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Author’s Response

Reviewer comments have been aggregated at the beginning of this marked-up manuscript, along with author’s responses to

them. Following these comments and responses is a summary of all changes to the most recent version of the manuscript.

Nathan Hilker
nathan.hilker@mail.utoronto.ca

Referee Comments and Responses

Referee comments are displayed below in italics with author’s responses following each comment. Actions taken are written
in bold.

Anonymous Referee # 1

This is a thorough application of three methods to distinguish traffic-related air pollutants from background concentrations,
applied to three road-side stations in two cities in Canada. The results are novel, interesting, well presented. The manuscript
should be accepted for AMT after authors’ response to the issues as raised below.

Of course, it makes a big difference if a roadside station is located 6 m away from the nearest traffic line or 10 m. Actually,
any different position may lead to different concentrations, because the variability of air pollutant concentrations varies
largely spatially. The authors are aware of that. However, the tone sometimes suggests that the results (concentrations!) are
transferable to other locations or situations. For example, the last sentence of the abstract (“Downwind conditions enhanced
local concentrations by a factor of 2 relative to their mean, while upwind conditions suppressed them by a factor of 4”) is, one
the one hand, perfectly fine. On the other hand, there is no caveat saying: “This applies to this very specific situation, don’t
generalize!” Also, referring to lines 289-299 and Table 2, the absolute number of CL are not comparable to each other between
sites, even though drastic differences between the sites are apparent. The authors are asked to go through their manuscript
and find more cautious wording in this respect.

Reply: Thank you for underlining this point, and we agree that the wording should be as explicit as possible so as to not imply
generalizability where it may not be applicable. The expectation with this analysis is that, since the local components of the
concentrations are normalized with respect to their mean values, the shape of the curves of these normalized concentrations
w.r.t. wind direction and wind speed ought to be somewhat generalizable for receptors near roadways with varying rates of

emission. l.e., the areas above and below unity for these curves is always equivalent thanks to the following property:
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However, as is pointed out, the distance of the receptor from the roadway along with the height of the sampling inlet will
almost certainly impact the shapes of these curves, even if they are less impacted by source strength.

Action:
L44-50: Abstract has been reworded to address this caveat.

Various parts of the manuscript also have been cautiously edited so as to not imply generalizability.

In the eyes of this reviewer, the data set allows much more interesting analysis of emission factors, for example between NOx
and CO2. How do NOx/CO2 ratios or UFP/CO2 ratios compare o the results of similar studies? Similar applies to CO. It is
however acknowledged that this is outside the scope of this study.

Reply: Yes, we agree. In fact, emission factor analysis from this study has already been performed and reported by Wang et
al. (2018) (see: doi.org/10.1021/acs.est.8b01914). This was the originally intended use for the background subtraction
algorithm.

Action:
L296-298 edited to highlight this work for interest readers.

Section 4.3 and Table 4: Why not did authors apply his method for ozone? When using maxima instead of minima for the time
series analysis this should be no problem to do. The justification given in lines 362-364 is no convincing. The urban
background concentration of O3 could have been quantified that way, and be compared with the respective results of methods
land2.

Reply: This is a great suggestion and results will be updated accordingly to include it. For added simplicity, the same method
of rolling minima interpolation can be applied to -1*O3(t), and once calculated the sign can be flipped again, thereby allowing
the same algorithm to be applied. Figure 1 shows an example of this algorithm applied to O3 at NR-TOR-2. We can see that
the difference between near-road O3 and inferred background is generally greatest when there are larger concentrations of

NOXx, which should be expected.

Action:

Added section 3.3.2 which explains how the methodology can be applied to ozone.



61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

Results in Tables 2-4 now include O3 concentrations.

Eqg. 2 seems screwed. Probably, a parenthesis is missing on the right-hand side, opening before CNR[i] and closing after
CBGIi].

Reply: Agreed.

Action:
Eq. 2 updated.

Line 187: A justification should be given as of why M and N are typically not identical. It is a bit counterintuitive.

Reply: The reason why M and N are typically not identical is that there will be a prevailing wind direction at most air quality
monitoring locations. For example, if sampling is done continuously and data are not excluded based on wind direction, it
should be expected that downwind data will occur more frequently than upwind data, for example, if it aligns with the
prevailing wind direction of the site. The important point here is that N and M constitute sets of data that are inherently mutually
exclusive (i.e. one cannot sample upwind and downwind of a road simultaneously with a single receptor) and may occur under

different conditions (e.g. time of day).

Action:
L222-229 updated for greater clarity as to why M and N are not typically identical.

Line 194: Why did you chose 75 % here? Likely, the results are more reliable if 100 % is used. See also line 413.

Reply: Thank you for pointing this out. This was actually a mistake in the text. Hourly averages in general were included only
if > 75% of minutely data were available, and this applied also to the meteorological data. For classifying whether a given
hour was downwind or upwind, the hourly vector averages were used directly. The only hours omitted were stagnant hours in
which the wind speed was < 1.0 [m/s].

