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� Moving platform was used to simul-
taneously measure multiple air
pollutants.

� Near-road gradients are consistent
with previously reported fixed site
studies.

� Traffic-related multivariate features
are identified by their near-road
gradients.
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A mobile monitoring platform developed at the University of Washington Center for Clean Air Research
(CCAR) measured 10 pollutant metrics (10 s measurements at an average speed of 22 km/h) in two
neighborhoods bordering a major interstate in Albuquerque, NM, USA from April 18e24 2012. 5 days of
data sharing a common downwind orientation with respect to the roadway were analyzed. The aggre-
gate results show a three-fold increase in black carbon (BC) concentrations within 10 m of the edge of
roadway, in addition to elevated nanoparticle concentration and particulate matter with aerodynamic
diameter <1 mm (PN1) concentrations. A 30% reduction in ozone concentration near the roadway was
observed, anti-correlated with an increase in the oxides of nitrogen (NOx). In this study, the pollutants
measured have been expanded to include polycyclic aromatic hydrocarbons (PAH), particle size distri-
bution (0.25e32 mm), and ultra-violet absorbing particulate matter (UVPM). The raster sampling scheme
combined with spatial and temporal measurement alignment provide a measure of variability in the near
roadway concentrations, and allow us to use a principal component analysis to identify multi-pollutant
features and analyze their roadway influences.

© 2014 Elsevier Ltd. All rights reserved.
ail.com (E.A. Riley).
1. Introduction

An appreciation for the complexity of pollutant dispersion and
aging away from roadways in diverse urban environments has
motivated innovation of new extensive monitoring designs,

mailto:eriley1@uw.edu
mailto:erin.of.riley@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2014.09.018&domain=pdf
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2014.09.018
http://dx.doi.org/10.1016/j.atmosenv.2014.09.018
http://dx.doi.org/10.1016/j.atmosenv.2014.09.018


Fig. 1. a) Sketch of Albuquerque and surrounding area, and map of the sample sites.
Sound barriers are denoted with a solid blue line. Colored dots represent GPS locations
of measurements from the 5 days of data analyzed. Color gradient trends red to blue
with increased distance from edge of roadway (black outline of I-40). The route con-
sisted of the roads surrounding the shaded blocks for the dates 4/18e4/21. b) Wind
rose of 10 min average wind direction (direction of origin) and speed (m/s) as reported
by the Albuquerque International Sunport airport (7.8 km south of the monitoring
sites) from sampling times of a given day. Sampling days are denoted by color; 4/18/
2012 (pink), 4/20 (green), 4/21 (blue), 4/22 (orange), 4/23 (black). I-40's direction is
denoted as the dashed black line.

E.A. Riley et al. / Atmospheric Environment 98 (2014) 492e499 493
including mobile monitoring (Matte et al., 2013). Mobile moni-
toring platforms have been used to detect localized air pollution
phenomena and to characterize their spatial and temporal extents.
For example, mobile monitoring was used to detect dust carried by
traffic out of industrial areas in the City of Hamilton, Ontario,
Canada (DeLuca et al., 2012), to identify neighborhoods in Los
Angeles impacted by heavy-duty diesel traffic servicing the port
(Kozawa et al., 2009), and to identify ultrafine particle (UFP)
“clouds” in neighborhoods impacted by roadway configurations
(Hu et al., 2012) and the airport (Hudda et al., 2013). Mobile
monitoring has also been used to help identify urban areas of high
wood smoke impact (Larson et al., 2007), and urban areaswith high
levels of traffic related black carbon (BC) (Larson et al., 2009).

Mobile monitoring has been implemented to characterize
pollutant concentrations as a function of distance-to-roadway in a
variety of scenarios including roadway type (Kozawa et al., 2009),
the presence of topographical features (Hagler et al., 2010), mete-
orology (Kozawa et al., 2012; Zhu et al., 2006), seasonal effects
(Padro-Martinez et al., 2012), and time of day (Bukowiecki et al.,
2002; Durant et al., 2010; Hagler et al., 2010; Hu et al., 2009;
Massoli et al., 2012; Pattinson et al., 2014). As such, mobile moni-
toring presents the possibility to characterize spatio-temporal
features of air pollutants under a variety of conditions. The re-
sults of such campaigns may improve predictive models for traffic-
related air pollution, thereby advancing the science behind adverse
health effects associated with distance to roadway.

