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a b s t r a c t

We have applied the absolute principal component scores (APCS) receptor model to on-road, back-
ground-adjusted measurements of NOx, CO, CO2, black carbon (BC), and particle number (PN) obtained
from a continuously moving platform deployed over nine afternoon sampling periods in Seattle, WA.
Two Varimax-rotated principal component features described 75% of the overall variance of the obser-
vations. A heavy-duty vehicle feature was correlated with black carbon and particle number, whereas a
light-duty feature was correlated with CO and CO2. NOx had moderate correlation with both features. The
bootstrapped APCS model predictions were used to estimate area-wide, average fuel-based emission
factors and their respective 95% confidence limits. The average emission factors for NOx, CO, BC and PN
(14.8, 18.9, 0.40 g/kg, and 4.3 � 1015 particles/kg for heavy duty vehicles, and 3.2, 22.4, 0.016 g/kg, and
0.19 � 1015 particles/kg for light-duty vehicles, respectively) are consistent with previous estimates based
on remote sensing, vehicle chase studies, and recent dynamometer tests. Information on the spatial
distribution of the concentrations contributed by these two vehicle categories relative to background
during the sampling period was also obtained.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, a number of investigators have deployed
continuously moving vehicle platforms to characterize on-road
pollutant concentrations and near road pollution gradients
(Westerdahl et al., 2005; Pirjola et al., 2006; Rogers et al., 2006;
Clements et al., 2009; Johnson et al., 2009; Wang et al., 2009;
n, Department of Civil and
98195-2700, USA.
Durant et al., 2010; Hagler et al., 2010; Thornhill et al., 2010;
Barzyk et al., 2012; Kozawa et al., 2012; Massoli et al., 2012;
Padro-Martinez et al., 2012; Pirjola et al., 2012; Choi et al., 2013;
Quiros et al., 2013; Brantley et al., 2014; Lahde et al., 2014; Patton
et al., 2014; Riley et al., 2014) as well as larger scale urban gradients
(Bukowiecki et al., 2003; Weijers et al., 2004; Isakov et al., 2007;
Larson et al., 2009; Mohr et al., 2011; Aggarwal et al., 2012; Hu
et al., 2012; Buzcu-Guven et al., 2013; Choi et al., 2013; Levy
et al., 2014; Patton et al., 2015; Wu et al., 2015). In this sampling
protocol, the mobile platform moves with traffic; for comparison,
other mobile sampling protocols involve sampling at one fixed site
for a defined period before moving to the next site. Continuously
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moving platforms provide broad spatial coverage, allowing for
characterization of spatial variation in ambient pollution levels.

Continuously moving platforms have also been used to assess
emissions from mobile sources in real world environments.
“Vehicle chase” studies of exhaust plumes from individual vehicles
have provided in situ estimates of emission factors for a variety of
traffic-related pollutants as an alternative to traditional laboratory
dynamometer testing, on-board vehicle emissions monitoring, and
fixed-site sensing in tunnels and at roadsides. These include mea-
surements made closely behind the vehicle tailpipe under rela-
tively controlled driving conditions either on a test track or with a
towed platform (Vogt et al., 2003; Cocker et al., 2004a, 2004b; Shah
et al., 2004; Giechaskiel et al., 2005; Morawska et al., 2005;
Carpentieri & kumar, 2011, Carpentieri et al., 2011; Kwak et al.,
2014; Lee et al., 2015), and measurements made from chase
vehicle platforms moving through urban traffic (Canagaratna et al.,
2004; Kittelson et al., 2004; Kolb et al., 2004; Herndon et al., 2005;
Jiang et al., 2005; Johnson et al., 2005; Shorter et al., 2005; Yli-
Tuomi et al., 2005; Kittelson et al., 2006a, 2006b; Zavala et al.,
2006; Durbin et al., 2008; Westerdahl et al., 2009; Zavala et al.,
2009; Park et al., 2011; Kam et al., 2012; Liggio et al., 2012; Ning
et al., 2012; Hudda et al., 2013; Jezek et al., 2015; Lau et al., 2015).

The studies cited above primarily address each pollutant sepa-
rately. However, several investigators have further examined the
multivariate correlations between simultaneously measured pol-
lutants using principal components analysis (Bukowiecki et al.,
2003; Riley et al., 2014). Multivariate receptor models tradition-
ally applied to fixed site data have also been applied to mobile
measurements of traffic-related pollutants, including absolute
principal component scores (APCS) (Bruno et al., 2001), and posi-
tive matrix factorization (Thornhill et al., 2010; Buzcu-Guven et al.,
2013; von der Weiden-Reinmuller et al., 2014). The impacts of
Fig. 1. Maps of the study area. (a) Location of the study area in Seattle (inset), major roadwa
(yellow) and elevation contours in feet (red); (c) Average daily truck volumes and percent
vehicle emission regulations have also been assessed by combining
mobile monitoring results with prior information on the traffic mix
during sampling (Johnson et al., 2009; Liggio et al., 2012; Hudda
et al., 2013; Kozawa et al., 2014).

Here we explore estimating area-wide average vehicle emission
factors by applying the APCS receptor model to measurements
obtained from a continuously moving platform. The model pre-
dictions are used to estimate average fuel-based emission factors by
source-related feature within the study area. The pollutants we
measured (NOx, CO, CO2, black carbon and particle number con-
centration) were chosen based on 1) the important contribution of
traffic sources to these pollutant's emissions and resulting con-
centrations; 2) the relative importance of these species in dis-
tinguishing emissions from light duty versus heavy duty vehicles
(Park et al., 2011; Dallmann et al., 2012, 2013; Pachon et al., 2012;
Dallmann et al., 2013); 3) the required sensitivity and response
time available from relatively low cost pollutant-specific monitors
easily deployable on a mobile platform (Riley et al., 2014); and 4)
the recognized health effects of pollutant exposure to ultrafine
particle number (Devlin et al., 2014; Peters et al., 2015), black car-
bon (Janssen et al., 2012), CO(EPA, 2010), and NOx (EPA, 2016).
2. Materials and methods

2.1. Study area

Sampling took place over a four to five hour interval on five
afternoons in late September (20e21st & 23e25th) and four af-
ternoons in early December (5,8,10,11) of 2012 in the Georgetown
and South Park neighborhoods of the city of Seattle, Washington,
USA (Fig. 1a). The sampling route encompassed approximately
30 km2 and consisted of 38% major highways and 62% surface
ys, the Harbor Island docks and the Argo rail yard; (b) Mobile platform sampling route
trucks along major truck routes.
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streets (Fig. 1b). The sampling route passed under the West Seattle
Bridge (never on the bridge itself), and along the local port access
roads at this location in both the eastbound and westbound di-
rections. The study area is mostly flat except that the southern end
rises up approximately 110 m vertically over a horizontal distance
of 5.2 km, or an approximate 2% slope (see Fig. 1b). The mobile
monitoring route climbed up this hill on southbound SR 509
(divided, limited-access highway) and descended on surface
streets.

The surrounding neighborhoods are a mixture of residential,
commercial, and industrial areas with major transportation hubs
for freight, major freeways (Interstate-5, Washington highways 99
and 509), rail spurs, and the Port of Seattle. The study area had the
highest ranking among ten representative Seattle ZIP codes for air
pollution and potential exposure to highly contaminated sites
(Gould and Cummings, 2013). The study area is a major freight hub
with significant truck traffic. Fig. 1c shows the average daily truck
volumes and percent truck traffic on the major truck routes
(Transportation 2016).

2.2. Mobile monitoring measurements

Ten second averages were collected simultaneously from five
different instruments. The sampling route was driven two to three
times on each sampling day, such that multiple visits were made to
the same locations. The platform sampled at the speed of sur-
rounding traffic on different types of roadways with a median
speed of 26 km/h (25th percentile: 9 km/h, 75th percentile 44 km/
h). Variability in vehicle speed resulted in 10-s measurements
spaced at variable distances from each other (25th percentile: 48m,
75th percentile: 179 m, mean: 119 m). Twelve percent of the time
there was no distance between ten second intervals.

A complete description and diagram of the mobile platform is
given in Riley et al., (2014). Briefly, the mobile monitoring platform
consisted of a 2012 Ford Escape hybrid-electric vehicle. A GPS was
mounted on the roof of the vehicle to record position and speed.
Tables Se1 provides a full list of instrument measurements used in
this analysis. Two sampling inlets were mounted on the roof rack
on the driver's side of the vehicle in forward position leading to
gaseous and particle measurement instrumentation, respectively.
The sampling inlets were positioned above the vehicle boundary
layer, and connecting tubes entered the vehicle through the
otherwise sealed left rear window where they were connected to
the instruments.

Particle loss was minimized by using stainless steel, copper, and
conductive flexible tubing for the particle sampling inlet and tubing
which connected to the assorted analyzers. We used a set of
diffusion screens upstream of the PN counter that excluded parti-
cles that are nominally <50 nm. The cylindrical inlet tube geometry
and sample flow rate corresponds to a Reynolds number of
approximately 140. There is negligible particle loss under these
conditions. Based on theoretical estimates of diffusion loss in a tube
under laminar flow conditions, about 1.3% of 50 nm spherical par-
ticles would be lost during passage through the sample inlet, with
lower losses for larger particles (Gormley and Kennedy,
1948e1950). Our screened instrument with 50 nm lower detec-
tion limit differs from other studies which used instruments that
can detect smaller particles that have the potential for somewhat
larger losses in the sampling inlet tubing.