Action: Section 3.2 has been updated to remove sentences referring to this.

The PM2.5 results are puzzling indeed. It could be the precision and accuracy of the analyzers not being able to resolve the
small differences in concentrations between stations and within time series. If so, the results are not statistically robust. This
issue should be analyzed in more detail and presented and discussed in the manuscript.
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Reply: You raise a good point regarding the precision between instruments, especially the PM2.5 monitors, and whether the
background-subtraction methods are able to distinguish what is likely a very minor contribution to the total near-road signal.
Regarding PM2.5 specifically, more in-depth results have been reported already by Sofowote et al. (2018) at NR-TOR-1 using
an Aerodyne ACSM, XACT 625, AE33, and SHARP 5030, and their findings suggested the major component of PM2.5
responsible for these “local” fluctuations was black carbon, which is measured also using an AE33 here. Indeed, Table 2 would
also suggest that BC is a major subset of this “local” PM2.5.

The SHARP 5030 manual specifies an hourly precision of “+2 pug/m3 < 80 pg/m3; 5 ng/m3 > 80 pg/m3”, and a precision
between two monitors of “+0.5 pg/m3 (2-o, 24-hour time resolution)" (Thermo Scientific, 2013). So, the average site
differences between near-road and background sites, which are all around 2 ug/m3 or less and calculated over 2 years of data,
are likely statistically significant results (Table 2). However, this raises an important issue as to why methods of background-
subtraction applied to an hourly near-road time-series fails to properly pick out the local component: if the average local
component is 2 ug/m3, and the hourly precision of the instrument is +2 pug/m3, then the signal-to-noise ratio of this local

component on an hourly time scale is likely quite small and perhaps not detectable.

Action:
L493-495 added to address this issue.

References

Sofowote, U. M., Healy, R. M., Su, Y., Debosz, J., Noble, M., Munoz, A., Jeong, C-H., Wang, J. M., Hilker, N., Evans, G. J.,
and Hopke, P. K.: Understanding the PM2.5 imbalance between a far and near-road location: Results of high temporal
frequency source apportionment and parameterization of black carbon, Atmos. Env., 173, 277-288,
doi:10.1016/j.atmosenv.2017.10.063, 2018.

Thermo Scientific Model 5030 SHARP Synchronized Hybrid Ambient, Realtime Particulate Monitor data sheet, Thermo
Scientific, Obtained online: https://assets.thermofisher.com/TFS-Assets/LSG/Specification-Sheets/D19419 .pdf, 25JUN2019.

Wang, J. M., Jeong, C-H., Hilker, N., Shairsingh, K. K., Healy, R. M., Sofowote, U., Debosz, J., Su, Y., McGaughey, M.,
Doerksen, G., Munoz, T., White, L., Herod, D., and Evans, G. J.: Near-Road Air Pollutant Measurements: Accounting for
Inter- Site Variability Using Emission Factors, Environ. Sci. Technol., 52, 9495-9504, doi:10.1021/acs.est.8001914, 2018.
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Fig. 1. Example of background-subtraction algorithm applied to ambient O3 concentrations at the near-road downtown Toronto
site, NR-TOR-2, wherein a rolling maximum is calculated rather than a rolling minimum
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Anonymous Referee # 2

1) The first paragraph in Introduction about exposure is not that relevant to the rest of the paper, so would better focus on the
topic of traffic-related pollutants close to the road.

Reply: Being that this is a methodology-focussed paper, and the primary interest is in better understanding traffic’s contribution
to traffic-related pollutant concentration in the near-road environment, we tend to agree with this comment. While the
motivation for better understanding this is in part exposure-driven, it is not the main topic of the paper.

Action:
Much of the first paragraph has been removed (i.e. those parts pertaining to health effects).

2) In L174, why the calculated average difference is expected to converge the true average difference between sites? Are the
differences between sites normally distributed? Is this convergence non-trivial and not simply a property of averages or central

limit theory?

Reply: Perhaps the wording in the manuscript is unnecessary and/or confusing in this section. The concept of random sampling
and error theory has been addressed by others in the context of air quality monitoring (Xu et al., 2007), where the amount of
data needed for a sample mean to converge to a “true” mean has been understood. The point to this statement was to imply a
trivial convergence: as the number of samples increases so does the certainty in the mean of the difference (as a result of more

variability due to seasonal effects, meteorology, etc.), similar to central limit theory as is pointed out.

Action:
L199-202: wording has been altered to better clarify this point.

3) In L190, since the authors have realized the downwind and upwind scenarios may encompass different time frames and may
influence the results, why not do some statistical tests? It seems important to the final outcomes.

