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Ultrafine particles (UFP; diameter < 100 nm) are suspended atmospheric solids of concern to
human health due to their small diameters. Vehicles emit significant numbers of UFP, leading to
steep spatial gradients on, and near, high traffic roadways. Particle number concentrations were
measured while driving a cyclic route on four Toronto highways during non-rush hour weekday
periods during the summer. These data were averaged over roadway length segments to create a
concentration map of the route. Road segment-averaged concentrations were bimodal, and ranged
from 26,000 to 106,500 particles cm? which is significantly greater than the average background
downtown Toronto concentration (15,500 cm?). A land-use regression model incorporating diesel
truck traffic, six land use types, and distance to Lake Ontario, accounted for 34% of the variability
of on-road concentrations. Understanding the complex spatial distribution of urban UFP is integral
to designing epidemiological studies and understanding commuter pollutant exposure.

Des particules ultrafines (PUF; diameétre < 100 nm) sont des solides en suspension atmosphériques
qui sont source de préoccupation pour la santé humaine en raison de leurs petits diametres. Les
véhicules motorisés émettent un grand nombre de PUE ce qui résulte dans la formation des gradi-
ents spatiaux prononcés sur, et a proximité, des autoroutes a haute densité. Ici, des concentrations
numériques des particules ont été mesurées en empruntant des routes en vélo au bord de quatre
autoroutes situés a ou pres de Toronto en dehors des heures de pointe en semaine pendant 1'été.
Une moyenne des données a été établie sur des segments de chaussée afin de créer une carte de
concentration sur ces itinéraires en particulier. La moyenne des concentrations sur des segments

de chaussée a été bimodale, et variait de 26,000 a 106,500 particules cm?, ce qui est nettement
supérieur a la concentration en moyenne des rues de référence situé dans le centre-ville de Toronto
(15,500 cm®). Un modele de régression sur I'aménagement du territoire qui intégrait la circulation
des camions a moteur diésel, six genres d’aménagement du territoire, et la distance du lac Ontario,
représentaient 34% de la variabilité des concentrations sur les autoroutes. La compréhension de la
distribution spatiale complexe des PUF urbaines est partie intégrante de la conception des études épi-
démiologiques et de la compréhension d’exposition aux polluants pour des navetteurs de banlieue.

INTRODUCTION

Airborne particulate matter (PM) has been

associated with short-term health effects
including increased hospitalization, medica-
tion use, and premature death, in addition to
contributing to the development of cardiovas-
cular and respiratory diseases and cancers.'?
Ultrafine particles (d_ < 100 nm) are of specific
concern because of the increased risks associ-
ated with their small diameters and significant
number concentrations.*® The majority of
atmospheric particles are within the ultrafine

range, despite their relatively small contribu-
tions to overall PM mass; PM is currently
regulated based on mass not number concen-
trations .

UFP concentrations are, on average,
higher in urban and industrial areas due to ve-
hicle emissions and other combustion sources.®
These concentrations vary greatly across urban
areas due to dispersion near these sources and
the large surface area-to-diameter ratio of UFP
which promotes rapid evaporation;” brief atmo-
spheric residence times create steep gradients
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around roadways over relatively short distanc-
es, a characteristic distinguishes them from
larger particle and many other pollutants.’
Despite this, use of wide-range spatial averages
in epidemiological studies to estimate exposure
rates is common.'**

Attempts to quantify urban UFP expo-
sure have experienced varying results."*'® Study
findings differ greatly due to unique factors such
as background concentrations, vehicular regula-
tions and emissions, and traffic frequency. Until
recently, large spatial scale mapping of UFP
was difficult due to the economic infeasibility of
deploying monitoring instrumentation simulta-
neously at many sites.

