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Abstract. Adverse health outcomes related to exposure to air pollution have gained much attention in recent years, with a 26 

particular emphasis on traffic-related pollutants near roadways, where concentrations tend to be most severe. As such, many 27 

projects around the world are being initiated to routinely monitor pollution near major roads. Understanding the extent to 28 

which local on-road traffic directly affects these measurements, however, is a challenging problem, and a more thorough 29 

comprehension of it is necessary to properly assess its impact on near-road air quality. In this study, a set of commonly 30 

measured air pollutants (black carbon; carbon dioxide; carbon monoxide; fine particulate matter, PM2.5; nitrogen oxides; ozone; 31 

and ultrafine particle concentrations) were monitored continuously between June 01st, 2015 and March 31st, 2017 at six stations 32 

in Canada: two near-road and two urban background stations in Toronto, Ontario, and one near-road and one urban background 33 

station in Vancouver, British Columbia. Three methods of differentiating between local and background concentrations at 34 

near-road locations were tested: 1) differences in average pollutant concentrations between near-road and urban background 35 

station pairs, 2) differences in downwind and upwind pollutant averages, and 3) interpolation of rolling minima to infer 36 

background concentrations. The latter two methods use near-road data only, and were compared with method 1, where an 37 

explicit difference was measured, to assess accuracy and robustness. It was found that method 2 produced average local 38 

concentrations that were biased high by a factor of between 1.4 and 1.7 when compared with method 1 and was not universally 39 

feasible, whereas method 3 produced concentrations that were in good agreement with method 1 for all pollutants except ozone 40 

and PM2.5, which are generally secondary and regional in nature. The results of this comparison are intended to aid researchers 41 

in the analysis of data procured in future near-road monitoring studies. Lastly, upon determining these local pollutant 42 

concentrations as a function of time, their variability with respect to wind speed (WS) and wind direction (WD) was assessed 43 

relative to the mean values measured at the specific sites. This normalization allowed generalisation across the pollutants and 44 

made the values from different sites more comparable. With the exception of ozone and PM2.5, local pollutant concentrations 45 

at these near-road locations were enhanced by a factor of 2 relative to their mean in the case of stagnant winds and were shown 46 

to be proportional to WS-0.6. Downwind conditions enhanced local concentrations by a factor of ~2 relative to their mean, while 47 

upwind conditions suppressed them by a factor of ~4. Site specific factors such as distance from roadway and local meteorology 48 

should be taken into consideration when generalizing these factors. The methods used to determine these local concentrations, 49 

however, have been shown to be applicable across pollutants and different near-road monitoring environments. 50 
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1 Introduction 60 

Traffic-related air pollutants (TRAPs) are of concern because on-road traffic is often a major source of air pollution in urban 61 

environments (Belis et al., 2013; Molina and Molina, 2004; Pant and Harrison, 2013) where population densities are greatest—62 

in Canada, it is estimated that one third of the population live within 250 m of a major roadway (Evans et al., 2011)—and it is 63 

within these near-road regions TRAP concentrations are generally highest (Baldwin et al., 2015; Jeong et al., 2015; Kimbrough 64 

et al., 2018; Saha et al., 2018).  65 

As such, there is a growing interest in measuring air pollutant concentrations near roadways in order to better understand 66 

TRAP exposure levels in these environments.  However, in order to isolate the underlying sources and reasons for elevated 67 

concentrations, further processing of raw measurement data is necessary. In general, near-road TRAP concentrations are 68 

influenced by both regional and local emissions, and being able to distinguish the contributions of these sources allows their 69 

relative impacts to be more properly assessed. Of particular importance to near-road measurements is understanding the role 70 

of on-road traffic. For TRAPs whose source(s) cannot be readily identified from their measurement at a singular location, 71 

concurrent samples at various locations and/or algorithmic methods can be used to enable apportionment. 72 

Often, determining TRAP background concentrations is accomplished through monitoring at remote, representative locations 73 

that are minimally impacted by nearby sources; properly siting background stations in urban environments is in itself a 74 

challenge, and not always feasible. This practice, while useful in providing confidence in information regarding background 75 

air quality, is expensive because it requires additional monitoring stations and personnel to maintain them. The value of these 76 

background stations is lessened if similar knowledge is extractable from near-road locations alone. Various time-series analysis 77 

algorithms have been proposed for this purpose, many of which make use of the inverse relation between source proximity 78 

and signal frequency. For example, the technique of interpolating minima across time windows of varying length has been 79 

applied successfully to data from both mobile laboratories (Brantley et al., 2014; Shairsingh et al., 2018) and stationary 80 

measurements (Wang et al., 2018) for the purposes of estimating urban background pollutant concentrations. Additionally, 81 

work by Klems et al., (2010) and Sabaliauskas et al., (2014) made use of the discrete wavelet transform, an algorithm used 82 

widely in signal compression and denoising, to ultrafine particle time-series data to determine the time-dependent contribution 83 

of local sources to roadside concentrations. Another technique, statistical clustering of air quality data in urban environments, 84 

was utilized by Gomez-Losada et al. (2018) to characterize background air quality. Indeed, there are many promising avenues 85 

of background-subtracting near-road air quality data.  86 

Given the diversity of techniques available for differentiating local and background pollutant concentrations, as well as the 87 

large variety of instrumentation available, it is not clear which approaches are most generalizable or applicable, or whether it 88 

is necessary to invest in concurrent measurements at many versus few locations. In addition, the exact definition of what is 89 

background air quality is somewhat unclear, and in the context of this study, given the spatial separation between sites (on the 90 

order of 10 km or less), it is assumed to be a measure of background air quality in the urban airshed. Ma and Birmili (2015), 91 

in a study of ultrafine particle nucleation, defined measurement locations in their study which were 4.5 km and 40 km from an 92 
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urban roadside station as urban background and regional background, respectively. The former was presumed to be a measure 93 

of regional air quality superimposed with diffuse urban emissions, and it is this definition that best characterizes the background 94 

air quality measured in this study. To evaluate whether information regarding this urban background was attainable from near-95 

road measurements alone, two strategies for quantifying the contribution of local on-road traffic to near-road air quality were 96 

compared, and their reliability and accuracy were assessed through comparison with tandem measurements in both 97 

environments. 98 

In this study, data were collected continuously at three near-road and three urban background monitoring locations for close 99 

to two years (namely, between June 01st, 2015, and March 31st, 2017). Various gas and particle-phase pollutants along with 100 

meteorological parameters were measured using an array of instrumentation. Concentrations in excess of the urban background 101 

were calculated from the near-road data using three techniques, one of which calculated an explicit difference between sites, 102 

whereas the other two made use of only near-road data. Comparison of these methodologies addresses whether information 103 

regarding background air quality is readily inferable from measurements made in the near-road environment. 104 

2 Methods 105 

2.1 Measurement locations 106 

Data were collected from six separate monitoring locations: four of which were in Toronto, Ontario (two situated near 107 

roadways and two in urban background environments), with the remaining two located in Vancouver, British Columbia (one 108 

situated near a roadway and another in the urban background). The location of each station, along with information regarding 109 

the major roadway next to which they were located (for the near-road sites), is summarized in Table 1. The two near-road 110 

stations in Toronto, NR-TOR-1 (43.7111, -79.5433) and NR-TOR-2 (43.6590, -79.3954), and their respective instrumentation 111 

setups have been utilized and reported by others and are described therein (Sabaliauskas et al., 2012; Sofowote et al., 2018; 112 