The exhaust pipe from the vehicle's gasoline engine discharged
on the right side low to the ground, away from the elevated, left-
side air monitoring inlets. To further minimize the potential for
self-pollution, the vehicle's gasoline engine would typically shut off
when stopped at red traffic lights. In addition, we used our esti-
mates of the contributions from light duty vehicles as presented in
the Results section to further estimate the potential for self-
pollution. Specifically, we first classified our vehicle's speed into
two categories: < 2.3 km/h and �2.3 km/h to separate the idle or
near idle conditions from those while moving along in traffic. The
former category has the greatest self-pollution potential. Based on
the PCA results derived for all days, we then asked whether there
was a statistically significant difference between the idle or near-
idle contributions from light duty vehicles (the CO-rich feature
factor scores) versus the contributions at higher vehicle speeds. We
found no significant difference between the two groups, with a
mean score difference (idle e moving) of 0.031 [95% confidence
interval ¼ �0.021 to 0.083; p ¼ 0.24].

The CO2 meter exhibited a zero offset that could not be directly
adjusted on the instrument itself. Therefore zero gas checks were
made periodically before and after the study field measurements
using a certified zero gas additionally passed through soda lime and
drierite. The average offset for zero air determined from six com-
parisons between January and July 2013 was 122.6 ppm. We sub-
tracted this zero offset from all field readings. However, the one
minute average departures from a ten minute rolling background
value relevant to our PCA analysis (discussed in section 3.1) are not
affected by this zero offset adjustment. This is because the same
CO2 zero offset quantity is subtracted from both the measured
concentration and the corresponding estimated background level.
Further, the variability of the zero offset values was low. During the
zero air checks, the one-minute average CO2 concentrations were
logged at rolling 10 s increments and these smoothed values
exhibited a coefficient of variation during different comparisons of
0.54% for 4.17 min, 0.36% over 4.33 min, 0.72% over 2.5 min, 0.35%
over 3.67 min, and 0.05% for a half minute interval.

Instrument quality control objectives and evaluation methods
are summarized in Tables Se2. Automated flagging was imple-
mented to censor data corresponding to instrument error codes,
instrument operation out of specified parameters, or data other-
wise missing (e.g., because the instrument rebooted itself, lost
power, etc.). The time series for each pollutant was then manually
reviewed and cross-checked with field technician notes. Details of
the quality control procedures can be found in (Riley et al., 2016).

3. Theory/calculation

3.1. Smoothing and background adjustment

A number of approaches have been used to analyze continu-
ously moving mobile platform data (Brantley et al., 2014). In prin-
ciple, the mobile platform measurements include: 1) contributions
from local on-road traffic emissions from individual vehicle
plumes; 2) neighborhood scale background contributions from
nearby traffic; and 3) urban scale background contributions
affecting multiple neighborhoods within the urban area. The first
two contributions are similar in spatial scale to the microscale
(10e100 m), middle scale (100e500 m) and neighborhood scale
(500 m to 4 km) representative monitoring domains as discussed
by Watson (1997) (Watson et al., 1997). In contrast, the urban scale
contributions can include variations across neighborhoods
(4e100 km) and even a major contribution from global background
levels in the case of CO2.

We first smooth the time series each day by taking a moving
block average of consecutive observations in a seventy second in-
terval centered on a given 10-s observation. We estimate the
background concentration (Bi,t,q, described below) associated with
each 10 s observation period, and subtract this background value
from the 70s moving block average concentration. We then
combine all smoothed, background-adjusted observations across
all valid 10-s observation periods over all days.
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Specifically, we compute the background adjusted concentra-
tion of the ith species separately for each 10 s observation for each
day as follows.

C*
i;t;q ¼ Ci;t;q � Bi;t;q (1)

Where

Ci;t;q is the 70-s moving average concentration between t-30s
and tþ30s centered on the 10-s period of interest t, (t ¼ 1,Tq) on
day q,

and

Bi;t;q is a rolling minimum of Ci;t;q, centered on the 10-s period of
interest on day q.

Specifically

Bi;t;q ¼ min
�
Ci;t�t…Ci;tþt

�
q (2)

where t ¼ 300 s.
The choice of 2t¼ 600 s for the rolling minimum is motivated in

part by the fact that over a 10 min time period the mobile platform
on average traverses a spatial extent of ~4 km, the upper bound of
the neighborhood monitoring scale. We apply this rolling mini-
mum separately to each day's observations to adjust each day based
on its conditions, and we then pool C*

i;t;q across all times (t ¼ 1,Tq)
and days (q ¼ 1, …Qd) to create C*i,k such that k ¼ 1, …N where
N ¼ Tq*Qd. The C*i,k are considered time-independent observations
because: 1) they are adjusted for daily background values; and 2)
the local on-road, vehicle-induced turbulence is the major dilution
mechanism of the underlying exhaust plumes, independent of
temporal changes in the less intense turbulence mixing associated
with larger scale meteorology. The latter assumption might not be
true if there are major temporal changes in the larger scale mete-
orology, but we purposely sampled in the afternoon during periods
without frontal passages or other major changes in hourly wind
speeds. The use of a rolling 5th percentile rather than a rolling
minimum gave essentially the same results as the rolling minimum
(results not shown). This is not surprising given that the rolling
minimum we used is based on the one minute smoothed values
reported every ten seconds in the moving window and that this
smoothed minimum value represents the 2nd percentile in that
moving window. Finally, we form a set of adjusted concentrations,
Cadj
i;k , by removing entire samples from the initial set of C*

i;k using the
following criteria: 1) the value of C*

CO2 ;k
is less than 5 ppmv, the

instrument precision limit; 2) value of C*
i;k is above the 95th daily

percentile value for a given pollutant The first criterion is applied to
more confidently ensure the presence of individual combustion
exhaust plumes at concentrations above the local CO2 background
and is less stringent than the 20 ppmv criterion previously used in
vehicle chase studies56. We also analyzed the data excluding step 2,
and it did not make an appreciable difference to the results.
3.2. Absolute principal component score (APCS) model

We chose to use the APCS receptor model. Other multivariate
receptor models such as PMF could also be used. However, PMF
requires specification of the species measurement uncertainties,
which in this case aremore complex than usually encounteredwith
raw concentration data. We are analyzing the departures from
baseline, which is not only a difference between two measured
values, but also a value whose precision varies in a complex way
with the raw species concentration. Therefore, although PMF is
another potentially viable option, we feel that including it here is
beyond the scope of this paper. We also prefer the fact that the
species weights in PCA are based on their overall variance rather
than their measurement uncertainty, potentially reducing the in-
fluence of meteorologically driven day to day variation in the
species concentration in these on-road plumes.

The APCS model was first described by Thurston (1985)
(Thurston and Spengler, 1985) for fine particle mass apportionment
and subsequently used to apportion individual VOC species (Miller
et al., 2002; Guo et al., 2004). Principal components analysis is first
applied to the standardized, adjusted concentrations for the m-
species across all days, specifically

Zi;k ¼
Cadj
i;k � C

adj
i

si
ði ¼ 1;…m; k ¼ 1;…NÞ (3)

where Cadj
i;k has mean C

adj
i and standard deviation si. We chose to

use the standardized concentrations rather than the raw, adjusted
concentrations to more equally weight each species in the final
solution. We retain p (p � m) principal components based upon
their having eigenvalues > 0.9 and then apply a Varimax rotation to
these components.

Absolute principal component scores (APCS) for the Varimax
rotated components are calculated from the scores, Sj,k, for the kth
observation of the jth component as follows:

APCSj;k ¼ Sj;k � ðS0Þj ði ¼ 1;…pÞ (4)

where Sj,k are the scores derived from the Zi,k and (So)j is the pre-
dicted value of the zero vector using the rotated PCA model. The
APCSj,k are then regressed against the Cadj

i;k .