Herein, we present a pilot study employing a mobile monitoring
platform developed at the University of Washington Center for
Clean Air Research to characterize near-roadway pollutant gradi-
ents. The sampling sites were residential neighborhood streets
adjacent to a major interstate in a locationwith flat topography and
no high-rise buildings resulting in a distinct line source with few
obstructions while remaining in an urban setting. The platform
recorded spatially and temporally aligned 10 s measurements of 10
different pollutant metrics, including polycyclic aromatic hydro-
carbons (PAH), particle size distribution (0.25e32 mm), and ultra-
violet absorbing particulate matter (UVPM). In this paper we
assess the correspondence of our single pollutant near roadway
gradients with those previously reported, and use principal
component analysis to reveal multi-pollutant features and analyze
their spatial relationship to the roadway.

2. Experimental methods

2.1. Sampling sites

Monitoring took place along the I-40 corridor in Albuquerque,
NM on the Eastern side of I-25 as depicted in Fig. 1a. The city of
Albuquerque sits in a basin defined by the Sandia Mountain range
to the East and a volcanic mesa to the West. The Rio Grande River
meanders from North to South along the bottom of this shallow
basin. These features result in typical winds with a westerly
component. The section of I-40 chosen for this study consisted of
three westbound lanes and four eastbound lanes at the time of
monitoring. Fig. 1a includes a map of the two monitoring “sites”
situated on the North and South sides of I-40. A site is defined by a
collection of road segments within a selected area (see Fig. 1). A
highway off ramp was adjacent to the North site, but not the South
site. The monitoring sites were in residential neighborhoods con-
taining one- and two-story houses. We anticipated the flat topog-
raphy and absence of high-rise buildings at these sites would
simplify visualization and interpretation of near-roadway pollutant
gradients relative to more complex locations.

Fig. 1 illustrates the sampling sites are behind sound barriers at
the edge of roadway. These structures have the potential to alter
pollutant levels adjacent to the roadway depending upon wind
direction and speed, since these combine to create a variety of eddy
currents, as has been established by others (Baldauf et al., 2008;
Bowker et al., 2007; Finn et al., 2010; Hagler et al., 2011; Ning
et al., 2010; Steffens et al., 2013). The sampling sites in this study
are both completely behind the sound barriers, and are therefore
insufficient for a 2-dimensional analysis of barrier influences.
Instead, we reduced our data to one spatial dimension as others
have done (Massoli et al., 2012).

2.2. Monitoring platform

2.2.1. Instrumentation
The mobile monitoring platform consisted of a 2012 gasoline

powered Ford Escape with two sampling inlets mounted on the



Table 1
Mobile monitoring platform instruments.

Parameter Instrument Manufacturer Measurement
range

Aerosol light scattering Nephelometer Radiance
Research

0e10�3 m�1

Particleebound
polycyclic aromatic
hydrocarbons (PAH)

PAS 2000CE EcoChem 0e4000 ng/m3

PN1 number
concentration

PTRAK 8525, with
particle diffusion
screen

TSI (0.05e1 mm)a; 0
e5 � 105 particles/
cm3

Black Carbon
(BC),UVPM

Micro-
aethalometer
AE52b

AethLabs 0e1 mg/m3

Particle concentration
per size fraction

Spectrometer
1.109

GRIMM 31 bins, 0.25
e32 mm; 1
e2 � 106 N/l

Nanoparticle
concentration and
mean diameter

NanoCheck 1.320 GRIMM 25 nme400 nm; 0
e4 � 106 N/cm3

NO NO Model 410 2B
Technologies

0e2000 ppb

NOx, NO2 by difference NO Model 410,
Converter#401

2B
Technologies

0e2000 ppb

Ozone Ozone Analyzer
3.02 P-A

Optec 0 to 255 ppb

CO2 SenseAir CO2 K-
30-FS sensor

CO2Meter.com 0e5000 ppm (vol.)