Wang et al., 2015). The NR-TOR-1 site was positioned 10 m from Highway 401, the busiest highway in North America in 113 

terms of Annual Average Daily Traffic (AADT) with over 400,000 vehicles per day distributed across eight eastbound and 114 

eight westbound lanes. The Southern Ontario Centre for Atmospheric Aerosol Research (SOCAAR) served as the second near-115 

road site (NR-TOR-2), and was located 15 m from College Street in downtown Toronto which experienced traffic volumes of 116 

17,200 vehicles per day on average. The northernmost station in Toronto, BG-TOR-1, was located at Environment and Climate 117 

Change Canada (43.7806, -79.4675), 180 m from the nearest roadway, and the measurements from this station served as an 118 

urban background/baseline for NR-TOR-1, which was located 9.8 km to the southwest of it. The second background station, 119 

BG-TOR-2, was positioned on the southernmost point of the Toronto Islands on Lake Ontario (43.6122, -79.3887), and was 120 

5.2 km south of NR-TOR-2. Since vehicular traffic on the Toronto Islands was limited to a small number of service vehicles, 121 

the BG-TOR-2 station was well removed from tailpipe emissions. 122 

The near-road station in Vancouver, NR-VAN, was situated 6 m from Clark Drive (49.2603, -123.0778), a major roadway that 123 

experienced on average 33,100 vehicles per day across four southbound and three northbound lanes. Additionally, located 65 124 
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m south of the station was a major intersection, Clark Drive and 12th avenue, at which there were two gas stations located on 125 

the northwest and northeast sides. The effect this intersection had on traffic patterns (stop-and-go, especially) directly next to 126 

the station, and its effect on measured TRAP concentrations are explored in this study. Lastly, the urban background station 127 

in Vancouver, BG-VAN, was located 2.2 km east of NR-VAN at Sunny Hill Children’s Hospital (49.2529, -123.0492). This 128 

area was relatively removed from traffic emissions because it was located within a neighbourhood zoned predominately for 129 

single unit family dwellings. 130 

2.2 Instrumentation 131 

A common suite of instrumentation was employed at all stations. Gas-phase pollutants measured include: carbon dioxide (CO2; 132 

840A, LI-COR Biosciences; attenuation of infrared radiation at wavelengths of 4.26 μm and 2.95 μm for H2O differentiation), 133 

carbon monoxide (CO; 48i, Thermo Scientific; attenuation of infrared radiation at a wavelength of 4.6 µm), ozone (O3; 49i, 134 

Thermo Scientific; attenuation of ultraviolet radiation at a wavelength of 254 nm), and nitrogen oxides (NOx; 42i, Thermo 135 

Scientific; infrared chemiluminescence). Particle-phase pollutant properties measured include: mass concentration of particles 136 

less than 2.5 microns in diameter (PM2.5; SHARP 5030, Thermo Scientific; beta attenuation and light scattering); particle 137 

number concentration (UFP; 651, Teledyne API; water-based condensation particle counting); and black carbon (BC; AE33, 138 

Magee Scientific; filter-based attenuation of 880 nm wavelength light) mass concentration. Additionally, a meteorological 139 

sensor (WXT520, Vaisala; ultrasonic anemometer) recorded wind direction, wind speed, ambient temperature, pressure, and 140 

relative humidity at each station. Traffic intensities, velocities, and approximate vehicle lengths were measured continuously 141 

(SmartSensor HD, Wavetronix; dual beam radar) at the three near-road stations. 142 

Gas-phase instruments were calibrated on-site every two months using cylinders of compressed gasses at certified 143 

concentrations (Linde). One cylinder contained SO2, CO, and CO2, while the other contained NO; both contained N2 as an 144 

inert makeup gas. Dilution and mixing of the gasses was accomplished using a dynamic gas calibrator (146i, Thermo Scientific; 145 

6100, Environics) to produce zero checks and span concentrations that were similar to ambient ranges. Additionally, these 146 

dynamic gas-phase calibrators contained ultraviolet (UV) based O3 generators which were used to calibrate the 49i monitors 147 

as well as test the efficiencies of the molybdenum NO2 converters in the 42i monitors. SHARP 5030 instruments were zero 148 

checked using a HEPA filter, had their temperature and relative humidity sensors calibrated, and were span checked using 149 

mass standards supplied by Thermo Fisher Scientific twice annually. In addition to recommended monthly maintenance 150 

procedures for the API 651, each instrument underwent routine annual calibration by the manufacturer. Flow rates at each 151 

station were verified on a monthly basis, and a variable flow rate pump was attached to a stainless steel particle manifold, from 152 

which all particle-phase instruments sampled, to ensure a constant flow rate of 16.7 LPM to satisfy the 2.5 μm cut-off 153 

conditions of the inlet cyclone. 154 
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3 Data analysis 155 

Data acquisition was accomplished using Envidas Ultimate software (DR DAS Ltd.). Quality assurance of the data was 156 

performed by the primary operators of each station. This included, among other things: discounting data in which instrument 157 

diagnostic parameters were outside of acceptable ranges, omitting calibration times, and flagging suspect periods. Data from 158 

this study was acquired at a one-minute resolution, and further averaged to hourly resolution. Only hours containing at least 159 

45 minutes (≥ 75%) of valid data are reported. Data processing and analysis was done through a combination of SQL 160 

(Microsoft), SAS 9.4 (SAS Institute Inc.), and IGOR Pro 6.37 (Wavemetrics Inc.) software. Using the hourly concentrations 161 

in the finalized dataset, three methods of separating local and background concentrations from the near-road measurements 162 

were tested. One of these methods made use of the urban background measurements to explicitly infer background 163 

concentrations, whereas the other two, downwind/upwind comparison and interpolation of minimum concentrations, estimated 164 

background concentrations from the near-road measurements alone. 165 

3.1 Average site differences 166 

The first method for determining local pollutant concentrations explored in this paper, henceforth referred to as method 1, is 167 

through the difference between concentrations measured at a near-road location, CNR, and at the nearest urban background 168 

location, CBG, for some concurrent observation, i. Concentrations associated with local influences determined using method 1, 169 

CL,1, rely on the assumption: 170 

𝐶𝑁𝑅[𝑖] = 𝐶𝐿,1[𝑖] + 𝐶𝐵𝐺[𝑖].           (1) 171 

Average CL,1 values for each near-road location were then determined using Eq. (2): 172 

𝐶�̅�,1 =
1

𝑁
∑ (𝐶𝑁𝑅[𝑖] − 𝐶𝐵𝐺[𝑖])𝑁

𝑖=1 ,          (2) 173 

again, CNR[i] and CBG[i] are near-road and urban background measurements, respectively, made over a concurrent time interval, 174 

i, As N, the number of observations used in calculating the temporal average increases, the calculated average difference will 175 

encompass more of the variability from meteorological and traffic conditions, and therefore be more representative of an 176 

average site difference. 177 

3.2 Downwind-upwind analysis 178 

Through association with meteorology at a near-road measurement location, it is possible to assess traffic’s influence on TRAP 179 

concentrations from the differences between downwind and upwind conditions. For example, Galvis et al. (2013) utilized 180 

average downwind and upwind concentrations of CO2, BC, and PM2.5 from a railyard to calculate local pollutant concentrations 181 

for use in fuel-based emission factor calculations. A similar approach is used here to isolate concentrations emitted from a 182 

roadway, henceforth referred to as method 2. Defining ranges of wind directions as corresponding to downwind and upwind 183 
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of the major street next to which a station is located, average local concentrations from method 2, CL,2, can be estimated using 184 