Cadj
i;k ¼ ðb0Þi þ

Xp
j¼1

bi;j
�
APCSj;k

�
þ εi;k (5)

The intercept in Equation (5) is the contribution to the adjusted
values from sources unaccounted for in the PCA73. The predicted
concentration of pollutant i ðbY iÞ contributed by feature j to the kth
sample is then defined by equation (6).

bY i;j;k ¼ bi;j
�
APCSj;k

�
(6)
3.3. Fuel-based emission factors

The average emission factor (EF) values were computed as
follows:

EFi;j ¼
aðWcÞj

N

XN
k¼1

8><
>:

bY i;j;k�bYCO2

�
j;k

þ
�bYCO

�
j;k

9>=
>; (7)

where

EFi,,j is the average fuel-based emission factor in grams of
pollutant i per kg of fuel burned for source-related feature j;
N is the total number of samples (¼9541)
(Wc)j is the carbon weight fraction of the fuel corresponding to
the jth source-related feature;

ðWcÞj is a units conversion factor (¼1 for CO, black carbon and
NOx concentrations reported in units of mg/m3 and ¼ 1012 for
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particle number concentration reported in units of number/cm3).
We applied a blocked bootstrap to the above model (equations

(3)e(7)) in order to estimate the uncertainties in EFij. The blocked
bootstrap was chosen to minimize potential autocorrelations in the
Cadj
i;k possibly due to correlated background values not accounted for

in our model. We randomly sampled with replacement from non-
overlapping blocks with a fixed block size of 1780 consecutive
observations, repeating the bootstrap procedure 10,000 times.
Optimal univariate block sizes were determined using the “b.star”
function within the “np” package in R (Politis and White, 2004;
Patton et al., 2009). The bootstrap block size was chosen to be the
maximum of the set of five univariate block sizes, one estimate for
each of the five species. Matching of the bootstrapped features to
their respective base case features was done by using the corre-
sponding EFij for NOx, BC and CO. Our reported 95% confidence
limits of EFij were then taken from the distribution of average EFij
estimated from each of the 10,000 bootstrapped values.
Table 2
Varimax-rotated Principal Component Loadings based on Cadj

i;k .

BC-rich feature CO-rich feature

NOx 0.62 0.69
BC 0.88 0.09
CO 0.15 0.74
PN 0.87 0.26
CO2 0.19 0.76
Initial Eigenvalues 2.78 0.94
% Variance After Varimax Rotation 39.3 35.1
3.4. Comparing feature scores with truck traffic

For visual comparisons of the feature scores to truck traffic data
obtained from Seattle Department of Transportation (Fig. 1c), the
scores for each feature were spatially binned into 200� 200 m grid
cells. The median values were then computed for each cell. We
chose the median to minimize the influence of a few relatively high
concentration plumes within a given cell. The spatial differences in
the factor scores reflect the on-road spatial differences in these
median concentrations in the heavy duty or light duty vehicle
plumes across grid cells over the study period. The spatial grid
represents a much higher data density than the traffic count data
depicted by the roadway segments, and can be used to identify
hotspots that might not be evident in the truck volume data. Spatial
binning was performed using the ‘raster’ and ‘OpenStreetMap’
packages and R version 3.2.0.

To evaluate the distribution of scores for each Seattle Depart-
ment of Transportation (SDOT) roadway segment with available
traffic count data, we first generated a 50m buffer around the SDOT
roadway segments shown in Fig. 1c and then spatially joined our
individual roadway measurements with the SDOT features. This
appended the truck volume and the percent truck information in
the SDOT layers to our dataset (see Fig. 1b and c). In our case, these
roadways buffers did not overlap substantially with other roadway
buffers. We then examined the distribution of scores associated
with the SDOT data, specifically the daily truck volumes and
percent trucks. We calculated the linear least squares regression
coefficients and pearson's r correlation coefficients between the
traffic variables and the median scores on the roadway segments.
GIS analysis was performed using QGIS version 2.16.3, regression
analysis performed in R (3.2.0).
Table 1
Summary of mean concentrations.

Species One-minute smoothed concentrations ðCi;t;qÞ Background concentratio

NOx (ppb) 56.3
(7.0, 164)a

11.5
(0.1, 56.8)

BC (ng/m3) 2093
(431.5, 6053)

603
(39, 1974)

CO (ppm) 1.57
(0.65, 2.58)

1.18
(0.40,1.71)

PN (#/cm3) 2.02 � 104

(3.99 � 103, 5.79 � 104)
5.19 � 103

(5.42 � 102, 1.29 � 104)
CO2 (ppm)c 557.1

(494.1, 644.0)
524.0
(484.0, 592.6)

a 5th and 95th percentile values.
b Background adjusted values above 95th %tile were removed.
c Adjusted for zero offset based on quality checks with zero-gas (see section 2.2).
4. Results

4.1. Observed and background-adjusted concentrations

Table 1 summarizes the values of Ci;t;q, Bi;t;q and Cadj
i;k . The 70-s

smoothed concentrations of NOx, BC, CO, PN have greater varia-
tion about their means than CO2. The estimated background values
as a percentage of the average observed values are lower for NOx,
BC and PN than they are for CO and CO2.

4.2. Varimax rotated components

Varimax rotated principal component analysis of the adjusted
concentration data ðCadj

i;k Þ resulted in two features as shown in
Table 2. The Varimax rotated factor loadings for these two features
are also shown in Table 2 along with the initial eigenvalues and the
corresponding percent variance for each of the initial principal
component features prior to rotation. Both BC and PN are heavily
loaded on the first feature and therefore we initially refer to this as
the “BC-rich” feature. In contrast, CO and CO2 are the main species
associated with the second feature. We refer to this feature as “CO-
rich”.

The Varimax-rotated absolute principal component scores
(overall and by season) are plotted by feature on a map of the study
area in Fig. 2 (the map was generated using OpenStreetMap, R
Package version 0.3.1).

4.3. Estimated fuel-based emission factors

Table 3 summarizes the estimated average fuel-based emission
factors predicted by equation (7) for both features as well as the
corresponding 95% confidence limits estimated from the blocked
bootstrap. Also shown are the average light and heavy duty vehicle
emission factors reported by other U.S. field studies using either
mobile monitoring of general traffic, chase vehicles, or near-road
fixed site measurements.

In addition, we have compared our estimated emission factors
ns from Eqn. (2) ðBi;t;qÞ Background adjusted & trimmed concentrationsb ðCadj
i;k Þ

36.4
(5.7, 96.3)
1110
(271, 3348)
0.30
(0.05,0.77)
1.13 � 104

(1.74 � 103, 3.18 � 104)
27.8
(6.2, 74.6)



Fig. 2. Map of varimax-rotated absolute principal component scores (see also equation (4) in section 3.2). The color scale represents quantiles of the resultant cell medians. The
black area is water. The pink area in the upper left-hand corner is the southern tip of Harbor Island, part of the Port of Seattle. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



Table 3
Average derived fuel-based emission factors compared to recent U.S. Field studies.a

Study Year Sampling type NOx (g/kg) CO (g/kg) BC (g/kg) PN (1015/kg)

Heavy Duty Vehicles
BC-rich feature (this

work)b
2012 Moving in traffic 14.8 [9.9e21.9] 18.9 [8.0e35.3] 0.40 [0.29e0.58] 4.3 [2.9e6.2]

Bishop et al., 2015,c,d 2013 Remote sensing across
road

20.7, 20.3
[19.1e22.3], [18.9e22.1]

2.3, 5.1
[1.5e3.1], [4.7e5.5]

0.02, 0.23
[0.014e0.026], [0.17
e0.29]

e

Preble et al., 2015,e 2013 Fixed site near road 15.4 [14.5e16.3] e 0.28 [0.23e0.33] 2.5 [2.0e3.0]
Hudda et al., 2013,f 2011 Moving in traffic 15,16

<9.2, 10>
e 0.41, 1.33

<0.21, 0.33>
4.2, 5.2
<3.4, 3.1>

Liggio et al., 2012 2010 Moving in traffic e e 0.51
<3.1>

e

Dallmann et al., 2012 2010 Fixed site in tunnel 28 [26.5e29.5] e 0.54 [0.47e0.61] e

Bishop et al., 2012a,c,d 2010 Remote sensing across
road

47.8, 29.2
[46.6e49.0], [27.6e30.8]

e e e

Park et al., 2011 2007 Vehicle chase 34 36 0.5 4.5
Johnson et al., 2009,g 2007 Moving in traffic 14.0

<5.5>
e e 3.2

<2.8>
Ban-Weiss et al., 2010,h 2006 Fixed site in tunnel e e e 3.3 [2.0e4.6]
Ban-Weiss et al., 2008 2006 Fixed site in tunnel 40.0 [37e43] e 0.92 [0.85e0.99] e

Light Duty Vehicles
CO-rich Feature (this

work)b
2012 Moving in traffic 3.2 [2.8e3.6] 22.4 [19.7e25.0] 0.016 [0.011e0.021] 0.19 [0.13

e0.25]
Hudda et al., 2013 2011 Moving in traffic 3.8

<1.4>
e 0.07

<0.05>
0.43
<0.26>

Kozawa et al., 2014,j 2009
e2011

Moving in traffic 2.7, 4.0
<0.4, 0.3>

24, 27
<1.6, 3.1>

0.015, 0.067
<0.011, 0.031>

0.28, 0.58
<0.31, 0.30>

Dallmann et al., 2013 2010 Fixed site in tunnel 1.90 [1.82e1.98] 14.3 [13.6e15.0] 0.010 [0.008e0.012] e

Bishop et al., 2012b,d 2010 Remote sensing across
road

4.1 [3.9e4.3] 19.4 [16.8e22.0] e e

Liggio et al., 2012 2010 Moving in traffic e e 0.12
<0.08>

e

Bishop et al., 2010,d,k 2008 Remote sensing across
road

4.0, 4.6, 5.9
[3.8e4.2], [4.4e4.8], [5.1
e6.7]

16.6, 20.0, 21,4
[14.6e18.6], [18.0e22.0], [20.4
e22.4]

e e

Park et al., 2011 2007 Vehicle chase 9.4 47 0.06 0.60
Ban-Weiss et al., 2008 2006 Fixed site in tunnel 3.0 [2.8e3.2] e 0.026 [0.022e0.030] e

Ban-Weiss et al., 2010,h 2006 Fixed site in tunnel e e e 0.39 [0.25
e0.53]

a [ ] ¼ 5th-95th % confidence limits, < > ¼ reported standard deviation.
b Confidence limits estimated via blocked bootstrap (see section 3.3 for details).
c Values for separate measurements at the Port of Los Angeles and at a Northern California I-5 weigh station.
d Confidence limits based on reported standard error.
e Values for 2013 drayage trucks at the Port of Oakland.
f Separate values for (I-710), (other freeways).
g Values for 2006/2007.
h For particle diameters > 3 nm.
j Lowest and highest mean values and their corresponding standard deviations for multiple campaigns between Sept., 2009 and Sept., 2011.
k Values for San Jose, Fresno and West Los Angeles.
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with the recent dynamometer tests reported by May et al. (2014)
Their study included 51 light duty vehicles and 5 heavy duty ve-
hicles representative of a typical vehicle fleet age distribution. The
comparison is shown in Table 4.