Temperature & RH Precon HS-2000 Kele precision
manufacturing

Positioning & realetime
tracking

GPS receiver BU-
353

US GlobalSat

a Normal P-trak lower size limit is 0.02 mm, the diffusion screen provides addi-
tional independent size resolved count data.

b MicroAeth® Model AE51, custom modified by AethLabs for dual wavelength
acquisition.
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roof rack on the driver's side of the vehicle in forward position (see
Fig. S1 in supplemental) leading to gaseous and particle measure-
ment instrumentation inside. The inlet lines were positioned above
the vehicle boundary layer, and entered the vehicle through the
otherwise sealed left rear window where they were connected to
the instruments. The sample inlet is designed to provide isokinetic
sampling at a speed of 35 km/h, allowing for repeated measures of
near-road gradients in a short amount of time. The absence of an
additional pollutant signal while stopped along the sampling route
verified a negligible contribution from themobile monitor vehicle's
exhaust to the measurements.

One sample inlet was made from stainless steel and copper to
minimize corrosion as well as particle deposition due to electro-
static interactions with the tubing. The inlet was outfitted with a
water trap consisting of a small plastic bottle to check for accu-
mulated moisture (remained dry this campaign). The particle inlet
meets a Y junction, where the GRIMM particle spectrometer draws
air through one side, while the nephelometer blower draws air past
the Y at a rate of 7 L/min through a stainless steel manifold into the
nephelometer. The manifold consists of an electrical junction box
that had its interior paint sandblasted away; it includes eight ports
for instrumentation. This campaign used three ports for the micro-
aethelometer, P-Track, and EcoChem. Temperature/relative hu-
midity and CO2 sensors were placed inside the manifold.

The second inlet made of Teflon tubing branched to the ana-
lyzers for NO, NOx, ozone, and volatile organic compounds (VOCs).
Each device pulled their own sample with a total gas inlet flow of
5 L/min at the Teflon tube. Instrumentation was powered by 120 V
AC generated by inverters that transformed the 12 V DC source.
Two external 12 V batteries in parallel and the vehicle's internal
accessory power system provided DC power.

A GPS mounted on the roof of the vehicle recorded position and
speed. A diagram of the monitoring platform is provided in Fig. S1
in supplemental. The instruments and their measurement ranges
are summarized Table 1.

2.2.2. Data acquisition
Data was written to a customized Dell Latitude E6520 laptop

computer featuring an intel quad core i7 processor and 8 GB of RAM
formanaging data streaming, and a 256 GB solid state hard drive for
operation in rugged conditions. Instrumentation was interfaced
using either: 1) an instrument's USB interface (Precon T/RH, Sensair
CO2, GPS, Webcam, GRIMM, micro-Aethalometer); 2) the in-
strument's RS-232 serial interface and a National Instruments serial
interface for USB (NI USB 232) (P-Trak, 2B Tech NO/NOx), or; 3) an
analog signal employing the National Instruments CompactDAQ
system (Nephelometer, Optetc, EcoChem). In addition, some in-
struments internally logged data that was saved in separate files.
For instance, the nephelometer's internally logged data was
preferred as the laptop-acquired analog signal suffered from
interference issues. Data synchronization and logging was per-
formed using a Windows 7 Pro operating system running LabVIEW
2010 with DAQmx 9.4 and NI serial 3.8 instrument drivers. In order
to reconcile data reporting rates for each instrument as well as lag
times for queried data, a 30 s “last in, first out” data buffer was
created in LabVIEW for each instrument. The buffer ensured the
newest possible data was written and data older than 30 s was
removed from the buffer. A 10 s average was reported from the
newest data in the buffer if instruments reported faster than 10 s.