Reply: Thank you for pointing out this lapse in analysis. Indeed, if downwind periods occur largely at night time, for example,
then its average will be biased low. This is a relatively straight forward analysis and will be implemented in a revised version
of the manuscript. As an example, refer to Fig. 1 in this document. At NR-TOR-1 downwind data are mostly uniformly
distributed w.r.t. hour of day. Upwind conditions, however, are more likely to occur in the afternoon compared with the
morning, meaning the upwind average will be defined by afternoon pollutant concentrations more so than morning

concentration.
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This is a potential issue as certain times of day will influence the mean values more so than others. One means of addressing
this is to randomly sample an equivalent number of hours for each hour of day and compare the resulting distribution with the
case in which all data is used to see if they are significantly different. As a proof of concept, observe the distributions of UFP
concentrations at NR-TOR-1 in Figs. 2-3, which were generated by randomly sampling an equivalent number of points from
each hour of the day (this number was determined from the minimum values in Fig. 1). The resulting downwind and upwind
averages were 5.64E+4 + 240 [cm-3] and 1.46E+4 + 260 [cm-3] (£ 1o), respectively (compare with values in Table 3 of the
manuscript: 5.70E+4 and 1.53E+4, respectively). More rigorous statistical analyses will involve tests on whether these
bootstrapped populations are significantly different than those reported in Table 3 of the manuscript.

Action:

L427-429 address this issue.

Fig. S2 added to the supplementary information.

Tables S5 and S6 added to the supplementary information.

4) In L238-274, the method3 was not explained properly.

Reply: While the algorithm has been described in detail already in Wang et al. (2018), we agree that a more mathematical

description of the algorithm is necessary.

Action:

Section 3.3.1 has been almost entirely updated so as to describe the algorithm with greater mathematical rigor.

Firstly, ‘Time-series analysis’ seems too general and may not be a good subtitle here and in the rest part of the MS. It often

implies decomposition and forecasting.

Reply: Agreed. Time-series analysis does seem too vague for this section, especially considering only one algorithm is really
explored for signal deconvolution. Perhaps more appropriate is “baseline estimation” or “moving minimum” as you have

suggested.

Action:

Section 3.3 title changed to “Background subtraction using time series data”

Secondly, the authors talked about the frequency of signals very often in the first two paragraphs (L238-254) and allude to the
wavelet decomposition algorithm used by Sabaliauskas (2014) as similar to their method. But I think this is not quite right and
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misleading. What I expected after the description is a frequency analysis, but method 3 is approximately a ‘moving minimum’
baseline algorithm. As an example of signal processing and a spatial frequency domain in the road-environment can be seen
in Xing and Brimblecombe (2019). Although wavelet analysis can also be used to exact baselines as shown by Liland et al.
(2010), the underlying theory is different. There have been many baseline algorithms in Liland et al review (2010), method3
doesn’t seem more accurate although it may be efficient. Besides, could the authors validate the extent to which the baselines

derived using this algorithm represent the background?

Action:
Wording in the introduction and Section 3.3.1 has been changed to avoid any emphasis on frequency-domain analysis.
To address the second point, Section S4 has been added to the supplementary and is discussed in Section 4.3 of the

manuscript.

Thirdly, many details about method3 were not shown in the paper but presented in Wang et al., 2018. | understand this is a
method in the published paper, but since this is a journal about measurement techniques, I think more details should be
provided, especially the setting of the time window. Wang et al. (2018) used 8h, but is it appropriate here since a new station
near a highway (NR-TOR-1) is added in this MS? As mentioned in L243-244, characteristics of emission sources determine
the frequency of signals. Thus should the time window for a station near highway may need to be different from that near
streets, intersections or bus stops, which have their own frequency components (probably higher)? In addition, would different
pollutant species require a different setting of window, especially a secondary pollutant such as ozone?

Reply: In response to the first point made regarding choice of time window and different receptors, while different near-road
environments will inevitably affect higher frequency signals in a pollutant time-series (due to closer source proximities) as
mentioned, the choice of time window was intended to be more of a reflection of the spatial scale differentiation between what
is considered “background” and “local”. As a first-order approximation, consider a primary pollutant affected only by physical
dispersion. If this rate of dispersion is proportional to wind speed, then the pollutant’s length of influence would in some way
be proportional to:
d=u-t

where ‘u’ is wind speed and ‘t’ is time since emission. Then, for a wind speed of 1.0 [m/s] and a time of 8 [hrs], for example,
the pollutant’s range of influence would be approximately 30 [km]. Thus, an argument could be made that utilizing a time
window of 8 [hrs] in the background-subtraction algorithm is effectively distinguishing between emissions from sources within
approximately 30 [km] of the receptor (those originating from nearest roadways will have the greatest influence on the signal)
and those from outside of 30 [km]. Of course, this is a gross approximation and is likely not physically accurate, but it
emphasizes the spatiotemporal relationship between signal frequency (choice of time window, which is related to signal cutoff

frequency) and source distance. Moreover, given that these measurements were made within urban regions with relative

8
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homogeneous distributions of roads, averaging the background over a smaller or larger spatial area, should not make much
difference.