As discussed in section 3.4, we have also compared the spatial
differences across the study area for each feature score with rele-
vant traffic information, namely daily truck volumes and percent
trucks. The results are summarized in Table 5. Additional details
about results of the linear regression model are included in the
Supplemental Information.

5. Discussion

There have been several studies employingmultivariate analysis
of air pollution measurements obtained from a continuously
moving mobile platform (Bruno et al., 2001; Bukowiecki et al.,
2003; Thornhill et al., 2010; Buzcu-Guven et al., 2013; Riley et al.,
2014; von der Weiden-Reinmuller et al., 2014). To our knowledge,
Thornhill and co-workers8 conducted the only such study to esti-
mate fuel-based emission factors from motor vehicles. Their study
used the PMF model and was limited to a 3 h drive in Mexico City,
making it difficult to compare their derived factors with other U.S.
studies. As such, we did not compare their results to those from this
work.

The previous studies summarized in Table 3 all used univariate
approaches to estimating emission factors. These studies include
near-road, fixed-site measurements (Ban-Weiss et al., 2008; 2010;
Bishop et al., 2010, Bishop et al. 2012a,b; Dallmann et al., 2012,
2013; Bishop et al., 2015; Preble et al., 2015), and on-road, chase
vehicle measurements (Park et al., 2011) and have the inherent
strength of directly matching their measurements with specific
vehicles and driving conditions. However, they do not necessarily
capture the variability across a broader set of driving conditions or,
in the case of vehicle chase studies, a broader population of vehi-
cles. Several previous on-road mobile monitoring studies have
attempted to address this issue by including all on-road observa-
tions across a given region after adjustments for background levels
(Johnson et al., 2009; Liggio et al., 2012; Hudda et al., 2013; Kozawa
et al., 2014). To estimate emission factors, they have combined their
background-adjusted measurements post-hoc with on-road fuel



Table 4
Comparison of our estimated emission factors with those from the dynamometer study of May et al. (2014).

Vehicle type Study Average emission factor [95% c.i.]

CO (g/kg) NOx (g/kg) BC (g/kg)a

Light duty This study 22.4 [19.7e25.0] 3.2 [2.8e3.6] 0.016 [0.011e0.021]
May et al. (51 LEV vehicles)b 26.4 [19.1.-33.7] 2.8 [1.8e3.9] 0.017 [0.013e0.022]

Heavy duty This study 14.8 [9.9e21.9] 18.9 [8.0e35.3] 0.40 [0.29e0.58]
May et al.
(2 vehicles with a DPF)c

0.26 8.2 0.001

May et al.
(3 vehicles without a DPF)b

8.8 [5.6e12.0] 23.6 [17.2e30.1] 1.18 [0.13e0.24]

a May et al. report EC values.
b Confidence intervals estimated from computed standard errors.
c Confidence intervals were not estimated due to the small number of samples.

Table 5
Associations between truck traffic and median feature scores across the study area.

Adjusted R2 [pearson r]

Daily truck volumes Percent trucks on roadway

BC-rich feature 0.41 [0.66] 0.05 [-0.035]
CO-rich feature 0.08 [0.36] 0.02 [-0.27]
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use or traffic information in order to separate the contributions of
light duty from heavy duty vehicles. Our study is different in that it
makes no such assumptions about on-road traffic or fuel use.

Our results agree well with the NOx, PN, CO and BC light duty
emission factors reported in the field studies summarized in Table 3
as well as with the dynamometer-based laboratory study reported
by May and colleagues (May et al., 2014). They are also consistent
with the heavy duty emission factors reported in other studies after
accounting for the degree of exhaust emission controls. Based on
the estimated confidence intervals, our average heavy-duty vehicle
NOx emission factor of 14.8 g/kg is no different than that reported
by the most recent studies done in 2011 and later (Hudda et al.,
2013; Bishop et al., 2015; Preble et al., 2015), but slightly lower
than that from studies done between 2006 and 2010 (Ban-Weiss
et al., 2008; Park et al., 2011; Bishop et al., 2012a; Dallmann et al.,
2012). This is consistent with the fact that heavy-duty NOx emis-
sions have decreased over this time period due to improved
emission control technologies (McDonald et al., 2012; Xing et al.,
2013; Lu et al., 2015). Our average heavy-duty emission factors
for PN and BC (4.3 and 0.4 g/kg, respectively) are generally
consistent with those reported by previous studies.

Our estimates of the heavy duty CO and BC factors are higher
than those derived from remote sensing by Bishop and co-workers
(Bishop et al., 2015) (Preble et al., 2015) for drayage trucks equipped
with diesel particle filters (DPF) in the Port of Los Angeles (see
Table 3), and also higher than those derived from dynamometer-
testing of DPF-equipped trucks by both Tsai and colleagues (Tsai
et al., 2011) and by May and colleagues (May et al., 2014).

The higher BC emission factor we observed compared to some of
these other studies is consistent with the absence of diesel particle
filters on themajority of the truck fleet at the time in our study area.
At the time of our study only 24 percent of trucks entering the Port
of Seattle were equipped with either diesel oxidation catalysts
(DOCs) or diesel particle filters (DPFs) (Alliance, 2015). This is
similar to the estimated percentage of all trucks newer than 2007
across the entire U.S. at the time of our study-30% for diesel trucks
(IHS Automotive, 2014), the Port of Los Angeles being a notable
exception due to stricter emission regulations. Further, our esti-
mates are in reasonable agreement with the dynamometer-based
heavy duty emission factors reported by May and colleagues
(May et al., 2014) for vehicles that were not equipped with a diesel
particle filter (see Table 4). Our CO emission factor is reasonably
consistent with those from May et al. (2014) for trucks without a
DPF considering the fact that two of these three trucks were also
not equipped with a DOC (see Table 4).

Our exclusion of the largest departures from background (>daily
95th percentile) only modestly affected our emission factor esti-
mates, with the possible exception of the slightly larger estimate for
PN for the light duty vehicles using the untrimmed data (see
Tables Se3). As a general rule, we prefer exclusion of values
exceeding the daily 95th percentile because multivariate methods
can potentially be biased by relatively few outliers that may not
generally represent the entire vehicle fleet, although in this case it
does not appear to make much difference to our overall estimates.

Although the above results strongly suggest that we have
derived separate heavy-duty and light-duty vehicle profiles, i.e.,
fuel-based emission factors, we have also explored the spatial dif-
ferences in the derived feature scores as an additional check on
these attributions. It was not clear a priori whether truck volumes
or the percentage of trucks was a better predictor of the median
heavy-duty feature scores in each cell shown in Fig. 2. However,
based on the correlations we report in Table 5 it appears that truck
volumes are a better predictor. More importantly, the fact that the
spatially varying daily truck volumes in our study area are corre-
lated with the heavy-duty vehicle feature and not the light-duty
vehicle feature provides additional evidence that we have
correctly labeled these features. Other factors such as driving mode
(idle, acceleration, cruise) obviously also affect these scores, but
these factors were not assessed because specific vehicles were not
intentionally followed by our platform. Traffic congestion and the
accompanying truck traffic acceleration from stopwould contribute
higher levels of emissions to the heavy-duty feature found at key
intersections than would a measure such as truck volume which
does not take into account the driving mode. However, congestion
metrics were not available at the required spatial resolution and
were therefore not included in this analysis.