2.3. Sampling times and methods

Monitoring took place in the afternoons inclusive of the dates 4/
18/2012e4/24/2012. The two monitoring sites were driven at a
speed of 6.0 (±2.6) m/s. A site visit consisted of the continuous data
collected at one of the two sites before leaving to sample at the
other location. During each visit to a sampling site, the route was
driven 4 times in a raster pattern in alternating directions of travel
to control for directionality of sampling (see Fig. 2). For the first
three days (18the21st) the sampling route was limited to the roads
encompassing two blocks at each site (shaded regions in Fig. 1), for
the 22nde24th the route was expanded as indicated by the data
density. 4/19 and 4/24 were excluded in the data analysis as
described in section 2.5.2. The nearest roadway segment at the
north site was not always sampled due to traffic control measures.
The monitoring platform made ~1e2 visits to each site per sam-
pling day (see Table S1 in supplemental materials).
2.4. Data quality control

Instruments were calibrated for flow, zero, and span in the lab
before shipping to Albuquerque. In-field calibration checks for zero
and spanwere performed periodically betweenmeasurement runs.
The Optec ozone monitor was recalibrated in the field on 4/17/2012
and 4/19/2012, and the nephelometer was recalibrated on 4/17/
2012.

Data processing was performed using custom programs written
in R language. The LabVIEW file was merged with internally logged
instrument data files and temporally aligned to the closest Lab-
VIEW entry. Automated flagging routines censored data corre-
sponding to instrument error codes, instruments operating out of
specified parameters, or data otherwise missing (instrument
rebooted itself, lost power, etc.). The time series for each pollutant
were then manually inspected for anomalies and cross checked
with field technician notes.



Fig. 2. Selected time series for background-corrected ozone, NOx, CO2, and nano-
particle concentration from 4/23/2012 during the period of 15:12e15:45 local time of a
North site visit; top panel shows direction of travel of each traverse. As the distance to
roadway decreases (blue to red transition) an increase in NOx and nanoparticle con-
centration is observed, coinciding with a decrease in ozone concentrations. Color
legend is in Fig. 1.
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2.5. Data processing

2.5.1. Wind and traffic data
The Albuquerque International Sunport airport weather station

(KABQ), located ~7.8 km south of the sites, provided 1 min land
station data (NOAA National Climatic Data Center, 2012). Wind
speed and direction were converted to 5 min vector averages.
Airport wind direction data demonstrated excellent agreement
with a Weather Underground (Hoffmantown KNMALBUQ110,
35.11�N, 106.54�W) station in close proximity (1.6 km north) to the
monitoring sites.

Hourly traffic count data was obtained from the New Mexico
Department of Transportation for Bernalillo County site 2035
(intersection of I-40 and Coors Blvd) (New Mexico Department of
Transportation).

2.5.2. Data selection process
The vetted data set was divided into two subsets based upon

wind direction during the dailymonitoring windows. For five of the
seven monitoring days, the North side of I-40 was downwind (4/18
and 4/20e4/23); data from these days were analyzed. Owing to the
smaller sample size of the two opposing wind direction days (and
some missingness) these days were not analyzed. The 10-
min averaged wind speed and direction for the 5 days included in
the analysis are given in Fig. 1b. Table S1 (see supplemental ma-
terial) summarizes the sampling times, temperature, relative
humidity, and average hourly traffic counts pertaining to the subset
of days included in the data analysis.

2.5.3. GIS data operations
To estimate the location of each measurement relative to the

roadway, the edge of the roadway was defined by tracing the
outline of I-40 (both North and South edges) in Google Earth and
exporting the set of vertices corresponding to the respective paths
as a KML file. The KML file was converted to CSV using an online
tool (Zonum Solutions, 2013). All lat/long pairs for the GPS-tagged
pollutant data and roadway vertices were converted to a Cartesian
reference plane using a pair of co-latitude reference points with the
function “spDistsN1” from the R package “sp” (Pebesma and
Bivand, 2005; Roger S. Bivand, 2013). The perpendicular distance
to the spatial line object created from the edge of roadway datawas
calculated for individual measurements using the function “gDis-
tance” from the R package “rgeos”(Bivand and Rundel, 2013).