Regarding the second point made (time window and different pollutants): you have raised an important issue, and we believe
further analysis is necessary to support the time windows used in this study. A sensitivity analysis showing the distribution of
measured urban background concentrations vs. the distribution of derived backgrounds as a function of time window, pollutant,

and site would better support the time windows used in this study.

Action:
L496-526 in Section 4.3 have been updated to discuss the point regarding the choice of time window for method 3.

5) In L380-384, I don 't understand why methodl and method3 are better as they both provide lower difference values. In my
opinion, method3 has more disadvantages than method2, because the outcomes highly depend on the choice of time window

and it’s hard to determine if the baselines represent a real background.

Reply: The choice of wording here is perhaps inappropriate then, as the intention was not to claim one method being “better”
than the other, but to highlight the advantages and disadvantages of each along with the fundamental differences between them.
For example, methods 1 and 3 may be more appropriate for understanding traffic’s influence to a 24 hour-averaged exposure
from an epidemiological perspective (as all meteorological conditions are considered), whereas method2 may be better for
extracting data whose impact from local traffic is greatest for use in fleet-averaged emission factor calculations, for example.

Action:

L534-538: wording updated to better discuss the pros and cons of the methods used.

As I understand it, method2 only used part of the data and clearly gave the largest difference between roadside and background
concentrations. While the other two methods used the data even when the roadside stations experience background
concentrations (e.g. under upwind conditions). Literally, the output from method2 over-predicts average local concentrations
(L131 in supplementary information). If the aim of this MS is determining the averaged concentration difference, method2
should be revised, otherwise, the difference between method2 and method13 is just caused by the difference in the methods.

Reply: We fully agree that what method 2 is measuring is inherently different from the other two methods. We will revise the
text to better emphasise this important point. However, quantifying this difference is still of importance so that others might
better understand the extent to which they differ. Moreover, method 2 provides an upper limit of the impact of the road on
exposure. Section S3 proposes an alternative methodology for utilizing meteorological data that falls in line better with
methods 1 and 3.
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Action: see previous.

6) L410-412, it seems the increase of pollutant concentrations under downwind conditions compared to upwind conditions is
a main finding in this MS (as also mentioned in abstract). Could the authors provide the factors for each station and pollutant
species? Theoretically, this factor should be a function of distance between source and receptor, wind speed, eddy diffusivity

etc. Is it possible to add some tests about this?

Reply: In the manuscript we have chosen to express this as the ratio of the local portion of the upwind and downwind
concentration to the average value (Figure 4). This inherently makes more physical sense to use than directly comparing the
ratio of the downwind to upwind concentrations, given that they both contain a “background” that is not related to the road.
Values can be calculated and reported for each site and pollutant as a supplement to Figure 4, which just shows an agglomerated
average for all species. Hypothetically, if these primary pollutants disperse similarly in the near-road regime and are not
significantly impacted by secondary processes in the time it takes for them to be detected, then these curves should be similar
between species. We agree that differences in dispersion between gas and particle-phase pollutants, and post-tailpipe
transformation (e.g. UFP dynamics), for example, may lead to differences between pollutants.

The reason these trends were analysed with respect to normalized local concentrations was so that they would be invariant

with respect to source strength. l.e., the area above and below unity for each curve are equivalent thanks to the property:
N

[E@- )=

0
However, as you have mentioned, the shape will be impacted by distance of receptor to source, wind speed, eddy diffusivity,

receptor height, atmospheric stability, etc. While we agree that the siting of these near-road stations along with meteorological
conditions will have a theoretical impact on these data, it is out of the scope of this manuscript (the focus of which is a
comparison of background subtraction methodologies) to attempt to model these results in a theoretical manner.

7) In L484, why is method3 accurate and robust? Is it because the outputs agreed with those derived from method1?

Reply: It is deemed accurate because it agrees with those values derived from method 1 which is the closest estimate to a real
background. In terms of robustness, it appeared to be applicable across all near-road monitoring locations and data did not
need to be filtered by meteorology, for example. How robust this algorithm is, exactly, will be available following the

aforementioned time window sensitivity analysis.

Action: See above response regarding time window sensitivity analysis.
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Fig. 1. Number of hours in which data were sampled downwind and upwind of Highway 401 at NR-TOR-1, aggregated by hour of
day.
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Anonymous Referee # 3

Major comments

1. In Tables 2-4, the authors should reorganize their presentation to show and directly compare results of all three methods
for estimating local contributions (CL) to measured concentration at NR-TOR-1 (Table 2), NR-TOR-2 (Table 3), and NR-VAN
(Table 4). The current organization of these tables emphasizes comparisons across the measurement sites, whereas the main
point of the paper is to compare methods for estimating CL.

