 ± 72 mg/km for heavy duty vehicles, with 3% brake
wear, 56% suspended/abraded road dust, and no evident tire wear.
This gives roughly 3.2 mg/km brake wear, assuming 6% trucks in

their mix. If the NEXUS iron and zinc were all from brake wear,
it would amount to roughly 5.2 mg/km, similar to the Swiss results.
This is an overestimate, since the NEXUS iron value should be re
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Fig. 15. Size distributions of a) crustal species; b) transition metals and lead; and c) sulfur at the 10 m north site during the NEXUS intensive.

duced due to iron from vehicle debris and roadbed wear.

5. Transects in the three day intensive: Fine PM2.5 particles – experi-
mental
Fig. 17a and b shows transects for fine crustal species and fine

transition metals and lead, respectively, during the Oct. 26–28 inten-
sive. Fine crustal species, like coarse, show a near-freeway enhance-
ment, especially for iron, enhanced by a factor of 20 over typical

soils. The fall-off versus distance is slower than with coarse species,
with aluminum and silicon being essentially the same at the 10 m
north and 100 m north sites The 300 m north site is almost identical to
the 100 m south site, consistent with a regional background.

The data clearly show the impact of highway derived particles.
First, the aluminum and silicon have about the correct ratio for Earth's
crustal averages, and therefore represent crustal materials either in
the roadway aggregate or the surrounding soils. The parking
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Fig. 16. Coarse aerosol transect during the Oct. 26–28 intensive: a) crustal species; b) transition metals and lead.

Table 1
Distance of samplers from roadway median and nearest active traffic lane of the 10 lane
freeway. We also include the relative roadway impacts on cancer from the widely used
model Emfac2007 (ARB, 2007).

Site
Distance from
median

Distance from closest traffic
lane

Relative cancer
impact

100 m
south

92 m south 71 m south 0.13 upwind

10 m
north

26 m north 10 m north 1.00 downwind

100 m
north

142 m north 100 m north 0.25 downwind

300 m
north

332 m north 270 m north 0.10 downwind

area just upwind of the 100 m north site may also be a source of such
materials. Calcium, however, is enhanced by a factor of about 3 over
Earth's crustal average, and is consistent with roadway abrasion from
the concrete highway. Iron is enhanced by a factor of about 10, which
is consistent with brake wear and resuspended rust in a region where
road salting is a common source of vehicle degradation. Fine cop-
per (Fig. 17b) also shows enhancement, possibly from brake pads. In
summary, fine concentrations of these resuspended soil and vehicular
wear particles are about ½ of the observed mass, similar to European
estimates that “wear” particles are about equal to tailpipe emissions
(Denier Van der Gon et al., 2013).

All the non-crustal elements as well as zinc show a near freeway
enhancement during the Oct. 26–28 intensive. All are strongly en-
hanced over what would be expected from soil, suggesting roadway
pollution. The iron is about 16× the copper, while the iron/copper ratio
from braking is only about 3. Thus, most of the iron is not from brake
drums and pads, but probably represents re-suspended rust particles
from degraded cars and trucks. Recall that little vehicular braking oc-
curred in this freeway section. The 300 m north site is almost identical
to the 100 m south site, establishing a small regional background. The
fall-off versus distance for zinc is much slower, and the upwind value
elevated, showing regional fine zinc aerosol sources. The enhanced
zinc at 10 m north may be due to the zinc thiophosphate oil additive.

6. Transects in the three day intensive: Fine PM2.5 particles – theoret-
ical
In the sliding box model, we assumed an I-96 PM2.5 mass emis-

sion rate (row labeled “Source PM2.5 mass” in Table 3) based on re-
cently measured car and truck emission rates for PM2.5 in the eastern
US (Gertler et al., 2003). The sliding box model was then used to cal-
culate PM2.5 values downwind of the freeway which were compared
to measured PM2.5 concentrations.