As an alternate to exhaustive simultane-
ous measurements, land-use regression (LUR)
models incorporate geographic, infrastructural,
socio-economic, and meteorological factors as
predictor variables for a pollutant of interest.
Although these factors may not directly alter
pollutant concentrations, they can serve as more
easily quantifiable surrogates reflecting produc-
tion or removal processes. Land-use regression
has been applied to various urban air pollut-
ants since 1997" and has since been validated
as a successful tool for predicting localized
concentrations in an urban context.*

LUR has only recently been applied to
UFP, and has experienced varying success (0.36
< R?<0.89).222% Key indicators included traffic
intensity and roadway lengths, meteorological
conditions, and population density indicators,
which were modeled as a combination of linear
and non-linear responses. Aggarwal et al.*
successfully modeled highway UFP (overall
R?=0.77) by emphasizing local meteorological
conditions, driving speed, and overall traffic
volume. These studies demonstrate that land-
use markers of UFP emissions are related to
unique characteristics, and do not necessarily
translate successfully to other regions.

This project developed a land-use
regression model for central highways in To-
ronto, Canada, to determine what fraction of
on-road variability could be explained through
adjacent land-use, and evaluated whether pa-
rameters included in previous UFP LUR mod-
els contribute similarly to Toronto’s roadway

concentrations. It was expected that greater
variability on-road would be more difficult to
predict than citywide gradients, due to proxim-
ity to vehicular emissions sources.

RESULTS
Sampling conditions and data set
Fourteen repetitions of a driving route were
undertaken between 11:00 and 14:00 over a two
week period, June 13 and June 20, 2013. Table
1 presents the time frames and meteorological
conditions for each run. Temperatures aver-
aged 20.3 £ 1.67 °C, while relative humidity
conditions were 50 + 8.0 % (values given as
averages + 1 S.D.). Wind speeds were 14 + 5
km/h in predominantly NE, SE, and NW direc-
tions. Based on driving speeds of 80.8 £ 29.4
km/h, the runs resulted in a set of 38,469 ob-
servations, which represented approximately
99.5% of the collected data.

Table 1 Time frame and weather conditions for each run.
Meteorological data provided by Environment
Canada; Lester B. Pearson International Airport,
43°40'36.000” W, 69°37°50.000” W. Based on 1 hour
measurements; multiple hours averaged as neces-
sary. Wind direction: 0 = East.

* Not averaged, due to a significant shift in direction
and intensity.

Run Date, time T RH Wind
MM/dd, hh:mm °C %  kmlg, 0..360°

1 06/13,12:07-12.51 209 62 6,60

2 06/14,11:45-12:35 195 62 14,330

3 06/14,12:35-13:27 20.6 61 14,340

4 06/17,11:27-12:06  22.7 56 19,320

5 06/17,12:06-12:46  22.8 56 20,290

6 06/18,12:00-12:40 195 46 17,30

7 06/18,12:40-13:24 19.8 45 17/4,30/340°

8 06/18,13:24-14:13  20.0 49  4/14,340/130°

9 06/19,11:24-12:11 182 41 11,60

10 06/19,12:11-12:59 174 46 13,120

11 06/19,12:59-1:42 183 45 16,160

12 06/20,11:57-12:47 21.6 41 17,130

13 06/20,12:47-13:32 215 43 16,130

14 06/20,13:32-14:23 21.8 43 16,140
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Figure 1 Highway segment-averaged concentration
frequency distributions. It is unclear why the 50,000 —
55,000 bin (light grey) does not follow the normal trend.
It is estimated that the upper range (< 90,000, dark grey)
was skewed from a normal distribution due to a few high-
emitting vehicles.

Particle number concentrations

The PNCs were spatially averaged over road-
way segments based on pre-existing divisions
created by DMTI for their provincial CanMap
Route Logistics 2012 package, which are based
on the unique shapes and sizes of individual
lanes, exit and entrance ramps, and interchang-
es. The resultant averages ranged from 26,000
to 106,500 particle numbers per cubic centime-
tre and exhibited bimodal behaviour; see Fig-
ure 1 for a frequency distribution. See Figure 2
for a concentration map of the study’s complete
spatial scale. Figure 3 exhibits the high spatial
resolution of the measurements taken, which
enable local land-use analysis. For the sampling
periods of the highway study, ambient urban
UFP well away from the highway averaged
15,500 cm™°.