It is interesting to note the location of persistently elevated “BC-
rich” scores in Fig. 2, specifically along Interstate 5, SW Spokane
Street below theWest Seattle Bridge, andWA-99 both near the port
and at the intersection with WA-509, including the 1st Avenue
South Bridge. This latter location was also identified as being a ‘hot
spot’ for diesel exhaust as identified by measurement of 1-
nitropyrene by Schulte et al., (2015). The relatively high values of
both feature scores along Interstate 5 are consistent with the high
overall traffic volumes along this roadway. The relatively high “CO-
rich” scores along Highway 509 are consistent with the higher
vehicle specific power associated with ascending this road grade
(Zhang and Frey, 2006; Frey et al., 2010).
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However, the development of a spatial model to represent the
spatial variation of these features is not the focus of this paper.
Rather, we have developed an alternative approach to estimating
area-wide average emission factors. Themap shown in Fig. 2 should
be interpreted with caution as it represents only one realization
(the base case) of the underlying spatial distribution of the derived
feature scores over a limited time period. Given that we exclude the
estimated background concentrations from this analysis, our model
should not be considered a general representation of the observed,
unadjusted concentrations. Clearly other sources can also
contribute to the estimated background values such as, for
example, the distinctly different emissions from relatively few high
emitting light duty vehicles as reported by Tan and colleagues (Tan
et al., 2016). The one possible exception is NOx whose average
estimated background concentration in this study is a relatively
small proportion of its average on-road departures from back-
ground. Our approach could provide an independent check on the
sub-grid scale spatial allocation of fleet-wide NOx emissions used
in urban air quality models (McDonald et al., 2012).

6. Conclusions

We have derived separate estimates of fuel-based emission
factors for light-duty and heavy-duty vehicles from measurements
taken over space using a continuouslymovingmobile platform. Our
estimates are in good agreement with recent studies using a variety
of methods, including stationary remote sensing and vehicle chase
platforms, continuously moving mobile platforms, and recent
dynamometer results. Our use of a multivariate model, traditionally
applied for source apportionment, allows separate estimates of
both light-duty and heavy-duty vehicle emission factors based
solely on the observed concentrations without reliance on inde-
pendent traffic information. Information on the spatial distribution
of the pollutant concentration of on-road plumes from these two
vehicle categories during the sampling period is also obtained.

Acknowledgments

This work was supported USEPA grant (RD 83479601-0). Its
contents are solely the responsibility of the grantee and do not
necessarily represent the official views of the USEPA. Further,
USEPA does not endorse the purchase of any commercial products
or services mentioned in the publication. Additional support pro-
vided by the National Institute of Environmental Health Sciences
(P30ES007033, T32 ES015459), and the Kresge Foundation (Grant
Number 243365). We would also like to thank the reviewers for
their helpful comments and suggestions.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atmosenv.2016.12.037.

References

Aggarwal, S., Jain, R., Marshall, J., 2012. Real-time prediction of size-resolved ul-
trafine particulate matter on freeways. Environ. Sci. Technol. 46, 2234e2241.

Alliance, N.S., 2015. Northwest Ports Clean Air Strategy: 2014 Implementation
Report (. In, Seattle, WA).

Ban-Weiss, G., Lunden, M., Kirchstetter, T., Harley, R., 2010. Size-resolved particle
number and volume emission factors for on-road gasoline and diesel motor
vehicles. J. Aerosol Sci. 41, 5e12.

Ban-Weiss, G., McLaughlin, J., Harley, R., Lunden, M., Kirchstetter, T., Kean, A.,
Strawa, A., Stevenson, E., Kendall, G., 2008. Long-term changes in emissions of
nitrogen oxides and particulate matter from on-road gasoline and diesel ve-
hicles. Atmos. Environ. 42, 220e232.

Barzyk, T., Ciesielski, A., Shores, R., Thoma, E., Seila, R., Isakov, V., Baldauf, R., 2012.
Near-road multipollutant profiles: associations between volatile organic
compounds and a tracer gas surrogate near a busy highway. J. Air & Waste
Manag. Assoc. 62, 594e603.

Bishop, G., Hottor-Raguindin, R., Stedman, D., McClintock, P., Theobald, E.,
Johnson, J., Lee, D., Zietsman, J., Misra, C., 2015. On-road heavy-duty vehicle
emissions monitoring system. Environ. Sci. Technol. 49, 1639e1645.

Bishop, G., Peddle, A., Stedman, D., Zhan, T., 2010. On-road emission measurements
of reactive nitrogen compounds from three California cities. Environ. Sci.
Technol. 44, 3616e3620.

Bishop, G., Schuchmann, B., Stedman, D., 2012a. Emission changes resulting from
the San Pedro Bay, California ports truck retirement program. Environ. Sci.
Technol. 46, 551e558.

Bishop, G., Schuchmann, B., Stedman, D., Lawson, D., 2012b. Multispecies remote
sensing measurements of vehicle emissions on Sherman Way in Van Nuys,
California. J. Air Waste Manag. Assoc. 62, 1127e1133.

Brantley, H., Hagler, G., Kimbrough, E., Williams, R., Mukerjee, S., Neas, L., 2014.
Mobile air monitoring data-processing strategies and effects on spatial air
pollution trends. Atmos. Meas. Tech. 7, 2169e2183.

Bruno, P., Caselli, M., de Gennaro, G., Traini, A., 2001. Source apportionment of
gaseous atmospheric pollutants by means of an absolute principal component
scores (APCS) receptor model. Fresenius J. Anal. Chem. 371, 1119e1123.

Bukowiecki, N., Dommen, J., Prevot, A., Weingartner, E., Baltensperger, U., 2003. Fine
and ultrafine particles in the Zurich (Switzerland) area measured with a mobile
laboratory: an assessment of the seasonal and regional variation throughout a
year. Atmos. Chem. Phys. 3, 1477e1494.

Buzcu-Guven, B., Olaguer, E., Herndon, S., Kolb, C., Knighton, W., Cuclis, A., 2013.
Identification of the source of benzene concentrations at Texas City during
SHARP using an adjoint neighborhood-scale transport model and a receptor
model. J. Geophys. Research-Atmos. 118, 8023e8031.

Canagaratna, M., Jayne, J., Ghertner, D., Herndon, S., Shi, Q., Jimenez, J., Silva, P.,
Williams, P., Lanni, T., Drewnick, F., Demerjian, K., Kolb, C., Worsnop, D., 2004.
Chase studies of particulate emissions from in-use New York City vehicles.
Aerosol Sci. Technol. 38, 555e573.

Carpentieri, M., Kumar, P., 2011. Ground-fixed and on-board measurements of
nanoparticles in the wake of a moving vehicle. Atmos. Environ. 45, 5837e5852.

Carpentieri, M., Kumar, P., Robins, A., 2011. An overview of experimental results and
dispersion modelling of nanoparticles in the wake of moving vehicles. Environ.
Pollut. 159, 685e693.

Choi, W., Hu, S., He, M., Kozawa, K., Mara, S., Winer, A., Paulson, S., 2013. Neigh-
borhood-scale air quality impacts of emissions frommotor vehicles and aircraft.
Atmos. Environ. 80, 310e321.

Clements, A., Jia, Y., Denbleyker, A., McDonald-Buller, E., Fraser, M., Allen, D.,
Collins, D., Michel, E., Pudota, J., Sullivan, D., Zhu, Y., 2009. Air pollutant con-
centrations near three Texas roadways, part II: chemical characterization and
transformation of pollutants. Atmos. Environ. 43, 4523e4534.

Cocker, D., Shah, S., Johnson, K., Miller, J., Norbeck, J., 2004a. Development and
application of a mobile laboratory for measuring emissions from diesel engines.
1. Regulated gaseous emissions. Environ. Sci. Technol. 38, 2182e2189.

Cocker, D., Shah, S., Johnson, K., Zhu, X., Miller, J., Norbeck, J., 2004b. Development
and application of a mobile laboratory for measuring emissions from diesel
engines. 2. Sampling for toxics and particulate matter. Environ. Sci. Technol. 38,
6809e6816.

Dallmann, T., DeMartini, S., Kirchstetter, T., Herndon, S., Onasch, T., Wood, E.,
Harley, R., 2012. On-road measurement of gas and particle phase pollutant
emission factors for individual heavy-duty diesel trucks. Environ. Sci. Technol.
46, 8511e8518.

Dallmann, T., Kirchstetter, T., DeMartini, S., Harley, R., 2013. Quantifying on-road
emissions from gasoline-powered motor vehicles: accounting for the pres-
ence of medium- and heavy-duty diesel trucks. Environ. Sci. Technol. 47,
13873e13881.

Devlin, R., Smith, C., Schmitt, M., Rappold, A., Hinderliter, A., Graff, D., Carraway, M.,
2014. Controlled exposure of humans with metabolic syndrome to concen-
trated ultrafine ambient particulate matter causes cardiovascular effects. Tox-
icol. Sci. 140, 61e72.

Durant, J., Ash, C., Wood, E., Herndon, S., Jayne, J., Knighton, W., Canagaratna, M.,
Trull, J., Brugge, D., Zamore, W., Kolb, C., 2010. Short-term variation in near-
highway air pollutant gradients on a winter morning. Atmos. Chem. Phys. 10,
8341e8352.

Durbin, T., Johnson, K., Miller, J., Maldonado, H., Chernich, D., 2008. Emissions from
heavy-duty vehicles under actual on-road driving conditions. Atmos. Environ.
42, 4812e4821.

EPA, U.S., 2010. Integrated science assessment for carbon monoxide. In: Assessment
NCfE. U.S. Environmental Protection Agency, Washington, DC.

EPA, U.S., 2016. Integrated science assessment for oxides of nitrogen e health
criteria. In: Assessment NCfE. U.S. Environmental Protection Agency, Wash-
ington, DC.