Eq. (3): 185 

𝐶�̅�,2 =
1

𝑁
∑ 𝐶𝐷𝑊[𝑖]𝑁

𝑖=1 −
1

𝑀
∑ 𝐶𝑈𝑊[𝑖]𝑀

𝑖=1  ,         (3) 186 

where CDW and CUW are near-road TRAP concentrations measured when winds originate from downwind and upwind of the 187 

major roadway, respectively. Note that the number of points used to compute the averages of these conditions, N and M, are 188 

not necessarily equivalent, and the times that comprise these two averages are mutually exclusive by definition. For example, 189 

if the prevailing wind at a site is downwind of the roadway, then downwind data will naturally occur more frequently than 190 

upwind. Fig. S1 in the supplementary information shows wind frequency data as measured at each near-road site throughout 191 

the monitoring campaign. Similar to method 1, as the averaging time for both conditions is increased, confidence in CL,2 will 192 

improve. It is also important to note that because these two meteorological scenarios encompass different time frames, it is 193 

possible for certain times of day, etc. to be overrepresented in either average. 194 

In all analyses in which meteorological data are utilized, stagnant periods (wind speed (WS) < 1.0 m s-1) were omitted. Local 195 

concentrations cannot be estimated as a function of time using this method, as downwind and upwind concentrations cannot 196 

be measured simultaneously with a single near-road station. Also, stagnant time periods, as well as time periods that are not 197 

within the downwind/upwind ranges are omitted, thereby increasing the amount of time needed to attain a representative 198 

average. Lastly, an inherent assumption to this method is that upwind concentrations on either side of the roadway are similar. 199 

Depending on the site, however, this assumption may not be accurate. 200 

3.2.1 Wind sector definitions at NR-TOR-1 201 

Defining downwind and upwind sectors at NR-TOR-1 was straightforward, owing to the flat terrain of the area and the lack 202 

of nearby TRAP sources excluding those from Highway 401. Hence, 90° quadrants perpendicular to the highway axis were 203 

chosen. These definitions were further supported by average ambient CO2 concentrations—an indicator of combustion 204 

associated with traffic emissions—measured as a function of wind direction, shown in Fig. 1. Thus, downwind conditions at 205 

NR-TOR-1 were defined as WD ≥ 295° or WD ≤ 25° and upwind as 115° ≤ WD ≤ 205°, where WD denotes wind direction 206 

as measured locally at the station atop a 10 m mast. 207 

3.2.2 Wind sector definitions at NR-TOR-2 208 

Unlike the NR-TOR-1 site, wind dynamics at NR-TOR-2 were complicated by urban topography; namely, the roadside inlet 209 

was within an urban canyon (aspect ratio of ~0.5: building heights of ~20 m on either side and a street width of ~40 m) resulting 210 

in more stagnant conditions roadside and introducing micrometeorological effects such as in-canyon vortices (Oke, 1988). The 211 

effect of urban canyon geometry on micrometeorology is an effect that has been known for some time, and in general, for city-212 

scale wind patterns perpendicular to the street axis, ground-level winds tend to be opposite to those above the urban canopy 213 

(Vardoulakis et al., 2003). 214 
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Given the urban canyon’s effect on ground-level wind direction, downwind/upwind quadrants at NR-TOR-2 were determined 215 

based on wind direction measurements made above the urban canopy, and are defined as: WD ≥ 300° or WD ≤ 30° and 120° 216 

≤ WD ≤ 210° for downwind and upwind conditions, respectively. Figure 2 shows a satellite image of the site with these 217 

respective quadrant definitions, along with average CO2 concentrations as a function of wind direction, similar to Fig. 1. From 218 

the range of CO2 concentrations seen here, it is clear that obtaining a precise definition of what exactly is downwind or upwind 219 

of College Street is non-trivial. Impact from the intersection southwest (winds from ~230°) of the receptor is somewhat 220 

apparent in Fig. 2, also. 221 

3.2.3 Wind sector definitions at NR-VAN 222 

While the presence of 2-3 story buildings within the immediate vicinity of the NR-VAN station may have complicated 223 

meteorological measurements to some extent, the role of wind direction on the impact of local traffic emissions was much 224 

more evident at this site than it was at NR-TOR-2. Other streets in the vicinity of Clark Drive affected the driving patterns near 225 

the station—a major intersection (Clark Drive and 12th Avenue) approximately 65 m south of the station had an impact on 226 

average measured CO2 concentrations (Fig. 3) originating from the SSE direction. Because of this, the downwind and upwind 227 

sector definitions for this site were not taken to be orthogonal: instead, downwind was defined as 135° ≤ WD ≤ 195° and 228 

upwind as 235° ≤ WD ≤ 315°; these definitions were chosen in accordance with surrounding land usage. While the upwind 229 

definition does include 12th avenue, a major roadway within 120 m of the station, it is suspected that lower TRAP 230 

concentrations from this sector are due to: lower traffic volumes on 12th compared with Clark Drive, truck restrictions on 12th, 231 

and mechanical mixing from surface roughness (i.e. winds carrying TRAPs emitted on 12th being pushed up over the densely 232 

spaced buildings between the roadway and monitor, resulting in diluted or no TRAPs measured at ground-level). Contrasting 233 

this upwind definition with measurements from the sector 315°-345° in Fig. 3, which includes the major roadway Broadway 234 

250 m from the receptor (farther than 12th), there is a difference in average CO2 concentrations of about 15 ppm, and this 235 

difference is likely due to reduced surface roughness NNW of the receptor. Both NR-TOR-2 and NR-VAN provide examples 236 

of the complexity of siting near-road stations, and how site-specific considerations must be made when associating data with 237 

meteorology. 238 

3.3 Background subtraction using time series data 239 

Extracting information from one-dimensional ambient pollution time-series data (i.e. concentration as a function of time) for 240 

the purpose of source apportionment is appealing as it allows the possibility of obtaining local and background estimates 241 

without the need for more rigorous chemical analysis, computationally expensive multivariate analyses, or measurements made 242 

at multiple locations. Such algorithms make use of the underlying principle that signal frequency is inversely related to source 243 

distance. Regional or background sources (farther away from a receptor) produce slower varying, lower frequency signals, 244 

whereas local (nearby) sources, such as traffic, produce faster varying, higher frequency signals (Tchepel and Borrego, 2010). 245 
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The frequency at which data is acquired limits the highest frequencies separable by such a method. Daily averages, for example, 246 

are too lengthy to capture processes whose time scales are much shorter—a plume from a nearby on-road vehicle, for example, 247 

would have a characteristic time on the order of seconds to minutes. Therefore, in order to isolate these local temporal 248 

fluctuations, relatively high time resolution data are necessary. A technique recently developed by Wang et al. (2018) applied 249 

to hourly near-road measurements in order to determine above-background pollutant concentrations for use in calculating fleet-250 

averaged emission factors is explored further in this paper. 251 

3.3.1 Interpolation of windowed minima 252 

The algorithm explored in this paper is an interpolation of minimum values across a variable time window, the duration of 253 

which effectively defines, in a sense, a cut-off frequency for local and urban background signal differentiation. This algorithm 254 

was developed, validated, and utilized by Wang et al. (2018), and is described in full detail therein along with code compatible 255 

with IGOR Pro 6.37. 256 

The background-determining function, ψ, takes as arguments: near-road pollutant concentrations as a function of time, CNR, a 257 

window length in hours, W, and a smoothing factor α. Its output is an inferred baseline for the near-road environment, b: 258 