The results shown in Table 3 can be compared to the PM concen-
trations measured at the 10 m north site which was just on the edge of
the lateral turbulence zone. The 24 h average PM2.5 estimated for the
3 day intensive was 1.6 ± 0.5 μg/m3, versus the measured 2.0 ± 0.7
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Table 2
Sliding box model of coarse (10 > Dp > 1.15 μm) particles for daytime periods during the NEXUS 3 day intensive. LDV = Light duty vehicles, cars and light trucks (Class 1, 2); HDV
= Heavy duty vehicles, trucks (Class 3–6).

Site I-96 Detroit I-96 Detroit I-96 Detroit I-96 Detroit I-96 Detroit
Date October 26–28, 2010 Calcium Calcium Calcium Iron Zinc
Time 15 h blocks Days 6–21 Days 6–21 Days 6–21 Days 6–31 Days 6–21
Vehicle type Classes LDV HDV Total cars and trucks Total cars and trucks Total cars and trucks
Fit to data mg/km 1.5 15.0 1.5, 15 2.8, 28.3 0.09, 0.90
Box dimensions height m 5 5 5 5 5

width m 54 54 54 54 54
length m 1000 1000 1000 1000 1000

Box volume x 1000 m3 270 270 270 270 270
Traffic vehicles/hr 10,479 824 11,303 11,303 11,303
Speed mi/hr 69 69 69 69 69
Speed km/hr 110.4 110.4 110.4 110.4 110.4
vehicles in box # vehicles 95 7 102 102 102
Emissions mg/min 142 112 254 480 15.3
Concentration in box per minute μg/m3 0.53 0.41 0.94 1.78 0.057
Wind velocity m/second 3.1 3.1 3.1 3.1 3.1
Sliding box translation Seconds 17.4 17.4 17.4 17.42 17.4
Sliding box translation Fraction of minute 0.29 0.29 0.29 0.29 0.29
Calculated concentration at 10 m north μμg/m3 0.153 0.120 0.273 0.517 0.0164
Measured concentrations 10 m north μμg/m3 0.242 ±± 0.050 0.516 ±± 0.05 0.0169 ±± 0.008
Los Angeles 1972
5.0–15 μm mg/mi 6.2, 62 8, 80 1.2, 12
Concentration in mixed zone μμg/m3 1.13 1.43 0.22

Fig. 17. Fine aerosol transect during the Oct. 26–28 intensive: a) crustal species; b) transition metals and lead.

Cahill  --  00000336



UN
CO

RR
EC

TE
D

PR
OO

F

14 Atmospheric Environment xxx (2016) xxx-xxx

Table 3
Sliding box model of the three day intensive, when meteorological and traffic conditions were suitable. Also shown are the Swiss data (2010) and Los Angeles data (1973) estimated
from measured values.

Emission rate estimates Gertler et al., 2003
eastern US

Gertler et al., 2003,
eastern US

Gertler et al., 2003,
eastern US

Bukowiecki et al., 2010,
Swiss freeways

Cahill and Feeney, 1973,
LA freeways

Time 15 h
increment

Daytime 6 to 21 Daytime 6 to 21 24 h average 24 h average 24 h average

Vehicle type Classes LDV HDV All vehicles All vehicles All vehicles
Source PM2.5 mass mg/km 14 135 14/135 50/288 1056
Box dimensions height m 5 5 5 5 5

width m 54 54 54 54 54
length m 1000 1000 1000 1000 1000

Box volume x 1000 m3 270 270 270 270 270
Traffic vehicles/hr 10,479 824 7682 7682 7682
Speed km/hr 110 110 110 110 110
vehicles in box # vehicles 95 7 70 70 70
Emissions mg/min 1329 1008 1528 4538 17,636
Concentration in box per minute μg/m3 4.9 3.7 5.7 16.9 65.3
Wind velocity m/second 3.1 3.1 3.1 3.1 3.1
Sliding box translation Seconds 17.4 17.4 17.4 17.4 17.4
Sliding box translation Fraction of

minute
0.29 0.29 0.29 0.29 0.29

Calculated PM2.5 Concentration μg/m3 1.43, 1.08 0.53, 0.25 1.6 ±± 0.5 4.9 ±± 1.2 19.0 ±± 3
Size ranges μg/m3 PM2.5 PM2.5 PM2.5 PM10 PM5.0
Measured PM2.5 Concentrations
(some estimated)

μg/m3 2.0 ±± 0.7 3.1 ±± 1(est) 16 ±± 2 (est)

μg/m3. Note that the Gertler et al., 2003 emission values were for Cal-
ifornia cars and fuels.