Reply: We agree with this suggestion. Condensing the information into a singular table as you have suggested is likely the best
way of presenting relevant information as efficiently as possible. Alternatively, the suggested table could be shown visually in
a figure, in which the local concentrations determined by each method are compared between pollutants and sites.

Action: Tables 2-4 have been rearranged as suggested.

2. 1 suggest the authors verify their regression coefficients relating pollutant concentrations to wind speed are consistent via
separate analysis of weekday and weekend conditions: traffic conditions and emissions change on weekends, whereas average

meteorology should be the same.

Reply: This is a great suggestion and there is no reason not to include it in an updated manuscript version. As you have pointed
out, since average meteorology should be similar between weekdays and weekends, regression between these two subsets
should yield similar results. The primary difference between weekdays and weekends (aside from the frequency of data) are
the volumes of traffic, which would yield greater local concentrations with respect to mean values, so the regression would

effectively be modelling higher and lower ranges.
Action: Section S5.1 added to the supplementary information to address this.

3. The presentation of NO/NO2 ratios is unconventional. | suggest reporting NO2/NOx instead, where NOx = NO + NO2. The
reasons for variations in NO2/NOx among sites should consider differences in background ozone, transit/residence time in
near-roadway setting, differences in diesel truck fractions (diesel has higher NO2/NOx ratio in primary emissions). Also it
appears the calibration of the chemiluminescent NOx analyzers was only checked regularly for NO. Was there any checking
of NO2 converter efficiencies?
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Reply: We agree that it is more sensible to instead report the ratio of NO2/NOx and will update the discussion of results in
accordance with this.

Thank you for pointing out the converter efficiencies of the NOx analyzers. Indeed, the NO and NOx channels were calibrated
using an NO standard located on-site. The manuscript needs to be updated to indicate that each station had either a Thermo
146i gas calibrator or an Environics 6100 multi-gas calibration system (only NR-TOR-2 used the Thermo). In addition to
mixing various flow rates of zero and span gasses, these calibrators also have UV lamps, allowing O3 to be generated by a
calibrated amount. This was how the O3 analyzers were calibrated. Additionally, following each NO/NOXx calibration, a
significant amount of O3 was generated (about 50% of NO by mole) to test the efficiency of the molybdenum converters.
Generally, the efficiency of these converters was very close to 100%, and the test was only done to ensure a conversion
efficiency of > 99.5%. The NO2 coefficients were left at 1.000, and if the instrument’s converter looked like it was struggling
(i.e. < 99.5%) then it was sent back to Thermo Scientific for calibration/maintenance. The fact that molybdenum converters
were used is another important point as they cannot distinguish between NO2 and more oxidized forms of nitrogen: NOy (NOz
— NOX). Being that local NO2 was defined by short-term temporal fluctuations, however, it is doubtful that NOy (which is
primarily affected by secondary chemistry) contributed to it substantially.

L170-172: Wording updated to include mention of Environics 6100 and NO: converter checks.

L393: Ratios changed from NO/NO2 to NO2/NOx.

Minor Comments and Technical Corrections

Line 158, 193: minutely should be rewritten as one-minute

Action: changed.

Line 242: many such algorithms (omit “of”)

Action: changed

Line 302: non-tailpipe PM emissions such as brake and tire wear and road dust are expected to be predominantly in the coarse
mode and should not contribute much to fine particle mass (PM2.5).
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Reply: While it is true that nontailpipe emissions are generally greater than 2.5 microns in diameter, these sources still
contribute enough to the PM2.5 size range to produce discernible differences between sites, and these differences are generally

more heterogeneous than things such as secondary organics, for example (see Jeong et al., 2019).

Action: N/A.

Lines 319-320: fix wording: the reason these values: : :is believed to be due the following reason

Action:
This sentence has been reworded
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Abstract. Adverse health outcomes related to exposure to air pollution have gained much attention in recent years, with a
particular emphasis on traffic-related pollutants near roadways, where concentrations tend to be most severe. As such, many
projects around the world are being initiated to routinely monitor pollution near major roads. Understanding the extent to
which local on-road traffic directly affects these measurements, however, is a challenging problem, and a more thorough
comprehension of it is necessary to properly assess its impact on near-road air quality. In this study, a set of commonly
measured air pollutants (black carbon; carbon dioxide; carbon monoxide; fine particulate matter, PM s; nitrogen oxides; ozone;
and ultrafine particle concentrations) were monitored continuously between June 01%, 2015 and March 31%, 2017 at six stations
in Canada: two near-road and two urban background stations in Toronto, Ontario, and one near-road and one urban background
station in VVancouver, British Columbia. Three methods of differentiating between local and background concentrations at
near-road locations were tested: 1) differences in average pollutant concentrations between near-road and urban background
station pairs, 2) differences in downwind and upwind pollutant averages, and 3) interpolation of rolling minima to infer
background concentrations. The latter two methods use near-road data only, and were compared with method 1, where an
explicit difference was measured, to assess accuracy and robustness. It was found that method 2 produced average local
concentrations that were biased high by a factor of between 1.4 and 1.7 when compared with method 1 and was not universally
feasible, whereas method 3 produced concentrations that were in good agreement with method 1 for all pollutants except ozone
and PM;, which are generally secondary and regional in nature. The results of this comparison are intended to aid researchers
in the analysis of data procured in future near-road monitoring studies. Lastly, upon determining these local pollutant
concentrations as a function of time, their variability with respect to wind speed (WS) and wind direction (WD) was assessed