𝒃 = 𝜓(𝐶𝑁𝑅, 𝑊, 𝛼),             𝛼 ≥ 1, 𝑊 ≥ 3  ,            (4) 259 

In the case for which the smoothing factor, α, is equal to 1, the baseline function, b, simplifies to an interpolation of minimum 260 

values determined across M windows of width W, where M is the total number of measurements divided by W. In order to 261 

account for the detection of minima being biased by the range of each window, this process is repeated three times, in which 262 

the window is offset in time by floor(W/3) each time. This yields three separate functions, b1, b2, and b3, with the final baseline, 263 

b, determined from the average: 264 

𝒃 = 𝜓(𝐶𝑁𝑅, 𝑊, 𝛼 = 1) =
1

3
⋅ ∑ 𝒃𝑖

3
𝑖=1   ,            (5) 265 

For the case in which α > 1, the process in Eq. (4) and Eq. (5) is repeated α times, and the window for determining minimum 266 

values increases by a factor of W each time, giving window lengths of: W, 2W, …, αW. Then, the final baseline function 267 

becomes the mean of α*W baseline functions, bi,j: 268 

𝒃 = 𝜓(𝐶𝑁𝑅, 𝑊, 𝛼) =
1

3𝛼
⋅ ∑ ∑ 𝒃𝒊,𝒋

3
𝑖=1

𝛼
𝑗=1   ,            (6) 269 

Thus, in addition to creating a smoother baseline output, the magnitude of the parameter α, in conjunction with that of W, 270 

determines how slowly-varying the resultant baseline, b, becomes. The effect of these input parameters can be observed in 271 

Fig. 4, in which ψ is applied to CO2 data at NR-TOR-2 for various values of α and W. If the resulting baseline function, b, is 272 

greater than CNR for any point in time, it is instead set equal to CNR. 273 
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Henceforth, this algorithm shall be referred to as method 3. This method yields a baseline function, b, based on input near-274 

road concentrations, CNR, constrained to yield non-negative solutions for each observation, i. Average local concentrations 275 

from method 3, CL,3, were then calculated using Eq. (7) and Eq. (8): 276 

𝐶𝐿,3[𝑖] = 𝐶𝑁𝑅[𝑖] − 𝒃[𝑖],                𝒃[𝑖] ≤ 𝐶𝑁𝑅[𝑖]∀𝑖  ,        (7) 277 

𝐶�̅�,3 =
1

𝑁
∑ 𝐶𝐿,3[𝑖]𝑁

𝑖=1  ,           (8) 278 

Again, b[i] are background concentrations determined algorithmically, and are a function of CNR, whereas CBG, as in Sect. 3.1, 279 

are physically measured concentrations. It is worth noting that while the constraint b ≤ CNR was applied in this algorithm, it is 280 

not always the case that a background station will measure less than a near-road station during a given hour for a number of 281 

different reasons. For example, Sofowote et al. (2018) showed that a receptor 167 m from the edge of Highway 401 measured 282 

PM2.5 concentrations that exceeded concurrent measurements at NR-TOR-1 (10 m from the edge of the highway) ~5% of the 283 

time based on half-hourly measurements. Regardless, the impact of this assumption on estimated average local concentration 284 

is likely minimal. In using this algorithm, the width of the averaging window will affect the resulting baseline—windows that 285 

are shorter in duration will result in more temporally varying baselines, while longer windows will result in flatter baselines. 286 

For information regarding function input parameters please refer to Wang et al. (2018). This study used the parameters α = 4 287 

and W = 8 hr.  288 

3.3.2 Application to near-road ozone concentrations 289 

Near roadways O3 concentrations, unlike most other pollutants considered in this study, are generally less than background 290 

concentrations. This is because O3 is formed through secondary chemistry in the troposphere, and one of its sinks is through 291 

reaction with NO, which is a primary pollutant emitted by vehicles and is therefore often abundant near roadways. Hence, 292 

transient emissions of NO from passing vehicle plumes will result in decreases in O3 concentrations during a similar time scale. 293 

Background O3 concentrations in the near-road environment were instead estimated by interpolating maximum values rather 294 

than minima. A baseline for –O3(t) was established, and the resulting output’s sign flipped, effectively yielding an interpolation 295 

of maxima. 296 

4 Results 297 

4.1 Average differences between near-road and background sites 298 

Over the duration of the study period average CL,1 values were calculated using method 1, as described in Sect. 3.1, with 299 

resulting differences summarized in Tables 2-4. Note that no CO2 difference was calculated between Vancouver stations 300 

because CO2 was not measured at BG-VAN. 301 
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The background-subtracted differences were smallest at NR-TOR-2; for every TRAP measured, both NR-TOR-1 and NR-302 

VAN saw greater CL,1 concentrations in comparison. This pattern is consistent with the lower traffic volumes at NR-TOR-2. 303 

Surprisingly, despite the drastic difference in traffic intensities between NR-VAN and NR-TOR-1, CL,1 values at both sites 304 

were remarkably similar for most TRAPs. This similarity was in part due to NR-VAN’s closer proximity to the roadway (6 m) 305 

compared with NR-TOR-1 (10 m), in conjunction with the significant fraction of diesel vehicles passing along Clark Drive 306 

(Wang et al., 2018). While most CL,1 concentrations were similar between these two locations, UFPs at NR-TOR-1 were 307 

significantly greater (3.0E+4 vs. 1.2E+4 cm-3). However, this may in part be due to seasonal bias in UFP data availability 308 

(Table S1) between NR-TOR-1 and BG-TOR-1 (note especially the lack of concurrent data during summer months when 309 

ambient UFP concentrations are often lowest). 310 

The NO2/NOx ratios for CL,1 at NR-TOR-2 were also markedly lower than the other near-road sites; these ratios at NR-VAN, 311 

NR-TOR-1, and NR-TOR-2 were, on average, 0.18, 0.29, and 0.61, respectively. A potential explanation for this is the relative 312 

residence times of vehicle plumes prior to detection at each site: because NR-VAN was positioned closest to the roadway, it 313 

is likely that vehicle plumes were fresher upon detection, whereas NR-TOR-2 sampled within an urban canyon where air tends 314 

to stagnate and recirculate.  These results emphasize an important implication for near-road monitoring policies: while NO2 315 

alone is often regulated because of associated health effects, measurements of only NO2 may not be a reliable metric for 316 

assessing near-road health impacts, as characteristics of the site may result in NO2 being a negligible fraction of total NOx. 317 

The average differences for O3 were negative, indicating that ozone concentrations tend to be lower near major roads.  Ozone 318 

is presumably being titrated due to the higher near-road concentrations of NO. Furthermore, O3 production in downtown 319 