2.5.4. Particle size distribution
The 31 GRIMM particle size channels were reduced to three

categories for simplicity: 0.25e1 mm, 1e2.5 mm, and 3e32 mm.
These categories correspond to the fine particle mode, the inter-
modal range, and the coarse particle mode, respectively.

2.5.5. Background correction and peak removal
PN1 number (P-Trak) and nanoparticle concentrations (Nano-

Check) contained a time component during two monitoring days
where the background concentrations changed substantially for
return visits separated by an hour or more (see Table S1 in sup-
plemental materials). Sincewewere interested in the near roadway
relationship between pollutants we corrected for changes in the
background concentrations as follows:

ci;corrected ¼ ci þ background median allð Þ
� background median visitið Þ; (1)

where ci is a 10-s measurement collected during the ith visit for a
given pollutant, and a visit refers to sampling at either the north or
south site. We defined background to be distances greater than
250 m from the edge of roadway, a choice made based upon the
smaller of the two sampling areas indicated in Fig. 1. Background
subtraction, unlike normalization by division, preserves the vari-
ance in the concentrations of pollutants during each site visit. A
limitation of aligning the median background concentration for all
17 site visits (North and South combined) is negating the rela-
tionship between the concentrations at the upwind and downwind
sites on any given sampling visit. It is possible under some mete-
orological conditions roadway derived pollutants remain elevated
above background at distances greater than 500m from the edge of
the roadway; however our results indicate pollutant concentrations
decayed to background levels by 200e300 m for the days analyzed.

After background correction, data in excess of 3 standard de-
viations of the mean were censored for each pollutant (except
nanoparticle diameter) to remove data corresponding to discrete
vehicle exhaust plumes before further analysis. Peaks did not in-
fluence the medians or interquartile range calculated below;
however, they distort estimations of the modeled mean on the
natural scale. Peaks also affect to some extent the principal
component analysis which detects variability.

2.6. Data analysis

Data analysis was performed using custom scripts written in R
language version 3.00 (R Core Team, 2013).



Fig. 3. Pollutant concentrations measurements categorized by distance from edge of
roadway. Wind direction indicated by arrow at top (see Fig. 1b for detailed wind di-
rection). Filled circles are the median pollutant concentrations and vertical bars indi-
cate the interquartile range. Dashed gray line indicates the edge of roadway. The black
trend line is a general additive model employing a thin plate spline (see Fig. S2 in
supplemental for fit to raw data). The 95% confidence interval on the modeled con-
centration mean is given as the gray shaded area. Plots for additional pollutants are
included as Fig. S3 in the Supplementary Information.
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2.6.1. Single pollutant analysis
Data were divided into 10 distance-to-edge of road categories

for the North site and 7 for the South site; category boundaries
were chosen to optimize data density. A description of the category
boundaries as well as a figure illustrating the data density (Sup-
plemental Fig. S2) are available in the supplemental materials. For
each category, the median distance to roadway was computed
along with the medians and interquartile range for each pollutant.

The mean pollutant concentrations were modeled without
categories using a generalized additive model employing a thin-
plate spline smooth (Wood, 2003). When appropriate, the data
were log transformed to estimate the geometric mean and its
standard errors instead of the arithmetic mean. The exception to
this was NOx, Grimm particle data, and BC which were modeled on
the natural scale owing to zeros in the data set, and negative values
in the case of NOx. Modeling was performed using the function
“gam” from the package “mgcv”(Wood, 2011), smoothing param-
eters were adjusted from automated procedures as needed to
reduce localized fitting.

The modeled mean concentrations were normalized to the
background concentration fromEquation (1). The normalizedmean
concentrations presented in Fig. 4a were calculated as:

Cnorm dð Þ ¼ C dð Þ
.
background median allð Þ (2)

The concentrations relative to the edge of roadway were
calculated by first subtracting the background concentration, then
dividing by the nearest to roadway estimate of the concentration
(Equations (3a) and (3b)), and are presented in Fig. 4b.