Table 3 also includes estimates of the 10 m north concentrations
based on the Swiss (Bukowiecki et al., 2010) and Los Angeles
(Habibi, 1973; Cahill and Feeney, 1973) freeway emission rates. The
Swiss study gave PM10 emission rates of 50 ± 13 mg/km for light
duty vehicles, and 288 ± 72 mg/km for heavy duty vehicles. Apply-
ing these emission rates to the NEXUS configuration, one would pre-
dict about 4.9 μg/m3 PM10 mass at the freeway edge, slightly less
than the 10 μg/m3 to 19 μg/m3 PM2.5 values reported as the traffic-im-
pacted Central European average (Denier Van der Gon et al., 2013).
The Swiss data included about ½ roadway crustal particles, which
would likely reduce their 4.9 μg/m3 PM10 values to around 3.1 μg/m3

of PM2.5.
The right hand column of Table 3 is the predicted 24 h PM5.0 mass

at the 10 m north site using the emission rates from the 1973 Los An-
geles study (Habibi, 1973). The mean estimated PM2.5 mass concen-
tration of 19 μg/m3, would also have included 2.7 μg/m3 of lead. Mak-
ing the correction for presumed coarse roadway wear particles, the
1973 PM5.0 data would be reduced to roughly 16 μg/m3 equivalent
PM2.5 in the NEXUS configuration.

7. Transects in the three day intensive: Very fine
(0.26 μm > Dp > 0.09 μm) particles

Very fine particles (Fig. 18) were less impacted by distance from
the freeway compared to fine and coarse particles. These results rein-
force the behavior seen in the Los Angeles I-710 studies (Fig. 19, Zhu
et al., 2002) in which very fine and ultra-fine components extended
both upwind and downwind from the array with little change in con-
centration with distance from the freeway once one was farther away
than about 150 m (see Fig.19 ).

1.7. Ultra-fine particles

The development of a means to measure ultra-fine particles as a
function of time allows for the first time the ability to match com-
positionally-resolved ultra-fine particles to potential sources and me-
teorology. Two such units were built and tested to run behind the

DELTA 8 DRUM, which has a validated lower cut point of 0.09 μm.
Thus, for this study, ultra-fine particles are particles having aerody-
namic diameters <0.09 μm. These two units were placed at the 10 m
north site and the main site at 100 m north, and ran for 5 weeks to
match the 8 DRUMs.

The ultra-fine data did not have an upwind site, but the agreement
between the 10 m north and 100 m north sites is confirmation of a re-
gional distribution. The major exception to this pattern was optical at-
tenuation (Fig. 13), which in the 0.26 > Dp > 0.09 μm size mode is al-
most entirely soot, largely from diesel trucks. We did not measure soot
in the DRUM ultra-fine mode.

An examination of the 3 day intensive period at 10 m north showed
that, of the four elements known to be present in the ultra-fine size
ranges from traffic, zinc and iron show some modest correlation with
daytime traffic peaks (Fig. 21). Recall, however, that relatively little
braking occurs on this stretch of I-96.

Ultra-fine particles at the 100 m north site showed essentially no
correlation with daytime traffic, in accord with the factor of ∼10 re-
duction seen in previous studies (Cahill and Feeney, 1973; Zhu et al.,
2002; Emfac2007). For diesel-generated ultra-fine sulfur, (Zielinska et
al., 2004), the freeway contribution is largely lost in high levels of ul-
tra-fine sulfur associated with upwind sources possibly including the
Monroe coal-fired power plant.

2. Discussion

The particles in the NEXUS study ranged from coarse concrete
erosion and resuspended roadway particles contaminated with tire and
brake drum debris, to very fine and ultra-fine particles generated by
traffic and diverse regional sources.

The behavior of the particles during the three day transect inten-
sive was roughly as expected, with coarser particle concentrations de-
clining rapidly downwind while fine and especially very fine particle
concentrations dropped more slowly, as shown in Figs. 16–18.