Land-use regression model

A land-use regression model incorporat-

ing both surrounding features and modelled
vehicle traffic accounted for 34% of on-road
concentration variability. A single-variable
model of diesel vehicle traffic had an R? = 0.073,
indicating that diesel traffic alone could only
explain 7.3% of the variability.

From a set of hypothesized influential
urban characteristics, 22 independent variables
were found that were not strongly correlated
with another (Pearson r < 0.5, r > -0.5). Table

4

2 presents the final variables included in the
model and their fractional contributions to

the total R2. Many permutations of this model
were developed but were subsequently rejected
for overfitting.

Discussion
The averaged on-road particle concentrations
were much higher than the urban background
(57,900 cm ™, compared to 15,500). At a minimum,
the lowest segment-averaged PNC was 26,000
cm, which is still significantly greater than the
regional background. A relatively low correla-
tion coefficient (R? = 0.34), demonstrates that
there are additional modelling factors needed
to better understand on-road UFP gradients.
Given the limited ranges of the meteo-
rological conditions during the sampling peri-
ods (Table 1), it is likely that these did not have
a significant impact on highway concentration
variability. Although previous models have had
success with incorporating real-time meteoro-
logical data into LUR models,* others have not
noticed any improvement when incorporating
wind roses.” High-speed measurements made
localized weather tracking difficult, which was
exacerbated by sparsely-located meteorologi-
cal monitoring stations in Toronto. Although,
conditions experienced at Toronto’s primary
airport are not indicative of citywide behav-
iour, they are more closely related to overall
urban patterns than the downtown Billy Bishop
island airport, which is strongly influenced by
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Figure 2 Concentration map based on road seg-
ment-averaged data points. The polygons have been
enlarged to improve visibility at this low spatial
resolution.
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its proximity to Lake Ontario.

Similar to the meteorological condi-
tions, sampling times were restricted to limit
the temporal dimension of variability. Howev-
er, given that UFP have been shown to exhibit
significant diurnal, seasonal, and long-term
trends?*? the model developed herein has
limited time-scale validity. It is expected that
applying multiplicity factors based on estab-
lished daily PNC trends and seasonal variation
the model’s temporal applicability could be
expanded.

The segment-averaging method used to
reduce the size of the data set smoothed over
many distinct particle number events that may
have improved correlation with vehicle traffic.
Although this technique did sufficiently reduce
the number of observations for the rigorous
and time-consuming spatial algorithms, future
work could be improved by random sampling
and division: these provide appropriately-sized
sets while not removing characteristic features
of the collected measurements and allowing
for cross-validation techniques. Separating the
data by run also allows proper handling of
sampling days suspected of nucleation events,
which are wide-range events that cause signifi-
cant increases in PNCs.

In addition to traffic counts, the most

important variables in the developed model
were land use areas and lengths of roadway.

It was proposed that the density of address
points might be more indicative of anthro-
pogenic activities; address points are postal
addresses marked by their GPS coordinates.
However, they accounted for less than 6% of
the total R? in the final model. The model may
be improved by mimicking the non-linear
behavior of urban UFP with non-linear model-
ling, similar to work performed by Hoek et al.*
As expected, modelling of highway concentra-
tions was less successful than the majority of
studies that had a larger spatial scope (R?* =
0.48,%2 0.51,% 0.67%).

The model developed by Aggarwal et
al.?' had a higher rate of success than the model
described here-in: this is most likely due to
their emphasis on local meteorology and traffic
conditions, which were not fully included in
this model. However, contrary to their findings,
a negligible correlation was found between
vehicle driving speed and particle number
concentration. Expected trends of increased
particle numbers on highway portions such
as interchanges and ramps are represented by
other variables, including the area of major
roads within a 100 m radius.