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

made the values from different sites more comparable, With the exception of ozone and PMs, local pollutant concentrations

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
to be proportional to WS¢, Downwind conditions enhanced local concentrations by a factor of ~2 relative to their mean, while
upwind conditions suppressed them by a factor of ~4. Site specific factors such as distance from roadway and local meteorology

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

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

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

environments (Belis et al., 2013; Molina and Molina, 2004; Pant and Harrison, 2013) where population densities are greatest—
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
within these near-road regions TRAP concentrations are generally highest (Baldwin et al., 2015; Jeong et al., 2015; Kimbrough
et al., 2018; Saha et al., 2018).

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

concentrations, further processing of raw measurement data is necessary. In general, near-road TRAP concentrations are
influenced by both regional and local emissions, and being able to distinguish the contributions of these sources allows their
relative impacts to be more properly assessed. Of particular importance to near-road measurements is understanding the role
of on-road traffic. For TRAPs whose source(s) cannot be readily identified from their measurement at a singular location,
concurrent samples at various locations and/or algorithmic methods can be used to enable apportionment.

Often, determining TRAP background concentrations is accomplished through monitoring at remote, representative locations
that are minimally impacted by nearby sources; properly siting background stations in urban environments is in itself a
challenge, and not always feasible. This practice, while useful in providing confidence in information regarding background
air quality, is expensive because it requires additional monitoring stations and personnel to maintain them. The value of these
background stations is lessened if similar knowledge is extractable from near-road locations alone. Various time-series analysis
algorithms have been proposed for this purpose, many of which make use of the inverse relation between source proximity
and signal frequency. For example, the technique of interpolating minima across time windows of varying length has been

applied successfully to data from both mobile laboratories (Brantley et al., 2014; Shairsingh et al., 2018) and stationary
measurements (Wang et al., 2018) for the purposes of estimating urban background pollutant concentrations._Additionally
work by Klems et al., (2010) and Sabaliauskas et al., (2014) made use of the discrete wavelet transform, an algorithm used

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

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

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

of background-subtracting near-road air quality data.

Given the diversity of techniques available for differentiating local and background pollutant concentrations, as well as the
large variety of instrumentation available, it is not clear which approaches are most generalizable or applicable, or whether it
is necessary to invest in concurrent measurements at many versus few locations. In addition, the exact definition of what is
background air quality is somewhat unclear, and in the context of this study, given the spatial separation between sites (on the
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),

in a study of ultrafine particle nucleation, defined measurement locations in their study which were 4.5 km and 40 km from an
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urban roadside station as urban background and regional background, respectively. The former was presumed to be a measure
of regional air quality superimposed with diffuse urban emissions, and it is this definition that best characterizes the background
air quality measured in this study. To evaluate whether information regarding this urban background was attainable from near-
road measurements alone, two strategies for quantifying the contribution of local on-road traffic to near-road air quality were
compared, and their reliability and accuracy were assessed through comparison with tandem measurements in both
environments.

In this study, data were collected continuously at three near-road and three urban background monitoring locations for close
to two years (namely, between June 01%, 2015, and March 31%, 2017). Various gas and particle-phase pollutants along with
meteorological parameters were measured using an array of instrumentation. Concentrations in excess of the urban background
were calculated from the near-road data using three techniques, one of which calculated an explicit difference between sites,
whereas the other two made use of only near-road data. Comparison of these methodologies addresses whether information
regarding background air quality is readily inferable from measurements made in the near-road environment.