The agreement between the predictions of the sliding box model
and the observed near-roadway PM2.5 concentrations (Table 3) gives
confidence that literature emission rates used in the model must be
close to reality. The results also highlight the enormous improvement
in vehicle tailpipe emissions in the past 40 years.
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Fig. 18. Very fine aerosol transect during the Oct. 26–28 intensive. a) crustal species; b) transition metals and lead.

Fig. 19. Transect of Interstate 710 in Los Angeles from Zhu et al. (2002). Superimposed are lead data from 1973 (Cahill and Feeney, 1973; Feeney et al., 1975). The arrow marks the
distance of the 100 m north site from the I-96 median in the present study.

The situation with the ultra-fine particles, on the other hand, in-
dicates a dominance of regional concentrations little affected by the
nearby freeway traffic with the striking exception of optical absorp-
tion (diesel soot) as seen in both optical spectroscopy from the

DRUM finest stages and the aethalometer data (Fig. 13). The ul-
tra-fine particles have elemental signatures consistent with brake wear
and zinc in motor oil, but the concentrations are small, consistent
with little braking on that section of I-96 during the 3 day intensive.
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Fig. 20. Ultra-fine sulfur, potassium, and zinc at the 10 m N and 100 m N sites. The large ultra-fine sulfur peaks on October 24 through 25 were likely from the Monroe coal fired
power plant. The Sept. 30 and Oct. 12 plumes were from a source to the north. Black lines above the dates in the zinc plot are weekends.

These three days were selected when there was minimal impact from
Telegraph Avenue which had extensive stop and go periods. The ul-
tra-fine data are a more extreme case of the behavior seen in the very
fine particles, which had large regional sources and fell off slowly
downwind.

The potential exposure and human health implications of these par-
ticles can be estimated by comparison with recent work tying road-
way-derived ultra-fine particles to ischemic heart disease in the Cal-
ifornia Central Valley (Cahill et al., 2011). An increase in IHD mor-
tality of ∼30% at Bakersfield, CA, was associated with elevated lev-
els of very fine and ultra-fine roadway-derived transition metal parti-
cles, mostly from brake drums and pads (Table 4 below). However,
the concentrations in Detroit were generally far lower than those mea-
sured in Bakersfield.

As shown in Table 4, ultra-fine concentrations measured at the
10 m north and 100 m north sites are similar to those at Watt Avenue

(Spring) in Sacramento, CA measured 20 m downwind of a 65,000 ve-
hicles/day secondary street, at a stop light, during non-inversion con-
ditions (Cahill et al., 2014). In both cases, little influence was seen
from the nearby roadway, and the ultra-fine particles were regionally
distributed. However, there was only very limited braking and accel-
eration during the NEXUS intensive, thus limiting concentrations of
brake wear particles. Nevertheless, if the observed ultra-fine metallic
particles see in the NEXUS experiment extend over large numbers of
people, it could potentially enhance the ischemic heart disease death
rate in the same manner seen in Bakersfield, CA (Cahill et al., 2011).

3. Conclusions

Important differences in the behavior of particles of different sizes
were observed during this study. For coarse species, the fall-off in
concentration versus distance was rapid, roughly in accord with cur
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Fig. 21. Ultra-fine nickel, copper, iron and zinc at 10 m north during the 3 day intensive.

Table 4
Comparison of ultra-fine (Dp < 0.09 μm) traffic-derived particles measured in NEXUS
versus Watt Ave. in suburban Sacramento, CA during spring non-inversion conditions
(Cahill et al., 2014). NEXUS concentrations are 5-week averages. na = not available.
For comparison, winter values which are impacted by strong surfaced-based inversions
in the California Central Valley are included. The sources of the high nickel values seen
at Watt Avenue in winter were totally absent 500 m upwind, so they must be associated
with Watt Avenue traffic. Such levels, however, have never been seen in our other stud-
ies.