Toronto and metropolitan Vancouver generally occurs in a VOC-limited regime, meaning that the additional NOx near roads 320 

does not enhance local ozone formation (Ainslie et al., 2013; Geddes et al., 2009). 321 

While PM2.5 is generally considered to be a more regional and homogenous pollutant in urban environments, the observed 322 

values of CL,1 (1.48, 0.27, and 2.26 μg m-3
 at NR-TOR-1, NR-TOR-2, and NR-VAN, respectively) were found to be 323 

significantly greater than zero, and may be indicative of both primary tailpipe and non-tailpipe (e.g. brake wear, road dust 324 

resuspension, etc.) emissions. A recent study by Jeong et al. (2019) characterized the sources and composition of PM2.5 at both 325 

NR-TOR-1 and NR-TOR-2 using an X-ray fluorescence continuous metals monitor. They found that while concentrations of 326 

aged organic aerosol, sulfate, and nitrate were similar between the two sites, contributions from sources such as traffic exhaust, 327 

brake wear, and road dust differed significantly, and were the primary factors responsible for differences in average PM2.5 328 

concentrations. Another study by Sofowote et al. (2018), examined in more detail the reasons for elevated PM2.5 constituents 329 

at NR-TOR-1, with particular emphasis on BC, relative to another receptor 167 m from Highway 401. 330 

4.2 Downwind-upwind pollutant differences 331 

As stated previously, NR-TOR-1 was the most ideal near-road monitoring location in this study for associating TRAP 332 

measurements with local meteorology, as it was positioned on flat terrain, and the major roadway which it was stationed next 333 

to was the only significant source of TRAPs in the immediate area. Thus, the direction of wind at this site had a significant 334 
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impact on measured pollutant concentrations (Fig. 1). Using the methods described in Sect. 3.2, hourly TRAP concentrations 335 

were aggregated based on wind direction, and were classified as either being downwind, upwind, or neither. Downwind and 336 

upwind averages were calculated across the entirety of the study period and their differences, CL,2 are summarized also in 337 

Tables 2-4. Additional information regarding the number of downwind/upwind hours and confidence intervals are provided in 338 

the supplementary information (Sect. S2). Note that downwind and upwind conditions were generally not uniform with respect 339 

to time of day (Fig. S2); however, it was found that even if downwind and upwind data occurred uniformly with respect to 340 

time of day the impact it would have on average CL,2 values is minimal for most pollutants (Tables S5 and S6). 341 

The CL,2 values reported in Table 2 for NR-TOR-1 correspond relatively well with, but are higher than, respective CL,1 values.  342 

This is true for most pollutants, with the exception of O3 and PM2.5. The reason local concentrations generated via method 2 343 

(CL,2) are generally greater than those generated via method 1 (CL,1) is believed to be due to the following: when a site is 344 

directly downwind from a road it will generally experience greatest TRAP concentrations, as it is this case in which there is 345 

the smallest distance for dilution between the road and the site.  In contrast, CL,1 values were averaged across all meteorological 346 

scenarios.  The fundamental differences between methods 1 and 2 is explored further in Sect. S3 in the supplementary 347 

information. 348 

Unlike NR-TOR-1, NR-TOR-2 was not an ideal site for applying method 2 in a straightforward manner, as it measured air 349 

samples within an urban canyon where micrometeorology was complicated by vortices, stagnation, and recirculation effects. 350 

Using the downwind and upwind sector definitions in Sect. 3.2.2, CL,2 values were calculated at NR-TOR-2 and are 351 

summarized in Table 3. This methodology of contrasting downwind and upwind pollutant averages at NR-TOR-2 was unable 352 

to produce meaningful differences and the resulting disagreement with the near-road-urban-background differences (CL,1) is 353 

evident. Associating ground-level TRAP concentrations with city-scale meteorology at this site was complicated by 354 

surrounding urban architecture and the presence of an intersection approximately 50 m SW of the receptor. In actuality, the 355 

difference calculated for this site was between that of leeward and windward in-canyon concentrations, and this difference was 356 

not as substantial as the NR-TOR-2 and BG-TOR-2 average site difference. For these reasons, associating near-road pollutant 357 

concentrations with meteorological data was not an effective way of differentiating between local and regional influences on 358 

pollutant concentrations at this particular near-road site. In general, in order to attain this differentiation for measurements 359 

made in urban canyons, more complicated meteorological models are necessary; hence, simple downwind/upwind differences 360 

are not universally applicable to near-road monitoring data, especially for locations in heavily urbanized landscapes. 361 

Lastly, the siting of NR-VAN was somewhere between NR-TOR-1 and NR-TOR-2 in terms of complexity in associating 362 

TRAP concentrations with meteorology. The presence of densely spaced residential buildings within the immediate vicinity 363 

of the measurement station resulted in surface roughness having an effect on winds carrying TRAPs from major roadways 364 

farther away. Despite this, the differences between average downwind and upwind TRAP concentrations at NR-VAN were 365 

similar to, albeit larger, than the NR-VAN/BG-VAN differences in Table 4, a result similar to that for NR-TOR-1. The fact 366 

that consistent results were seen for NR-VAN and NR-TOR-1 but not NR-TOR-2 underlines the importance of a station’s 367 

location, surrounding obstructions to winds, and location of traffic sources, and that associating near-road TRAP 368 
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concentrations with meteorological variability should be done with caution, taking into account the subtleties of each site’s 369 

environ. The apparent stronger influence of the intersection rather than traffic directly next to NR-VAN (i.e. winds originating 370 

from 90°; see Fig. 3), despite Clark Drive being 6 m vs the intersection being 65 m away, may seem paradoxical. We speculate 371 

that the acceleration of southbound traffic along Clark Drive at this intersection was the main source of emissions, while 372 

coasting past the site, particularly when slowing down for the stop light, would have contributed much less. 373 

4.3 Local concentrations inferred from baseline subtraction 374 

Method 3, as described in Sect. 3.3.1, was applied to hourly pollutant concentrations, and the algorithm input parameters used 375 

were α = 4 and W = 8 hr. From the output, CL,3 was determined as a function of time, and then averaged across the entirety of 376 

the measurement campaign; the resultant averages are summarized in Table 2-4 for each near-road site. 377 

A benefit to this method was that it was able to estimate local and background CO2 concentrations at NR-VAN, where CO2 378 

measurements were made only in the near-road environment and not at the background site. This emphasizes a key advantage 379 

to approaches such as these: traffic-related signal can be isolated from near-road measurements alone, without the need for 380 

background or even meteorological measurements. Furthermore, this differentiation was performed on an hourly basis, thereby 381 

retaining information in the time domain, which was not possible with method 2. 382 

Across all near-road locations, average CL,3 concentrations were quite similar to respective average CL,1 values, implying that 383 

method 3, which uses only near-road data, is a robust means of estimating urban background and local traffic-related pollutant 384 

concentrations. This was true even for NR-TOR-2, where micrometeorology complicated analysis using method 2. Fine 385 

particulate matter was an exception to this, however. Regarding PM2.5, because its signal was largely dominated by regional-386 

scale sources and dynamics, temporal fluctuations in roadside PM2.5 concentrations generally varied more slowly than those 387 

of primary pollutants such as NO or BC, for example. Furthermore, this variability is generally meteorologically-driven and 388 

occurs homogeneously over large areas (10s of kilometres); we posit that these variabilities associated with meteorology were 389 

falsely attributed to local signal, causing local PM2.5 concentrations ascertained through this method to be much higher than 390 

respective CL,1 concentrations. Lastly, for ambient concentrations < 80 μg m-3, the hourly precision of the SHARP 5030 is ±2 391 