Cadj dð Þ ¼ C dð Þ � background median allð Þ (3a)

Crelative dð Þ ¼ Cadj dð Þ
.
Cadj d ¼ 7m; north siteð Þ (3b)

2.6.2. Principal component analysis
Principal component analysis was performed on complete ob-

servations including all pollutants (see Table 1) using the function
“principal” from the R package “psych” (2014, version 1.4.5). The
nephelometer data were excluded from this analysis owing to pe-
riodic missing values associated with an internal timing setting. A
scree plot was examined for all PCs, and four PCs were selected
based upon eigenvalues greater than ~1. Four components
accounted for 62% of the variance. Varimax rotation, which pre-
serves orthoganality while improving interpretability by further
diminishing minor loadings in the principal components, was
subsequently applied to the four PCs and are reported here.

3. Results

Consistent with prior reports, we find 5-minwind direction and
speed reliably defines the directionality of pollutant gradients away
from the roadway; this time scale is preferable to hourly averages
which can over average wind direction (Zhu et al., 2002, 2006). The
wind for the 5 days (4/18, 4/20e23) was intermittent as can be seen
in the 10-min average wind speed and direction data shown in the
wind rose in Fig. 1b. The wind rose illustrates one hour of wind
across 5 days has low speed and possibly originates from the north;
however, omitting these data did not change the results. A broad
range of wind directions and wind speeds were recorded over the 5
days of sampling times.

Ambient pollutant concentrations captured at the nearby AQS
monitoring station (6 km NW of the sites) during monitoring time
are provided in Table S1 in supplemental materials (U.S.
Environmental Protection Agency Air Quality System (AQS) Data
Mart, 2012). As a comparison, the background concentrations
determined from each of the site visits on the 5monitoring days are
also summarized in Table S1.

Our background NOx measurements were lower than the AQS
data on aggregate, which may be due to failures of the ozone
scrubber in the 2B Tech model 410 analyzers. Consequently, we
expect variations in ambient ozone will partially interfere with the
NO and, to a lesser extent NOx measurements. For this reason NO
data (which exhibited more extreme negative values) were
excluded from this analysis. Interference from VOCs can cause loss
of accuracy for the 2B Tech instruments as the ozone scrubber
when operating properly has an ancillary effect of reducing VOC
interference.

The time series data in Fig. 2 shows four traverses from a single
visit to the north site. During these four traverses pollutant con-
centrations were relatively stable at distances greater than 100 m
from the edge of roadway, and increased (or decreased in the case
of ozone) within 50 m of the roadway. On the final traverse, the
pollutant concentrations show little variation with distance to



Fig. 4. a) Modeled pollutant concentrations from Fig. 4 normalized by the estimated
median background concentration (Equation (2)). b) Modeled pollutant concentrations
from Fig. 4, background subtracted then normalized by the nearest to roadway pre-
diction (Equation (3)). For ozone, this results in a sign change causing it to appear at a
greater concentration near the roadway. Legend in Fig. 4b also applies to Fig. 4a.
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roadway, consistent with either intermittent wind or fluctuations
in vehicle densities.

The spatial relationship of pollutant concentrations with absolute
distance to roadway were interrogated two ways. First we catego-
rized the data based upon their distance to the edge of roadway, and
calculated the category-specific median, 25th and 75th quartiles.
These statistics are presented in Fig. 3, wherein the x-axis value is the
median distance to edge of roadway for each category. The south site
had limited near-roadway access (see Fig. 1); the nearest roadway
location is 35 m from the edge of roadway for the South site versus
7 m for the North site. In the second analysis the mean concentra-
tions were modeled as a function of distance to edge of roadway
without categorization using a general additive model employing a
thin plate spline smooth (Wood, 2003). The upwind and downwind
data were modeled separately.