Ultra-fine elements (ng/m3) S P Fe (non-soil) Ni Cu Zn Pb

Non-inversion conditions
Detroit
10 m n 68.1 10.5 3.4 0.5 1.9 3.2 2.9
100 m n 61.4 9.5 3.4 0.5 1.8 2.6 3.3
Watt Ave (Spring) 129 na 4.8 0.3 0.4 2.0 1.4
Strong inversions conditions
Watt Ave (Winter) 42.8 na 29.3 12.1 9.3 13.7 1.6
Sacramento (Winter) 52 4.0 14.3 0.6 na 14.3 2.5
Bakersfield (Winter) 242 10.5 27.7 1.6 na 12.3 2.6

rent models such as Emfac2007. Concentrations were strongly af-
fected by meteorology such as wind velocity and rain fall. For the
PM2.5 particles, the fall off versus distance was still close to the
models, reaching a 90% reduction in freeway-derived particles in the
200–250 m range. Very fine particles, 0.26 > Dp > 0.09 μm diameter,
persisted all the way to the 300 m downwind site, with only a modest
reduction in concentrations. Ultra-fine particles were only measured at
two sites, 10 m north and 100 m north, and the concentrations at both
sites were almost identical indicating a very slow fall off and/or strong
upwind sources. The persistence of ultra-fine particles in urban areas
away from freeways was also observed in the Los Angeles data (Zhu
et al., 2002).

A 3-day period of southerly winds provided an opportunity to
conduct an upwind-downwind highway transect to assess the impact
of roadway emissions. For PM2.5, the transect yielded a measured
near-roadway PM2.5 concentration of 2.0 ± 0.7 μg/m3 versus a value
of 1.6 ± 0.5 μg/m3 predicted from recent California vehicle emis-
sion rates and ∼3 μg/m3 using current European freeway data. Thus,
measured PM2.5 concentrations at the near-road site showed excel-
lent agreement with predicted PM2.5 concentrations assuming recent
published emission rates. By contrast, using 1973 emission rates one
would predict roughly 16 μg/m3 of PM2.5, thus illustrating the dra

matic progress that has been made in reducing roadway emissions in
the US during the past four decades.

The NEXUS and European estimates of the contribution of brake
drums were also similar, although numerous assumptions are needed
to make the comparison. The European value is roughly 3.2 mg/km
brake wear, assuming 6% trucks in their mix. The NEXUS iron val-
ues were strongly enhanced over soil concentrations, indicating road-
way sources including brake wear. The fine and very fine zinc parti-
cles were too fine in size to be from tire erosion. With these assump-
tions, the expected emission rate from brake wear is roughly 5.2 mg/
km, similar to the European values especially after some iron reduc-
tion from vehicle debris and roadbed wear.

For ultra-fine particles, there was a dramatic increase in diesel soot,
closely tied to traffic volumes, but only a modest increase in traf-
fic-correlated zinc and other transition metals during the 3 day in-
tensive. For the rest of the 5 week study, mean elemental concentra-
tions were essentially identical at the 10 m and 100 m north sites and
highly correlated in time. Further, this correlation existed independent
of wind direction, including having both the 10 m north and 100 m
north sites upwind of the freeway. From these results, we conclude
that most of the time the freeway was a negligible enhancement of a
regional ultra-fine background of transition metals.

The regional ultra-fine species closely resembled those seen in a
recent study of stop-and-go traffic on a heavily traveled secondary
road with heavy braking (Cahill et al., 2014). These particles are sim-
ilar in composition to debris from brake pads, drums, and the zinc ad-
ditive in motor oil (Cahill et al., 2011). These results reinforce the be-
havior seen in the Los Angeles I-710 studies (Zhu et al., 2002) for
ultra-fine particle number and black carbon, e.g., these components
extended well upwind of the freeway and were soon reestablished at
the same concentrations downwind beyond 150 m, thus showing a re-
gional distribution of ultra-fines well away from the local freeway.

The NEXUS data also support the conclusions of Zhu et al. (2002)
that little coagulation or particle size growth was seen in ultra-fines
from freeways, as both Zhu's ultra-fine soot and particle number data
were essentially identical versus distance with non-reactive CO.

The conclusion from this study is that for traffic on a freely flow-
ing, high speed freeway with little braking and acceleration, almost
all ultra-fine particles except for diesel soot, and most of the very fine
particles, are generated from diverse vehicular and industrial sources
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in the region and are not directly associated with local freeway traffic.
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