2 Methods
2.1 Measurement locations

Data were collected from six separate monitoring locations: four of which were in Toronto, Ontario (two situated near
roadways and two in urban background environments), with the remaining two located in VVancouver, British Columbia (one
situated near a roadway and another in the urban background). The location of each station, along with information regarding
the major roadway next to which they were located (for the near-road sites), is summarized in Table 1. The two near-road
stations in Toronto, NR-TOR-1 (43.7111, -79.5433) and NR-TOR-2 (43.6590, -79.3954), and their respective instrumentation
setups have been utilized and reported by others and are described therein (Sabaliauskas et al., 2012; Sofowote et al., 2018;
Wang et al., 2015). The NR-TOR-1 site was positioned 10 m from Highway 401, the busiest highway in North America in
terms of Annual Average Daily Traffic (AADT) with over 400,000 vehicles per day distributed across eight eastbound and
eight westbound lanes. The Southern Ontario Centre for Atmospheric Aerosol Research (SOCAAR) served as the second near-
road site (NR-TOR-2), and was located 15 m from College Street in downtown Toronto which experienced traffic volumes of
17,200 vehicles per day on average. The northernmost station in Toronto, BG-TOR-1, was located at Environment and Climate
Change Canada (43.7806, -79.4675), 180 m from the nearest roadway, and the measurements from this station served as an
urban background/baseline for NR-TOR-1, which was located 9.8 km to the southwest of it. The second background station,
BG-TOR-2, was positioned on the southernmost point of the Toronto Islands on Lake Ontario (43.6122, -79.3887), and was
5.2 km south of NR-TOR-2. Since vehicular traffic on the Toronto Islands was limited to a small number of service vehicles,
the BG-TOR-2 station was well removed from tailpipe emissions.

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

experienced on average 33,100 vehicles per day across four southbound and three northbound lanes. Additionally, located 65
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m south of the station was a major intersection, Clark Drive and 12™ avenue, at which there were two gas stations located on
the northwest and northeast sides. The effect this intersection had on traffic patterns (stop-and-go, especially) directly next to
the station, and its effect on measured TRAP concentrations are explored in this study. Lastly, the urban background station
in Vancouver, BG-VAN, was located 2.2 km east of NR-VAN at Sunny Hill Children’s Hospital (49.2529, -123.0492). This
area was relatively removed from traffic emissions because it was located within a neighbourhood zoned predominately for

single unit family dwellings.

2.2 Instrumentation

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

840A, LI-COR Biosciences; attenuation of infrared radiation at wavelengths of 4,26 um and 2.95 um for H,O differentiation),

carbon monoxide (CO; 48i, Thermo Scientific; attenuation of infrared radiation at a wavelength of 4.6 um), ozone (Os; 49i,
Thermo Scientific; attenuation of ultraviolet radiation at a wavelength of 254 nm), and nitrogen oxides (NO; 42i, Thermo
Scientific; infrared chemiluminescence). Particle-phase pollutant properties measured include: mass concentration of particles
less than 2.5 microns in diameter (PM2s; SHARP 5030, Thermo Scientific; beta attenuation and light scattering); particle
number concentration (UFP; 651, Teledyne API; water-based condensation particle gcounting); and black carbon (BC; AE33,

Magee Scientific; filter-based attenuation of 880 nm wavelength light) mass concentration. Additionally, a meteorological
sensor (WXT520, Vaisala; ultrasonic anemometer) recorded wind direction, wind speed, ambient temperature, pressure, and
relative humidity at each station. Traffic intensities, velocities, and approximate vehicle lengths were measured continuously
(SmartSensor HD, Wavetronix; dual beam radar) at the three near-road stations.

Gas-phase instruments were calibrated on-site every two months using cylinders of compressed gasses at certified
concentrations (Linde). One cylinder contained SO, CO, and CO>, while the other contained NO; both contained N as an
inert makeup gas. Dilution and mixing of the gasses was accomplished using a dynamic gas calibrator (146i, Thermo Scientific;

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

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

as well as test the efficiencies of the molybdenum NO, converters in the 42i monitors. SHARP 5030 instruments were zero

checked using a HEPA filter, had their temperature and relative humidity sensors calibrated, and were span checked using
mass standards supplied by Thermo Fisher Scientific twice annually. In addition to recommended monthly maintenance
procedures for the API 651, each instrument underwent routine annual calibration by the manufacturer. Flow rates at each
station were verified on a monthly basis, and a variable flow rate pump was attached to a stainless steel particle manifold, from

conditions of the inlet cyclone.
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3 Data analysis

Data acquisition was accomplished using Envidas Ultimate software (DR DAS Ltd.). Quality assurance of the data was
performed by the primary operators of each station. This included, among other things: discounting data in which instrument
diagnostic parameters were outside of acceptable ranges, omitting calibration times, and flagging suspect periods. Data from

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

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

(Microsoft), SAS 9.4 (SAS Institute Inc.), and IGOR Pro 6.37 (Wavemetrics Inc.) software. Using the hourly concentrations
in the finalized dataset, three methods of separating local and background concentrations from the near-road measurements
were tested. One of these methods made use of the urban background measurements to explicitly infer background

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

background concentrations from the near-road measurements alone.