As shown in Fig. 3, we observe an increase in CO2, BC, fine
particle number concentrations, and NOx at the downwind edge of
roadway, as well as depletion of ozone at the edge of roadway. PN1
number concentration (P-Trak) data exhibit lower counts because a
diffusion screen removes particles <50 nm. Particle counts with
diameter >1 mm did not significantly increase at the roadway
consistent with prior reports (Karner et al., 2010; Massoli et al.,
2012). A comparison of roadway influences on pollutant concen-
trations is made in Fig. 4a and b, where the predicted pollutant
concentrations are normalized to the background and near
roadway values, respectively.
Fig. 5 shows the first 4 Varimax rotated principal components,
and their scores as a function of distance to roadway. The first
component (RC1) explains 30% of the variance, and the increased
scores at the edge of roadway indicate the pollutants with sub-
stantial loadings in RC1 are elevated (or depleted in the case of
ozone). A distance to roadway relationship is also observed for RC2
but not RC3 and RC4.
4. Discussion

Mobile measurements of near roadway pollutant gradients have
been successfully demonstrated previously at speeds comparable
to our mobile platform (4e10 m/s)(Durant et al., 2010; Massoli
et al., 2012; Padro-Martinez et al., 2012). We are interested in
determining if a mobile platform could detect the roadway source
during multiple fast passes through the sampling sites. Sampling of
sites at shorter durations results in a sparse spatial data set per-
pass; however, this scheme allows sampling over many more
sites in a city per sampling campaign. If rapid-pass sampling pro-
vides meaningful summaries compared to extensive sampling
schemes, then the uses for mobile monitoring to characterize
spatialetemporal variability over a larger scale can be expanded.

Fig. 2 illustrates the gaseous and nanoparticle pollutants are
indeed manifesting roadway influences as detected by our moni-
toring platform. Each traverse of the site captures one eventuality
of the near roadway concentrations which can vary between tra-
verses. Variability may be due to changes in the source strength (i.e.
number of vehicles), or variable wind speed and direction.
Combining data over multiple days (~36 individual traverses of
each site) generates plausible “average” afternoon pollutant pro-
files of the I-40 roadway for Southerly winds as illustrated in Fig. 3.
The variability noted in Fig. 2 is even more apparent in the inter-
quartile ranges of pollutant concentrations depicted in Fig. 3. The
interquartile range decreases with increased distance to roadway,
indicating a stable background concentration has been reached.
Fig. 3 shows a slight increase in the modeled mean of pollutant
concentrations for PN1 number concentration, NOx, BC, and CO2
upwind of the roadway. This result is discussed below.

The ozone depletion near the edge of roadway on the down-
wind side (see Fig. 3) is well defined compared to those summa-
rized by Karner et al., who concluded the ~30% depletion of ozone
at the edge of roadwaywas not statistically significant (Karner et al.,
2010). Our results showa return to background by 200m consistent
the findings using stationary passive monitors. Unlike stationary
monitors, ozone measurements obtained by multiple pass mobile
sampling provide a measure of variability indicative of capturing
periods of pronounced ozone depletion during periods of heavy
traffic as well as of modest or no depletion. These details are
obscured in integrative sampling schemes that average over long
periods of time. Near roadway ozone concentrations were recently
measured with a different mobile platform, the Aerodyne Research
Inc. mobile laboratory (Durant et al., 2010; Massoli et al., 2012). The
authors reported a modest decrease in ozone near roadway,
although ambient ozone concentrations were much lower than in
our study. One explanation for the difference compared to Durant
et al. may be a difference in instrumentation. The Aerodyne mobile
platform was equipped with a UVeVis absorption ozone monitor
(model 205, 2B-Tech), whereas the Optec monitor on our platform
operates using a chemiluminescence signal produced upon reac-
tion of ozone with a proprietary substrate resulting in emission at
560 nm. Unlike UVeVis methods which can be prone to interfer-
ence with hydrocarbon signals (Dunlea et al., 2006; Spicer et al.,
2010), the Optec instrument exhibited no hydrocarbon interfer-
ence during EPA protocol testing (Holowecky et al., 2008).