Variable, radius (if applicable)  Coefficient % R?

Government and institutional area, 0.227 30.9
300 m

Parks and Recreational, 400 m -0.0747 28.2
Length of major road, 1000 m -0.108 16.0
Diesel truck traffic, 3000 m 0.0157 13.8
Surface area of major roads, 0.543 8.68
100 m

Residential area, 200 m 0.115 7.06
Commercial area, 200 m 0.215 5.68
Educational address points, -3720 4.06
300 m

Distance to Lake Ontario -0.3250 2.71
Health address points, 500 m -1630 1.12
Intercept 60974 -

Table 2 The final LUR model with coefficients and
percent contribution to the R2. Distances and areas
given in m and m2, respectively. Overall R2 = 0.34.
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FUTURE DIRECTIONS
The low correlation of the developed model
indicates that key Toronto-specific parameters
have not been incorporated. Future efforts
should explore additional literature-sourced
and innovative vehicle and traffic markers
while simultaneously evaluating non-linear
modelling techniques, or expand the spatial
scope to include non-roadway region character-
ized by more gradual concentration gradients.

It is hypothesized that on-road LUR
may be more successfully applied to major and
local roadways, which experience less long-
range transport; it is predicted that the vehicle
traffic on these roads is more directly related to
adjacent geo-political features than their high-
way counterparts.

Future LUR model development of
urban UFP will benefit from increased financial
accessibility to accurate instrumentation, which
will enable larger and more-representative ba-
sis measurements that provide the opportunity
for cross-validation techniques.

Improving land-use regression models
is an important component of urban source
appointment of atmospheric pollutants, which
contributes to the design of efficient epidemio-
logical studies and furthers understanding of
everyday commuter exposure rates.

MATERIALS AND METHODS
Instrumentation and set-up
Particle number concentrations were measured
using a condensation particle counter (CPC;
TSI 3007, TSI, St. Paul, MN, USA), an ultra-
fine particle counter (PTRAK; TSI 8525), and a
handheld diffusion size classifier (DiSCmini,
matter aerosol, Wohlen, Switzerland). The
instruments were secured to the back seat of a
passenger vehicle, and collected samples at 1
Hz of interior vehicle air homogenously-mixed
with exterior air by driving with the vehicle’s
windows lowered. Each measurement was geo-
coded using a GPS-enabled device (GlobalSat
DG-200, New Taipei City, Taiwan).

All instruments were calibrated against
a pre-corrected® Fast Mobility Particle Sizer
(EMPS; TSI 3091), and the CPC’s exponen-
tial over-counting of particles > 100,000 cm™

401

R & | DVP
427
| ¥

GARDINER

Figure 4 The spatial scope of the highway study, direc-
tion of travel indicated. The driving route incorporated
Highway 427, the Gardiner Expressway (Gardiner), the
Don Valley Parkway (DVP, and a portion of Highway 401.

was corrected using a method established by
Westerdahl et al.”” The CPC was taken as the
principle particle counter because it was the
most correlated with the FMPS; missing CPC
data was supplemented by the well-correlated
P-TRAK, scaled to accommodate its narrower
particle diameter detection range. The DiSC-
mini exhibited extreme over-counting and vari-
ability during the on-road campaign, and was
not considered in the final results.

Sampling route

14 repetitions of the driving route were un-
dertaken between June 13 and June 20, 2013,
between 11:00 and 14:00. The highway portions
included form a closed loop around the urban
core of the Greater Toronto Area (Figure 4).

Determining urban background UFP

1-minute average continuous measurements
of UFP were taken at a road-side downtown
site (Southern Ontario Centre for Atmospheric
Aerosol Research) simultaneous to the on-road
campaign. Local peaks were removed from the
road-site data, leaving only a signal represen-
tative of the urban background concentration
(Wavelet Toolbox; MATLAB, R2012a, Math-
Works).