Frey, H., Zhang, K., Rouphail, N., 2010. Vehicle-specific emissions modeling based
upon on-road measurements. Environ. Sci. Technol. 44, 3594e3600.

Giechaskiel, B., Ntziachristos, L., Samaras, Z., Scheer, V., Casati, R., Vogt, R., 2005.
Formation potential of vehicle exhaust nucleation mode particles on-road and
in the laboratory. Atmos. Environ. 39, 3191e3198.

Gormley, P.G., Kennedy, M., 1948e1950. Diffusion from a stream flowing through a
cylindrical tube. In: Proc Proceedings of the Royal Irish Academy Section a:
Mathematical and Physical Sciences, vol. 52, pp. 163e169.

Gould, L., Cummings, B.J., 2013. Duwamish Valley Cumulative Health Impacts
Analysis. Just Health Action and Duwamish River Cleanup Coalition/Technical

http://dx.doi.org/10.1016/j.atmosenv.2016.12.037
http://dx.doi.org/10.1016/j.atmosenv.2016.12.037
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref1
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref1
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref1
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref2
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref2
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref3
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref3
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref3
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref3
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref4
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref4
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref4
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref4
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref4
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref5
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref5
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref5
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref5
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref5
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref5
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref6
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref6
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref6
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref6
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref7
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref7
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref7
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref7
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref8
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref8
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref8
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref8
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref101
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref101
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref101
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref101
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref9
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref9
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref9
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref9
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref10
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref10
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref10
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref10
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref11
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref11
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref11
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref11
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref11
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref12
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref12
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref12
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref12
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref12
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref13
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref13
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref13
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref13
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref13
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref14
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref14
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref14
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref15
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref15
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref15
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref15
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref16
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref16
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref16
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref16
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref17
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref17
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref17
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref17
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref17
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref18
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref18
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref18
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref18
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref19
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref19
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref19
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref19
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref19
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref20
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref20
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref20
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref20
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref20
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref21
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref21
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref21
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref21
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref21
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref22
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref22
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref22
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref22
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref22
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref23
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref23
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref23
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref23
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref23
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref24
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref24
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref24
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref24
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref25
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref25
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref26
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref26
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref26
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref26
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref27
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref27
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref27
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref28
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref28
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref28
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref28
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref29
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref29
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref29
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref29
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref29
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref30
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref30


T. Larson et al. / Atmospheric Environment 152 (2017) 201e211210
Advisory Group, Seattle, WA.
Guo, H., Wang, T., Simpson, I., Blake, D., Yu, X., Kwok, Y., Li, Y., 2004. Source con-

tributions to ambient VOCs and CO at a rural site in Eastern China. Atmos.
Environ. 38, 4551e4560.

Hagler, G., Thoma, E., Baldauf, R., 2010. High-resolution mobile monitoring of car-
bon monoxide and ultrafine particle concentrations in a near-road environ-
ment. J. Air & Waste Manag. Assoc. 60, 328e336.

Herndon, S., Shorter, J., Zahniser, M., Wormhoudt, J., Nelson, D., Demerjian, K.,
Kolb, C., 2005. Real-time measurements of SO2, H2CO, and CH4 emissions from
in-use curbside passenger buses in New York City using a chase vehicle. Envi-
ron. Sci. Technol. 39, 7984e7990.

Hu, S., Paulson, S., Fruin, S., Kozawa, K., Mara, S., Winer, A., 2012. Observation of
elevated air pollutant concentrations in a residential neighborhood of Los
Angeles California using a mobile platform. Atmos. Environ. 51, 311e319.

Hudda, N., Fruin, S., Delfino, R., Sioutas, C., 2013. Efficient determination of vehicle
emission factors by fuel use category using on-road measurements: downward
trends on Los Angeles freight corridor I-710. Atmos. Chem. Phys. 13, 347e357.

IHS Automotive (2014) http://www.dieselforum.org/news/new-technology-clean-
diesel-trucks-with-near-zero-emissions-now-make-up-33-of-all-trucks-on-u-
s-highways.

Isakov, V., Touma, J., Khlystov, A., 2007. A method of assessing air toxics concen-
trations in urban areas using mobile platform measurements. J. Air & Waste
Manag. Assoc. 57, 1286e1295.

Janssen, N.A., Gerlofs-Nijland, M.E., Lanki, T., Salonen, R.O., Cassee, F., Hoek, G.,
Fischer, P., Brunekreef, B., Krzyzanowski, M., 2012. Health Effects of Black Car-
bon. World Health Organization, Copenhagen.

Jezek, I., Drinovec, L., Ferrero, L., Carriero, M., Mocnik, G., 2015. Determination of car
on-road black carbon and particle number emission factors and comparison
between mobile and stationary measurements. Atmos. Meas. Tech. 8, 43e55.

Jiang, M., Marr, L., Dunlea, E., Herndon, S., Jayne, J., Kolb, C., Knighton, W., Rogers, T.,
Zavala, M., Molina, L., Molina, M., 2005. Vehicle fleet emissions of black carbon,
polycyclic aromatic hydrocarbons, and other pollutants measured by a mobile
laboratory in Mexico City. Atmos. Chem. Phys. 5, 3377e3387.

Johnson, J., Kittelson, D., Watts, W., 2005. Source apportionment of diesel and spark
ignition exhaust aerosol using on-road data from the Minneapolis metropolitan
area. Atmos. Environ. 39, 2111e2121.

Johnson, J., Kittelson, D., Watts, W., 2009. The effect of federal fuel sulfur regulations
on in-use fleets: on-road heavy-duty source apportionment. Environ. Sci.
Technol. 43, 5358e5364.

Kam, W., Liacos, J., Schauer, J., Delfino, R., Sioutas, C., 2012. On-road emission factors
of PM pollutants for light-duty vehicles (LDVs) based on urban street driving
conditions. Atmos. Environ. 61, 378e386.

Kittelson, D., Watts, W., Johnson, J., 2004. Nanoparticle emissions on Minnesota
highways. Atmos. Environ. 38, 9e19.

Kittelson, D., Watts, W., Johnson, J., 2006a. On-road and laboratory evaluation of
combustion aerosols - Part 1: Summary of diesel engine results. J. Aerosol Sci.
37, 913e930.

Kittelson, D., Watts, W., Johnson, J., Schauer, J., Lawson, D., 2006b. On-road and
laboratory evaluation of combustion aerosols - Part 2: Summary of spark
ignition engine results. J. Aerosol Sci. 37, 931e949.

Kolb, C., Herndon, S., McManus, B., Shorter, J., Zahniser, M., Nelson, D., Jayne, J.,
Canagaratna, M., Worsnop, D., 2004. Mobile laboratory with rapid response
instruments for real-time measurements of urban and regional trace gas and
particulate distributions and emission source characteristics. Environ. Sci.
Technol. 38, 5694e5703.

Kozawa, K., Park, S., Mara, S., Herner, J., 2014. Verifying emission reductions from
heavy-duty diesel trucks operating on southern California freeways (vol. 48, pg
1475, 2014). Environ. Sci. Technol. 48, 8933, 8933.

Kozawa, K., Winer, A., Fruin, S., 2012. Ultrafine particle size distributions near
freeways: effects of differing wind directions on exposure. Atmos. Environ. 63,
250e260.

Kwak, J., Kim, H., Lee, J., Lee, S., 2014. On-road chasing measurement of exhaust
particle emissions from diesel, CNG LPG and DME-Fueled vehicles using a
mobile emission laboratory. Int. J. Automot. Technol. 15, 543e551.

Lahde, T., Niemi, J., Kousa, A., Ronkko, T., Karjalainen, P., Keskinen, J., Frey, A.,
Hillamo, R., Pirjola, L., 2014. Mobile particle and NOx emission characterization
at Helsinki downtown: comparison of different traffic flow areas. Aerosol Air
Qual. Res. 14, 1372e1382.

Larson, T., Henderson, S., Brauer, M., 2009. Mobile monitoring of particle light ab-
sorption coefficient in an urban area as a basis for land use regression. Environ.
Sci. Technol. 43, 4672e4678.

Lau, C., Rakowska, A., Townsend, T., Brimblecombe, P., Chan, T., Yam, Y., Mocnik, G.,
Ning, Z., 2015. Evaluation of diesel fleet emissions and control policies from
plume chasing measurements of on-road vehicles. Atmos. Environ. 122,
171e182.

Lee, S., Kwak, J., Lee, S., Lee, J., 2015. On-road chasing and laboratory measurements
of exhaust particle emissions of diesel vehicles equipped with aftertreatment
technologies (DPF, urea-SCR). Int. J. Automot. Technol. 16, 551e559.