μg m-3. So, the average site differences between near-road and background sites, which are all around 2 μg m-3 or less, are 392 

likely too small for method 3 to isolate as the signal-to-noise ratio on an hourly basis is quite small. 393 

The choice of time window parameter, when comparing results obtained from method 1, is both site-specific and pollutant-394 

dependent. For example, shorter time windows will produce results that are in better agreement with stations that are closer in 395 

proximity. Further, the role of secondary chemistry will affect agreement between method 1 and method 3. Variability in CL,3 396 

is shown in Table S9, where average CL,3 values are reported for W = 6 and W = 14. When comparing average CL,3 values to 397 

average CL,1 values as a function of W, it appears as though some pollutants produce better agreement for smaller W values 398 

(e.g. CO2 and PM2.5), whereas others agree better for larger values of W (e.g. UFPs). This is likely due to the relative 399 

homogeneity of PM2.5 and CO2 and heterogeneity of UFP concentrations in urban environments.  Generally, however, it 400 
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appears that the values α = 4 and W = 8 hr are an appropriate middle-ground for the pollutants considered in this study, and 401 

likely represent an urban background spatial scale of between 5 and 10 km. 402 

Although application of method 3 was less suitable for some pollutants (i.e. PM2.5), it appears to behave in an accurate and 403 

robust manner for most others. Comparing CL,1 and CL,3 values in Tables 2-4, it appears that method 3 produced similar results 404 

when compared with method 1, with the added benefit of retaining information in the time domain and not requiring a second 405 

site. It is worth emphasizing that method 3 was an independently developed method for background-subtracting near-road data 406 

without the need for concurrent background measurements. The parameters α = 4 and W = 8 hr were originally chosen to be 407 

generalizable for near-road measurements, and to differentiate similar local/regional scales. While a direct comparison with 408 

method 1 to assess the accuracy of method 3 is tempting, method 1 is not without its own limitations (i.e. differences in distance 409 

between near-road and background stations, difficulty in removing background stations from local sources, etc.). Thus, while 410 

this comparison is useful for understanding the spatial scales of different pollutants, background-subtraction parameters should 411 

not necessarily be chosen based on this alone. 412 

4.4 Comparison of background subtraction methods 413 

Three techniques were applied to the near-road monitoring locations in this study to extract information regarding local TRAP 414 

concentrations: 1. Average differences between near-road and urban background locations, 2. Downwind-upwind differences 415 

in near-road measurements, and 3. Average concentrations inferred through time-series analysis of near-road data. Generally, 416 

methods 1 and 3 agreed well with one another, whereas method 2 produced values that were high in comparison with the other 417 

two methods at NR-TOR-1 and NR-VAN, and generated results that were close to zero at NR-TOR-2. A comparison of the 418 

three methodologies is summarized graphically in the supplementary information (Fig. S4-S6). The close agreement of 419 

methods 1 and 3, which describe the average concentrations attributed to local traffic, is encouraging, suggesting a background 420 

is inferable from near-road data alone using method 3. Method 2 was able to isolate traffic-related pollutant signal for NR-421 

VAN and NR-TOR-1, but was not feasible for NR-TOR-2, thus highlighting a drawback of relying exclusively on wind 422 

direction data for source apportionment efforts. It is believed that method 2, while useful for isolating traffic-related pollution, 423 

is less relevant for epidemiological purposes as it only considers certain meteorological scenarios. 424 

4.5 Application of local concentrations 425 

Subtraction of background concentrations allows the influences of local traffic on near road TRAP concentrations to be 426 

assessed.  The benefits in terms of improved understanding were examined and illustrated by applying the local concentrations 427 

thereby derived in two ways. The degree to which traffic influences TRAP concentrations beside a road can vary day-to-day 428 

depending on the prevailing meteorology. Using the local signal allowed the magnitude of this source of variability to be 429 

assessed in a manner that is consistent across most TRAPs and across all near-road sites. In contrast, the contribution of traffic 430 

to the total concentration will differ across pollutants. For example, some pollutants such as NO may be predominantly from 431 

traffic while others such as CO2 will be dominated by the background.  Separating the local and background concentrations 432 
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allowed assessment of how the portion from local traffic varied between sites and across the pollutants. Effectively, the 433 

background subtraction methodology provided estimates that illustrate how much concentrations beside a road would drop if 434 

all the traffic on that road were to be removed, as concentrations would converge to that of the urban background in that case. 435 

4.5.1 Effect of meteorology on local TRAP variability 436 

Using the hourly values of CL,3 at each near-road station determined using method 3 in Sect. 3.3.1, the roles of individual 437 

meteorological parameters on the variability of these local concentrations were explored. While roadside concentrations are 438 

affected by meteorology in a number of ways, local pollutant quantities—of interest are those from vehicular exhaust—are 439 

expected to behave in a more predictable manner in comparison, and indeed there are many means in which to predict the 440 

evolution of these exhaust plumes, from simple dispersion models to computational fluid dynamics. Here, however, a more 441 

simplified means of underlining the effect of wind on above-background TRAP concentrations was utilized: local TRAP 442 

concentrations normalized to their mean values were associated with both the direction and speed of local winds, the former 443 

showing the effect of downwind/upwind variability and the latter showing that of dilution. Normalization allowed results to 444 

be more comparable between sites and pollutants where mean emission rates of TRAPs may differ. While different receptor 445 

distances from a roadway will lead to different absolute concentrations measured, it is assumed here that when these 446 

concentrations are normalized to their mean that the trends with respect to meteorology will be similar. Because NR-TOR-2 447 

was situated within an urban canyon, the effect of meteorology on its measured concentrations was not relatable to the other 448 

two stations in this study; for this reason it is omitted from this section. 449 

4.5.2 Wind direction 450 

Wind direction can have a large influence on roadside TRAP concentrations. Shown in Fig. 5 is the dependence of normalized 451 

local pollutant concentrations on wind direction at both NR-VAN and NR-TOR-1. Generally, downwind measurements have 452 

the effect of enhancing local concentrations by a factor of ~1.5-2.0, whereas upwind conditions suppress local concentrations 453 

by a factor of ~4.0, with respect to the mean. Note that these upwind concentrations did not necessarily converge to zero as 454 

hourly averages were used to create these trends. It is also conceivable that during upwind periods, local turbulence from traffic 455 

and/or brief shifts in wind direction resulted in some degree of plume capture. It would appear that, on an hourly-averaged 456 

basis, traffic’s contribution to local TRAP variability (i.e. irrespective of background pollution) at a near-road receptor may 457 

change by a factor of six to eight depending on the average direction of wind. 458 

As shown in Fig. 5, a clear sinusoidal wind direction dependency is apparent at NR-VAN and NR-TOR-1, with similar ranges 459 

in enhancement and suppression at both sites. However, at NR-VAN, there appears to be two modes in concentration 460 

enhancement. The Clark Drive and 12th Avenue intersection, located approximately 65 m from the receptor, had an influence 461 

on local TRAPs originating from the south. However, given its distance, west/eastbound traffic along 12th avenue should not 462 

have had an influence similar to that of Clark Drive which was only 6 m away.  We postulate that the traffic lights at the 463 

intersection caused stop-and-go patterns in which southbound traffic on Clark Drive was often backed up to the monitoring 464 