Fig. 5. Varimax rotated principal components computed from complete 10 s measurements. Left panel is a plot of component scores for the 10 s measurements plotted with
distance to edge of roadway, the right panel is the pollutant loadings for the first 4 rotated components. Four components explain 62% of the variance with the following
breakdown: RC1, 30%; RC2, 12%; RC3, 10%; and RC4 10%.
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Fig. 4a shows the modeled mean pollutant concentrations
normalized by the background concentration derived from all 5
days (see Equation (2)). Fig. 4a allows us to compare our results to
those summarized by Karner et al. who report on the relative
concentrations of pollutants with respect to background. We find a
three-fold increase in BC near the edge of roadway, consistent with
Massoli et al. (2012), whereas Karner et al. report a 2 fold increase
in elemental carbon. A 30% decrease in ozone was detected near
roadway as was also reported by Karner at al. We find a 5 fold in-
crease in NOx, whereas Karner et al. report a range of 1.8e3.3 in-
crease for the oxides of nitrogen. One cause for the discrepancy in
NOx may be the lower background levels measured in this
campaign owing to failures of the ozone scrubber previously
mentioned. A modest increase in PN1 concentration is observed,
consistent with Karner et al.'s findings, as well as more recent
mobile monitoring results reported by Massoli et al. (2012). Fig. 4b
show the relative modeled concentrations obtained by background
subtraction and subsequent division by the nearest to roadway
value (Equation (3)). Fig. 4b illustrates the relative decay of
pollutant concentrations for the gaseous and particulate species
most impacted by the roadway. Karner et al. reports a 50% drop in
NOx, and elemental carbon between 100 and 150 m from edge of
roadway (Karner et al., 2010) Our results indicate a 50% decrease in
pollutant concentrations by 100 m from the edge of roadway for
most pollutants under stable afternoon conditions, with slower
return to background observed fine particle concentration.

The similarity of pollutant concentration decay profiles in Fig. 4b
suggest multi-pollutant correlations, which we analyze using
principal component analysis. The first component (RC1) with high
loadings in nanoparticles, PN1, and BC and NOx is indicative of
heavy duty diesel emissions. The second component (RC2) is
comprised of PAH, NOx and CO2, consistent with general traffic as
most of the CO2 is emitted by light duty vehicles. NOx is split be-
tween RC1 and RC2 consistent with emission inventories of light
duty and heavy duty diesel emissions. The scores of RC1 decay
within 100 m of the roadway, whereas RC2 demonstrates a slow
continual decay from the roadway. RC1 has a significant increase in
scores near roadway upwind. Both RC1 and RC2 contain substantial
loadings of NOx and exhibit decaying scores with increased dis-
tance downwind. This indicates that the elevated scores upwind for
RC1 are not due to prevailing wind direction. The time series for
RC1 (see Fig. S4 in supplemental) revealed this upwind feature
occurred for multiple site visits on the 23rd and 24th. We propose
that the associated turbulent wake induced by passing heavy duty
vehicles could produce upwind impacts near the roadway.

The third component (RC3) is comprised of larger diameter
particle concentrations and low loadings of gaseous pollutants; this
component appears to have no variation with distance to roadway
and may be consistent with an urban background. Finally, the last
component is dominated by nanoparticle diameter, which dem-
onstrates no correlation with other pollutants, except for nano-
particle concentration, where large diameters correspond to lower
number concentration. This feature may be indicative of physical
aging of the nanoparticles.

5. Conclusions

Meaningful single and multi-pollutant gradients from an iso-
lated roadway source were captured by the mobile monitoring
platform. The single pollutant gradients reported are consistent
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with previous studies as summarized by Karner et al. (2010). Unlike
stationary monitors, characterization of the spread in the pollutant
concentrations with distance to roadways provides additional
detail about pollutant dispersion and source variability. Synchro-
nous data collection allowed for principal component analysis,
which yielded two multi-pollutant components that have distinct
distance to roadway gradients in their scores.As well as a compo-
nent indicative of physical aging of nanoparticles near the roadway.
Elevated pollutant concentrations upwind of the roadway were
observed, consistent with significant impacts from the turbulent
wake of passing trucks.
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