Levy, I., Mihele, C., Lu, G., Narayan, J., Hilker, N., Brook, J., 2014. Elucidating multi-
pollutant exposure across a complex metropolitan area by systematic deploy-
ment of a mobile laboratory. Atmos. Chem. Phys. 14, 7173e7193.

Liggio, J., Gordon, M., Smallwood, G., Li, S., Stroud, C., Staebler, R., Lu, G., Lee, P.,
Taylor, B., Brook, J., 2012. Are emissions of black carbon from gasoline vehicles
underestimated? Insights from near and on-road measurements. Environ. Sci.
Technol. 46, 4819e4828.
Lu, Z., Streets, D., de Foy, B., Lamsal, L., Duncan, B., Xing, J., 2015. Emissions of ni-
trogen oxides from US urban areas: estimation from Ozone Monitoring In-
strument retrievals for 2005-2014. Atmos. Chem. Phys. 15, 10367e10383.

Massoli, P., Fortner, E., Canagaratna, M., Williams, L., Zhang, Q., Sun, Y., Schwab, J.,
Trimborn, A., Onasch, T., Demerjian, K., Kolb, C., Worsnop, D., Jayne, J., 2012.
Pollution gradients and chemical characterization of particulate matter from
vehicular traffic near major roadways: results from the 2009 Queens College air
quality study in NYC. Aerosol Sci. Technol. 46, 1201e1218.

May, A., Nguyen, N., Presto, A., Gordon, T., Lipsky, E., Karve, M., Gutierrez, A.,
Robertson, W., Zhang, M., Brandow, C., Chang, O., Chen, S., Cicero-Fernandez, P.,
Dinkins, L., Fuentes, M., Huang, S., Ling, R., Long, J., Maddox, C., Massetti, J.,
McCauley, E., Miguel, A., Na, K., Ong, R., Pang, Y., Rieger, P., Sax, T., Truong, T.,
Vo, T., Chattopadhyay, S., Maldonado, H., Maricq, M., Robinson, A., 2014. Gas-
and particle-phase primary emissions from in-use, on-road gasoline and diesel
vehicles. Atmos. Environ. 88, 247e260.

McDonald, B., Dallmann, T., Martin, E., Harley, R., 2012. Long-term trends in nitro-
gen oxide emissions from motor vehicles at national, state, and air basin scales.
J. Geophys. Research-Atmos. 117.

Miller, S., Anderson, M., Daly, E., Milford, J., 2002. Source apportionment of expo-
sures to volatile organic compounds. I. Evaluation of receptor models using
simulated exposure data. Atmos. Environ. 36, 3629e3641.

Mohr, C., Richter, R., DeCarlo, P., Prevot, A., Baltensperger, U., 2011. Spatial variation
of chemical composition and sources of submicron aerosol in Zurich during
wintertime using mobile aerosol mass spectrometer data. Atmos. Chem. Phys.
11, 7465e7482.

Morawska, L., Jamriska, M., Thomas, S., Ferreira, L., Mengersen, K., Wraith, D.,
McGregor, F., 2005. Quantification of particle number emission factors for
motor vehicles from on-road measurements. Environ. Sci. Technol. 39,
9130e9139.

Ning, Z., Wubulihairen, M., Yang, F., 2012. PM, NOx and butane emissions from on-
road vehicle fleets in Hong Kong and their implications on emission control
policy. Atmos. Environ. 61, 265e274.

Pachon, J., Balachandran, S., Hu, Y., Mulholland, J., Darrow, L., Sarnat, J., Tolbert, P.,
Russell, A., 2012. Development of outcome-based, multipollutant mobile source
indicators. J. Air & Waste Manag. Assoc. 62, 431e442.

Padro-Martinez, L., Patton, A., Trull, J., Zamore, W., Brugge, D., Durant, J., 2012.
Mobile monitoring of particle number concentration and other traffic-related
air pollutants in a near-highway neighborhood over the course of a year.
Atmos. Environ. 61, 253e264.

Park, S., Kozawa, K., Fruin, S., Mara, S., Hsu, Y., Jakober, C., Winer, A., Herner, J., 2011.
Emission factors for high-emitting vehicles based on on-road measurements of
individual vehicle exhaust with a mobile measurement platform. J. Air & Waste
Manag. Assoc. 61, 1046e1056.

Patton, A., Perkins, J., Zamore, W., Levy, J., Brugge, D., Durant, J., 2014. Spatial and
temporal differences in traffic-related air pollution in three urban neighbor-
hoods near an interstate highway. Atmos. Environ. 99, 309e321.

Patton, A., Politis, D., White, H., 2009. Correction to “automatic block-length se-
lection for the dependent bootstrap” by d. Politis and H. White. Econ. Rev. 28,
372e375.

Patton, A., Zamore, W., Naumova, E., Levy, J., Brugge, D., Durant, J., 2015. Trans-
ferability and generalizability of regression models of ultrafine particles in ur-
ban neighborhoods in the Boston area. Environ. Sci. Technol. 49, 6051e6060.

Peters, A., Hampel, R., Cyrys, J., Breitner, S., Geruschkat, U., Kraus, U., Zareba, W.,
Schneider, A., 2015. Elevated particle number concentrations induce immediate
changes in heart rate variability: a panel study in individuals with impaired
glucose metabolism or diabetes. Particle Fibre Toxicol. 12.

Pirjola, L., Lahde, T., Niemi, J., Kousa, A., Ronkko, T., Karjalainen, P., Keskinen, J.,
Frey, A., Hillamo, R., 2012. Spatial and temporal characterization of traffic
emissions in urban microenvironments with a mobile laboratory. Atmos. En-
viron. 63, 156e167.

Pirjola, L., Paasonen, P., Pfeiffer, D., Hussein, T., Hameri, K., Koskentalo, T.,
Virtanen, A., Ronkko, T., Keskinen, J., Pakkanen, T., Hillamo, R., 2006. Dispersion
of particles and trace gases nearby a city highway: mobile laboratory mea-
surements in Finland. Atmos. Environ. 40, 867e879.

Politis, D.N., White, H., 2004. Automatic block-length selection for the dependent
bootstrap. Econ. Reviews 23, 53e70.

Preble, C., Dallmann, T., Kreisberg, N., Hering, S., Harley, R., Kirchstetter, T., 2015.
Effects of particle filters and selective catalytic reduction on heavy-duty diesel
drayage truck emissions at the Port of Oakland. Environ. Sci. Technol. 49,
8864e8871.

Quiros, D., Zhang, Q., Choi, W., He, M., Paulson, S., Winer, A., Wang, R., Zhu, Y., 2013.
Air quality impacts of a scheduled 36-h closure of a major highway. Atmos.
Environ. 67, 404e414.

Riley, E., Banks, L., Fintzi, J., Gould, T., Hartin, K., Schaal, L., Davey, M., Sheppard, L.,
Larson, T., Yost, M., Simpson, C., 2014. Multi-pollutant mobile platform mea-
surements of air pollutants adjacent to a major roadway. Atmos. Environ. 98,
492e499.

Riley, E., Schaal, L., Sasakura, M., Crampton, R., Gould, T., Hartin, K., Sheppard, L.,
Larson, T., Simpson, C., Yost, M., 2016. Correlations between short-term mobile
monitoring and long-term passive sampler measurements of traffic-related air
pollution. Atmos. Environ. 132, 229e239.

Rogers, T., Grimsrud, E., Herndon, S., Jayne, J., Kolb, C., Allwine, E., Westberg, H.,
Lamb, B., Zavala, M., Molina, L., Molina, M., Knighton, W., 2006. On-road mea-
surements of volatile organic compounds in the Mexico City metropolitan area
using proton transfer reaction mass spectrometry. Int. J. Mass Spectrom. 252,