Visualization and LUR model development

Map production and spatial analysis was per-
formed with ArcMap (ArcGIS 10.1, ESRI). To
reduce the size of the data set for calculations
and visualization, a new set of concentrations
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was created via averaging concentrations with-
in 100 m of each polygon (n = 1912) included in
the highway casement map Shapefile (average
intersections = 205). These polygons represent
individual highway features such including lanes,
transfers, ramps, and entrance and exist routes.

Using each polygon’s centroid and con-
centration, a multi-linear regression model was
constructed utilizing a function that progres-
sively optimizes the quantity of set of variables
included in the final model (Statistics Toolbox;
MATLAB, R2012a, MathWorks).

The 137 parameters included in the
original set are classified into five classes: 1)
areas of land use, 2) lengths of roadways, 3)
address points, 4) traffic conditions, and 5)
distance to features. The full list of variables is
presented in Table 3. The variables included in
the regression model were limited by the pro-
cedure outlined by Henderson et al.,** to avoid
overfitting and falsely high correlation.

ABBREVIATIONS
Abbreviation Full form
UEFP Ultrafine particles
PM Particulate matter
a Particle diameter
LUR Land-use regression
PN Particle number
RH Relative humidity
DVP Don Valley Parkway
S.D. Standard deviation
CPC Condensation particle counter
PNC Particle number concentration

KEY WORDS
Ultrafine particles; Traffic emissions; Spatial
gradients; Land-use regression; Particle num-
ber concentrations

Areas of Land Use* [m?]

Commercial

Government and Institutional
Open Area

Parks and Recreational
Resource and Industrial
Waterbody

Highways

Major roads

Local Roads

Length of Roadway" ™

Highways

Major roads

Local Roads
Address Points’ [m?]

Total

Industrial

Low-density residential
Health centres

Parking Lots
Educational facilities
Vacant lots

Modelled traffic*

Passenger vehicles
Diesel vehicles

Distance to features

Lake Ontario

Nearest aerodrome”

Table 3 Land-use parameters included in the origi-
nal variable set. Each set included radii of 100, 200,
300, 400, 500, and 1000 m, excluding for modelled
vehicular traffic (3000 m). Data sources:

a CanMap Route Logistics Ontario 2012, DMTI;
Markham, Ontario.

b Geospatial Competency Centre, City of Toronto;
Toronto, Ontario.

¢ EMME2.
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Ultrafine particle exposure assessment is a new
and rapidly evolving area of research. Despite
two decades of scientific interest, only a few
urban areas have continuous long-term (>5
years) ultrafine concentration data with even
fewer having quantified concentration spatial
gradients. Mapping ultrafine particles across
an urban area is ambitious due to its multiple
sources, transformation processes and elimina-
tion pathways. Exiting studies that attempt

to characterize ultrafine particle concentration
spatial gradients have utilized a central urban
monitoring site, or a combination of a few sites,
as a representation of citywide behavior. How-
ever, ultrafine particles exhibit steep concentra-
tion gradients around roadways and monitor-
ing ultrafine particles at only a few locations
does not necessarily capture this variability.
Mobile monitoring is challenging because
ultrafine particles exhibit temporal variability
due to the movement of vehicles throughout
the city and changes in meteorology. Traffic
patterns in most cities exhibit a daily trend
that includes a morning and afternoon rush
period. This macro-scale change in vehicle
number across the city can impact the observed
concentration of ultrafine particles. Further,
local temperature and wind fluctuations affect
the growth and transport of ultrafine particles,
which are difficult to incorporate into mobile
monitoring.

On-road monitoring may provide
complimentary information about ultrafine
particles in urban areas; for example, this study
collected ultrafine particle measurements at
more locations than previously published and
benefits from repeated measurements. This
work demonstrates that relationships between
repeated mobile measurements and land-use
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near highways can be established. This ap-
proach may be useful for future studies that
will seek to balance the competing needs to
capture both spatial and temporal variation of
ultrafine particles to assess urban population
exposure.