16 

 

location, and it is these driving patterns that are believed to be associated with the enhancement seen between the wind 465 

directions of 100°-200° at NR-VAN. 466 

When comparing methods of background subtraction, it was shown that method 2 yielded higher estimates of the local 467 

concentrations in comparison with the other two methodologies, as further explored in Sect. S3 of the supplementary data. 468 

Across pollutants, it was found that on average this downwind/upwind difference resulted in local TRAP concentrations that 469 

were factors of 1.3 and 1.4 times greater than those inferred from method 1 at NR-VAN and NR-TOR-1, respectively (Table 470 

S8). In short, this corresponds well with above-average normalized local pollutant concentrations during downwind conditions 471 

at both sites (Fig. 5), during which conditions values of CL,3 were found to be similar factors greater than the mean at both sites 472 

(Table S8). 473 

Lastly, it is of interest to note that hourly upwind CL,3 concentrations at either site yielded non-zero local concentrations. It is 474 

indeed likely that at an hourly time-resolution some plume capture will occur during predominately upwind conditions; 475 

however, this seems to carry with it the implication that upwind analysis at a near-road location may overestimate background 476 

concentrations. To test this, average upwind concentrations were compared with average concentrations measured at each 477 

nearest background location, the results of which are summarized in Table S7. Generally, the two appear to agree well with 478 

one another, and so any plume capture during upwind conditions apparently produced a negligible impact on total 479 

concentrations. 480 

4.5.3 Wind speed 481 

Similar to the analysis in the previous section, the effect of wind speed on roadside TRAP concentrations was explored at NR-482 

TOR-1 and NR-VAN, and consistent results were found between them. Under stagnant conditions (wind speeds of ~1.0 m s-483 

1), local pollutant quantities were found to be enhanced by factors of ~2.0 and ~1.7 at NR-VAN and NR-TOR-1, respectively, 484 

and high wind speeds (> 10 m s-1) suppressed these quantities by a factor of ~2.0 at both sites (Fig. 6), giving an overall 485 

influence factor of 3.4 to 4. The maximum levels of enhancement and suppression were slightly smaller than the results found 486 

for wind direction, implying a slightly smaller or equivalent importance on local TRAP concentrations at a given roadside 487 

receptor. The relation used to model the effect of wind speed on normalized local concentrations was the following: 488 

𝐶𝐿,3

𝐶�̅�,3
=

𝑐1

𝑊𝑆𝑐2
 ,            (9) 489 

where CL,3 are local pollutant concentrations determined through method 3, c1 and c2 are regression parameters, and WS is 490 

wind speed as measured at the station. Indeed, more involved models have been shown to better represent the wind speed 491 

dependency of specific pollutants (Jones et al., 2010); however, simplicity is preferred here so as to generalize results across 492 

sites and pollutants. 493 

On average, the regression parameters c1 and c2 were found to be ~2.0 and ~0.6 for NR-VAN, and ~1.6 and ~0.5 for NR-TOR-494 

1, respectively (Table S10). Section S5.1 in the supplementary information compares these results between weekdays and 495 

weekends. While different c1 parameters were determined for both sites, presumably due to their difference in roadway 496 
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proximity, similar c2 parameters between 0.5-0.6 were found. The c2 parameter, which embodies the wind speed-pollutant 497 

decay relationship, is expected to be independent of a station’s proximity to the roadway. As with the wind direction analysis 498 

in the previous section, these associations with respect to wind speed were averaged from two years of hourly data across the 499 

entire study domain, meaning they were acquired from a range of pollutants, traffic conditions, wind directions, and times of 500 

day. While less descriptive from a mechanistic perspective, these results are intended to be more representative of the ranges 501 

of variability in average above-background exposure levels in the immediate area. 502 

4.6 Fraction of near-road pollution attributable to local sources 503 

The time-series based estimates of the background concentrations were also applied to estimate the portion of the pollutant 504 

concentrations that were due to local traffic. For example approximately half of total BC concentrations were estimated to be 505 

due to local sources at NR-TOR-1 with lower and higher percent contributions at NR-TOR-2 and NR-VAN, respectively (Fig. 506 

7).  The contribution of local sources varied across the pollutants; NO had the highest local contribution at the near road sites 507 

while CO2 had the lowest (Fig. 8). Further, this methodology was able to replicate trends in weekday/weekend background 508 

pollution variability—shown in Fig. 7 is BC, for example, with others in the supplementary (Fig. S7-S12). Local components 509 

of air pollution showed far greater differences between weekdays and weekends at each near-road monitoring location, 510 

emphasizing the effect of different on-road traffic conditions between these two sets of days. Generally, TRAP concentrations 511 

measured at urban background sites were slightly higher on weekdays compared to weekends, and this change in regional 512 

pollution was captured in the background contributions extracted from the near-road data. It should be expected that average 513 

concentrations measured at BG-TOR-1 should match the background elements of NR-TOR-1 reasonably well, with a similar 514 

argument to be made for BG-TOR-2 and NR-TOR-2; however, these urban background concentrations are likely not perfectly 515 

homogeneous throughout the city. The spatial difference between BG-TOR-1 in north Toronto and BG-TOR-2 in south 516 

Toronto was 20 km, and the difference in average pollutant levels between the two reflects this. 517 

5 Conclusions 518 

In this study TRAP concentrations were measured continuously at time resolutions of one hour or finer for over two years at 519 

three near-road and three urban background locations. Three methods were explored for estimating the contribution of local 520 

and regional/background sources on near-road measurements: differences between average measurements taken near-road and 521 

at a nearby urban background location, downwind-upwind analysis at the near-road location, and time-series analysis of near-522 

road pollutant data. Generally, the near-road vs urban background and time-series analysis methods produced results that were 523 

in good agreement; these values represent contributions to TRAP due to local traffic averaged over all wind directions. The 524 

downwind-upwind method yielded local concentrations that were higher than the average station differences by approximately 525 

40%; this was attributable to the downwind/upwind analysis isolating the conditions where traffic has the greatest impact on 526 

a site while the average differences included data across all wind conditions. 527 



18 

 

The time-series analysis method was an accurate and robust means of differentiating local and regional signal, with the added 528 

benefits of being applicable across all near-road sites, not being constrained to certain meteorological scenarios or requiring a 529 

separate background site, and retaining information in the time domain. This methodology is recommended for future use in 530 

applications such as: determining the impact of local on-road traffic to a roadside receptor, isolating background concentrations 531 

from ambient data for use in dispersion modelling, and obtaining above-background concentrations for fleet emission factor 532 

calculations, for example. 533 

Lastly, to demonstrate the value in isolating the influence of local sources at an hourly time resolution, local TRAP 534 

concentrations determined using time-series analysis were compared with meteorological variables at two of the near-road 535 

sites, NR-VAN and NR-TOR-1. This analysis yielded trends that were similar between sites and generalizable across all 536 

measured pollutants, with the exception of PM2.5 and O3. Wind direction had a factor of influence of approximately seven at 537 

both near-road sites, while the effect of wind speed was found to be slightly smaller, varying local hourly concentrations by a 538 

factor of four, with highest concentrations seen during stagnant conditions and lowest concentrations as wind speed became 539 

large. Both sites exhibited similar decays in local concentration with respect to wind speed; proportionality to wind speed was 540 

found to be between WS-0.5 and WS-0.6. 541 
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Table 1: IDs, locations, name of major roadway, and average daily traffic intensity for each monitoring location. 658 