http://refhub.elsevier.com/S1352-2310(16)31008-1/sref30
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref31
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref31
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref31
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref31
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref32
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref32
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref32
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref32
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref32
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref33
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref33
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref33
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref33
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref33
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref34
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref34
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref34
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref34
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref35
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref35
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref35
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref35
http://www.dieselforum.org/news/new-technology-clean-diesel-trucks-with-near-zero-emissions-now-make-up-33-of-all-trucks-on-u-s-highways
http://www.dieselforum.org/news/new-technology-clean-diesel-trucks-with-near-zero-emissions-now-make-up-33-of-all-trucks-on-u-s-highways
http://www.dieselforum.org/news/new-technology-clean-diesel-trucks-with-near-zero-emissions-now-make-up-33-of-all-trucks-on-u-s-highways
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref37
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref37
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref37
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref37
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref37
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref38
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref38
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref38
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref39
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref39
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref39
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref39
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref40
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref40
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref40
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref40
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref40
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref41
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref41
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref41
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref41
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref42
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref42
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref42
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref42
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref43
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref43
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref43
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref43
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref44
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref44
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref44
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref45
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref45
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref45
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref45
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref46
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref46
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref46
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref46
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref47
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref47
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref47
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref47
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref47
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref47
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref48
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref48
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref48
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref49
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref49
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref49
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref49
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref50
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref50
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref50
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref50
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref51
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref51
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref51
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref51
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref51
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref52
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref52
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref52
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref52
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref53
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref53
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref53
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref53
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref53
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref54
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref54
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref54
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref54
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref55
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref55
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref55
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref55
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref56
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref56
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref56
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref56
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref56
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref57
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref57
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref57
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref57
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref58
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref58
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref58
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref58
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref58
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref58
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref59
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref60
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref60
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref60
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref61
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref61
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref61
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref61
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref62
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref62
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref62
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref62
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref62
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref63
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref63
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref63
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref63
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref63
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref64
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref64
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref64
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref64
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref65
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref65
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref65
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref65
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref65
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref66
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref66
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref66
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref66
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref66
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref67
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref67
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref67
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref67
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref67
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref67
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref68
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref68
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref68
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref68
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref69
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref69
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref69
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref69
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref70
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref70
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref70
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref70
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref71
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref71
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref71
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref71
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref72
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref72
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref72
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref72
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref72
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref73
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref73
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref73
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref73
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref73
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref74
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref74
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref74
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref75
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref75
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref75
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref75
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref75
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref76
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref76
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref76
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref76
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref77
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref77
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref77
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref77
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref77
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref78
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref78
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref78
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref78
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref78
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref79
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref79
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref79
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref79


T. Larson et al. / Atmospheric Environment 152 (2017) 201e211 211
26e37.
Schulte, J., Fox, J., Own, A., Larson, T., Simpson, C., Paulsen, M., Beaudet, N.,

Kaufman, J., Magzamen, S., 2015. Neighborhood-scale spatial models of diesel
exhaust concentration profile using 1-nitropyrene and other nitroarenes. En-
viron. Sci. Technol. 49, 13422e13430.

Shah, S., Cocker, D., Miller, J., Norbeck, J., 2004. Emission rates of particulate matter
and elemental and organic carbon from in-use diesel engines. Environ. Sci.
Technol. 38, 2544e2550.

Shorter, J., Herndon, S., Zahniser, M., Nelson, D., Wormhoudt, J., Demerjian, K.,
Kolb, C., 2005. Real-time measurements of nitrogen oxide emissions from in-
use New York City transit buses using a chase vehicle. Environ. Sci. Technol.
39, 7991e8000.

Tan, Y., Dallmann, T., Robinson, A., Presto, A., 2016. Application of plume analysis to
build land use regression models from mobile sampling to improve model
transferability. Atmos. Environ. 134, 51e60.

Thornhill, D., Williams, A., Onasch, T., Wood, E., Herndon, S., Kolb, C., Knighton, W.,
Zavala, M., Molina, L., Marr, L., 2010. Application of positive matrix factorization
to on-road measurements for source apportionment of diesel- and gasoline-
powered vehicle emissions in Mexico City. Atmos. Chem. Phys. 10, 3629e3644.

Thurston, G., Spengler, J., 1985. A quantitative assessment of source contributions to
inhalable particulate matter pollution in Metropolitan Boston. Atmos. Environ.
19, 9e25.

Transportation, SDo, 2016. City of Seattle Freight Master Plan. Seattle Department of
Transportation, Seattle, WA.

Tsai, Y., Yang, H., Wang, L., Huan, J., Young, L., Cheng, M., Chiang, P., 2011. The in-
fluences of diesel particulate filter installation on air pollutant emissions for
used vehicles. Aerosol Air Qual. Res. 11, 578e583.

Vogt, R., Scheer, V., Casati, R., Benter, T., 2003. On-road measurement of particle
emission in the exhaust plume of a diesel passenger car. Environ. Sci. Technol.
37, 4070e4076.

von der Weiden-Reinmuller, S., Drewnick, F., Zhang, Q., Freutel, E., Beekmann, M.,
Borrmann, S., 2014. Megacity emission plume characteristics in summer and
winter investigated by mobile aerosol and trace gas measurements: the Paris
metropolitan area. Atmos. Chem. Phys. 14, 12931e12950.

Wang, M., Zhu, T., Zheng, J., Zhang, R., Zhang, S., Xie, X., Han, Y., Li, Y., 2009. Use of a
mobile laboratory to evaluate changes in on-road air pollutants during the
Beijing 2008 Summer Olympics. Atmos. Chem. Phys. 9, 8247e8263.

Watson, J.G., Chow, J.C., DuBois, D.W., Green, M.C., Frank, N.H., Pitchford, M.L., 1997.
Guidance for Network Design and Optimal Site Exposure for PM2.5 and PM10.
U.S. Environmental Protection Agency, Research Triangle Park, NC.

Weijers, E., Khlystov, A., Kos, G., Erisman, J., 2004. Variability of particulate matter
concentrations along roads and motorways determined by a moving mea-
surement unit. Atmos. Environ. 38, 2993e3002.

Westerdahl, D., Fruin, S., Sax, T., Fine, P., Sioutas, C., 2005. Mobile platform mea-
surements of ultrafine particles and associated pollutant concentrations on
freeways and residential streets in Los Angeles. Atmos. Environ. 39, 3597e3610.

Westerdahl, D., Wang, X., Pan, X., Zhang, K., 2009. Characterization of on-road
vehicle emission factors and microenvironmental air quality in Beijing, China.
Atmos. Environ. 43, 697e705.

Wu, H., Reis, S., Lin, C., Beverland, I., Heal, M., 2015. Identifying drivers for the intra-
urban spatial variability of airborne particulate matter components and their
interrelationships. Atmos. Environ. 112, 306e316.

Xing, J., Pleim, J., Mathur, R., Pouliot, G., Hogrefe, C., Gan, C., Wei, C., 2013. Historical
gaseous and primary aerosol emissions in the United States from 1990 to 2010.
Atmos. Chem. Phys. 13, 7531e7549.

Yli-Tuomi, T., Aarnio, P., Pirjola, L., Makela, T., Hillamo, R., Jantunen, M., 2005.
Emissions of fine particles, NOx, and CO from on-road vehicles in Finland.
Atmos. Environ. 39, 6696e6706.

Zavala, M., Herndon, S., Slott, R., Dunlea, E., Marr, L., Shorter, J., Zahniser, M.,
Knighton, W., Rogers, T., Kolb, C., Molina, L., Molina, M., 2006. Characterization
of on-road vehicle emissions in the Mexico City Metropolitan Area using a
mobile laboratory in chase and fleet average measurement modes during the
MCMA-2003 field campaign. Atmos. Chem. Phys. 6, 5129e5142.

Zavala, M., Herndon, S., Wood, E., Jayne, J., Nelson, D., Trimborn, A., Dunlea, E.,
Knighton, W., Mendoza, A., Allen, D., Kolb, C., Molina, M., Molina, L., 2009.
Comparison of emissions from on-road sources using a mobile laboratory under
various driving and operational sampling modes. Atmos. Chem. Phys. 9, 1e14.

Zhang, K., Frey, H., 2006. Road grade estimation for on-road vehicle emissions
modeling using light detection and ranging data. J. Air & Waste Manag. Assoc.
56, 777e788.

http://refhub.elsevier.com/S1352-2310(16)31008-1/sref79
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref79
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref80
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref80
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref80
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref80
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref80
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref81
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref81
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref81
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref81
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref82
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref82
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref82
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref82
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref82
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref83
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref83
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref83
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref83
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref84
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref84
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref84
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref84
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref84
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref85
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref85
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref85
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref85
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref86
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref86
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref87
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref87
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref87
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref87
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref88
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref88
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref88
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref88
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref89
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref89
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref89
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref89
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref89
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref90
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref90
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref90
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref90
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref91
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref91
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref91
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref92
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref92
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref92
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref92
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref93
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref93
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref93
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref93
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref94
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref94
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref94
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref94
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref95
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref95
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref95
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref95
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref96
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref96
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref96
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref96
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref97
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref97
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref97
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref97
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref98
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref98
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref98
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref98
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref98
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref98
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref99
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref99
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref99
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref99
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref99
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref100
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref100
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref100
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref100
http://refhub.elsevier.com/S1352-2310(16)31008-1/sref100

	Ambient air quality measurements from a continuously moving mobile platform: Estimation of area-wide, fuel-based, mobile so ...
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Mobile monitoring measurements

	3. Theory/calculation
	3.1. Smoothing and background adjustment
	3.2. Absolute principal component score (APCS) model
	3.3. Fuel-based emission factors
	3.4. Comparing feature scores with truck traffic

	4. Results
	4.1. Observed and background-adjusted concentrations
	4.2. Varimax rotated components
	4.3. Estimated fuel-based emission factors

	5. Discussion
	6. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