Station ID Latitude Longitude Major Roadway 

Annual Average 

Daily Traffic 

(AADT) 

Distance from 

Roadway [m] 

NR-TOR-1 43.7111 -79.5433 Highway 401 405,500 10 

BG-TOR-1 43.7806 -79.4675 - - - 

NR-TOR-2 43.6590 -79.3954 College Street 17,200 15 

BG-TOR-2 43.6122 -79.3887 - - - 

NR-VAN 49.2603 -123.0778 Clark Drive 33,100 6 

BG-VAN 49.2529 -123.0492 - - - 
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Table 2: Mean local pollutant concentrations at NR-TOR-1 determined using each background-subtraction method. 684 

Pollutant 

Method 1 Method 2 Method 3 

N (hours) CL,1 ± 95%CI CDW CUW CL,2 N (hours) CL,3 ± 95%CI 

NO [ppb] 14169 21.5 ± 0.4 37.8 2.9 34.9 15524 18.3 ± 0.4 

NO2 [ppb] 13765 8.7 ± 0.1 21.2 10.7 10.5 15087 9.2 ± 0.1 

CO [ppb] 6479 103.2 ± 2.7 364.4 226.6 137.9 13008 114.6 ± 2.2 

CO2 [ppm] 7900 14.4 ± 0.6 437.3 416.4 20.9 14812 19.6  ± 0.4 

O3 [ppb] 13753 -5.9 ± 0.1 15.3 33.2 -17.9 15181 -12.3  ± 0.2 

PM2.5 [μg m-3] 14170 1.48 ± 0.06 7.68 9.01 -1.33 15484 4.30 ± 0.08 

UFP [cm-3] 5212 29600 ± 800 57000 15300 41700 12683 22754  ± 449 

BC [μg m-3] 8036 1.03 ± 0.03 2.13 0.73 1.4 15443 1.01  ± 0.02 
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Table 3: Mean local pollutant concentrations at NR-TOR-2 determined using each background-subtraction method. 702 

Pollutant 

Method 1 Method 2 Method 3 

N (hours) CL,1 ± 95%CI CDW CUW CL,2 N (hours) CL,3 ± 95%CI 

NO [ppb] 13768 3.5 ± 0.1 6 3.2 2.8 14937 3.8 ± 0.1 

NO2 [ppb] 11211 5.4 ± 0.1 8.5 10.4 -1.9 12359 5.3 ± 0.1 

CO [ppb] 13603 72.3 ± 1.5 247.9 246.8 1.1 15152 68.7 ± 1.3 

CO2 [ppm] 10686 10.6 ± 0.4 423.1 421.4 1.7 14626 13.3 ± 0.2 

O3 [ppb] 15109 -2.9 ± 0.1 24.2 28.7 -4.5 15827 -9.0  ± 0.1 

PM2.5 [μg m-3] 15193 0.27 ± 0.05 3.8 9.01 -5.21 15730 2.92 ± 0.06 

UFP [cm-3] 7400 7400 ± 200 12900 16700 -3800 14931 7088 ± 108 

BC [μg m-3] 14740 0.34 ± 0.01 0.63 0.81 -0.18 15451 0.41 ± 0.01 
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 719 

Table 4: Mean local pollutant concentrations at NR-VAN determined using each background-subtraction method. 720 

Pollutant 

Method 1 Method 2 Method 3 

N (hours) CL,1 ± 95%CI CDW CUW CL,2 N (hours) CL,3 ± 95%CI 

NO [ppb] 10647 23.0 ± 0.5 56.6 9.7 46.8 15134 27.6 ± 0.6 

NO2 [ppb] 10666 5.1 ± 0.1 21.9 11.5 10.4 15148 9.7 ± 0.1 

CO [ppb] 9435 95.7 ± 2.3 414.3 210.1 204.2 13935 153.3 ± 3.4 

CO2 [ppm] - - 461.6 414.5 47.1 13503 39.0 ± 0.7 

O3 [ppb] 10535 -3.9 ± 0.1 9.4 19.7 -10.3 15016 -10.6  ± 0.1 

PM2.5 [μg m-3] 10491 2.26 ± 0.07 8.81 5.57 3.23 14879 3.99 ± 0.10 

UFP [cm-3] 9452 11600 ± 300 30000 14000 16000 14463 15252 ± 251 

BC [μg m-3] 10728 1.18 ± 0.02 2.48 0.84 1.64 15312 1.26 ± 0.02 
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 728 

Figure 1: Satellite image of the NR-TOR-1 site, along with upwind (blue) and downwind (red) quadrant definitions. Meteorological 729 
measurements were taken on top of a 10 m mast at the location of the station (labelled: NR-TOR-1) (a). Average ambient CO2 730 
concentrations by wind direction, with upwind and downwind definitions again highlighted in blue and red, respectively. Error bars 731 
are 95% confidence intervals on the mean (b). 732 
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 745 

Figure 2: Satellite image of the NR-TOR-2 site, along with upwind (blue) and downwind (red) quadrant definitions. Meteorological 746 
measurements were recorded on the roof of the facility (labelled: NR-TOR-2) (a). Average ambient CO2 concentrations by wind 747 
direction, with upwind and downwind definitions again highlighted in blue and red, respectively. Error bars are 95% confidence 748 
intervals on the mean (b). 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 



28 

 

 768 

Figure 3: Satellite image of the NR-VAN site, along with upwind (blue) and downwind (red) sector definitions. Meteorological 769 
measurements were recorded on a 10 m mast above the station’s location (labelled: NR-VAN) (a). Average ambient CO2 770 
concentrations by wind direction, with upwind and downwind definitions again highlighted in blue and red, respectively. Error bars 771 
are 95% confidence intervals on the mean (b) 772 
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 793 

Figure 4: Method 3 applied to hourly CO2 concentrations (black) measured at NR-TOR-2. The effect of varying the input parameters 794 
α and W are shown in blue, orange, and green. 795 
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 810 

 811 

Figure 5: Normalized local pollutant concentrations determined using method 3 as a function of wind direction at NR-VAN (a) and 812 
NR-TOR-1 (b). Solid lines indicate the average trend amongst all TRAPs, and shaded areas indicate the range of variability between 813 
TRAPs. 814 
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 833 

Figure 6: Normalized local pollutant concentrations determined using method 3 as a function of wind speed at NR-VAN (a) and NR-834 
TOR-1 (b). Solid lines indicate the average trend amongst all TRAPs, and shaded areas indicate the range of variability between 835 
TRAPs. 836 
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 852 

Figure 7: Black carbon concentrations at each monitoring location in this study. Each site is separated by weekday and weekend, 853 
and bars are stacked according to concentrations attributed to local and regional sources. Background stations are presumed fully 854 
regional and therefore contain no local component. 855 
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 870 

Figure 8: Average fraction of near-road measurements attributed to local sources, as determined by method 3, for each near-road 871 
monitoring location. 872 
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