3.1 Average site differences

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

through the difference between concentrations measured at a near-road location, Cnr, and at the nearest urban background
location, Cgg, for some concurrent observation, i. Concentrations associated with local influences determined using method 1,

Cv,, rely on the assumption:

Cyrlil = Cpa[i] + Cpgli]- ()
Average C_ 1 values for each near-road location were then determined using Eq. (2):

Cua =~ I (Cuglil = CoeliD), @

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

average site difference

3.2 Downwind-upwind analysis

Through association with meteorology at a near-road measurement location, it is possible to assess traffic’s influence on TRAP
concentrations from the differences between downwind and upwind conditions. For example, Galvis et al. (2013) utilized
average downwind and upwind concentrations of CO», BC, and PM. s from a railyard to calculate local pollutant concentrations
for use in fuel-based emission factor calculations. A similar approach is used here to isolate concentrations emitted from a

roadway, henceforth referred to as method 2. Defining ranges of wind directions as corresponding to downwind and upwind
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of the major street next to which a station is located, average local concentrations from method 2, Cy», can be estimated using
Eg. (3):

~ 1 . 1 .

Crp= ;2?’:1 Cowlil - EZ?& Cywlil ®3)

where Cpw and Cuw are near-road TRAP concentrations measured when winds originate from downwind and upwind of the

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

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

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

the monitoring campaign. Similar to method 1, as the averaging time for both conditions is increased, confidence in Cp2 will

improve. It is also important to note that because these two meteorological scenarios encompass different time frames, it is
possible for certain times of day, etc. to be overrepresented in either average.

In all analysgs in which meteorological data are utilized, stagnant periods (wind speed (WS) < 1.0 m s™) were, omitted, Local

concentrations cannot be estimated as a function of time using this method, as downwind and upwind concentrations cannot
be measured simultaneously with a single near-road station. Also, stagnant time periods, as well as time periods that are not
within the downwind/upwind ranges are omitted, thereby increasing the amount of time needed to attain a representative
average. Lastly, an inherent assumption to this method is that upwind concentrations on either side of the roadway are similar.

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

3.2.1 Wind sector definitions at NR-TOR-1

Defining downwind and upwind sectors at NR-TOR-1 was straightforward, owing to the flat terrain of the area and the lack
of nearby TRAP sources excluding those from Highway 401. Hence, 90° quadrants perpendicular to the highway axis were
chosen. These definitions were further supported by average ambient CO, concentrations—an indicator of combustion
associated with traffic emissions—measured as a function of wind direction, shown in Fig. 1. Thus, downwind conditions at
NR-TOR-1 were defined as WD > 295° or WD < 25° and upwind as 115° < WD < 205°, where WD denotes wind direction

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

3.2.2 Wind sector definitions at NR-TOR-2

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

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
in more stagnant conditions roadside and introducing micrometeorological effects such as in-canyon vortices (Oke, 1988). The
effect of urban canyon geometry on micrometeorology is an effect that has been known for some time, and in general, for city-

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

(Vardoulakis et al., 2003).
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Given the urban canyon’s effect on ground-level wind direction, downwind/upwind quadrants at NR-TOR-2 were determined
based on wind direction measurements made above the urban canopy, and are defined as: WD > 300° or WD < 30° and 120°
< WD < 210° for downwind and upwind conditions, respectively. Figure 2 shows a satellite image of the site with these
respective quadrant definitions, along with average CO- concentrations as a function of wind direction, similar to Fig. 1. From
the range of CO. concentrations seen here, it is clear that obtaining a precise definition of what exactly is downwind or upwind
of College Street is non-trivial. Impact from the intersection southwest (winds from ~230°) of the receptor is somewhat

apparent in Fig. 2, also,,

3.2.3 Wind sector definitions at NR-VAN

While the presence of 2-3 story buildings within the immediate vicinity of the NR-VAN station may have complicated
meteorological measurements to some extent, the role of wind direction on the impact of local traffic emissions was much
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
the station—a major intersection (Clark Drive and 12 Avenue) approximately 65 m south of the station had an impact on
average measured CO. concentrations (Fig. 3) originating from the SSE direction. Because of this, the downwind and upwind
sector definitions for this site were not taken to be orthogonal: instead, downwind was defined as 135° < WD < 195° and
upwind as 235° < WD < 315°; these definitions were chosen in accordance with surrounding land usage. While the upwind
definition does include 12" avenue, a major roadway within 120 m of the station, it is suspected that lower TRAP
concentrations from this sector are due to: lower traffic volumes on 12t compared with Clark Drive, truck restrictions on 12t
and mechanical mixing from surface roughness (i.e. winds carrying TRAPs emitted on 12" being pushed up over the densely
spaced buildings between the roadway and monitor, resulting in diluted or no TRAPs measured at ground-level). Contrasting
this upwind definition with measurements from the sector 315°-345° in Fig. 3, which includes the major roadway Broadway
250 m from the receptor (farther than 12", there is a difference in average CO, concentrations of about 15 ppm, and this
difference is likely due to reduced surface roughness NNW of the receptor. Both NR-TOR-2 and NR-VAN provide examples
of the complexity of siting near-road stations, and how site-specific considerations must be made when associating data with

meteorology.

3.3 Background subtraction using time series data

Extracting information from one-dimensional ambient pollution time-series data (i.e. concentration as a function of time) for
the purpose of source apportionment is appealing as it allows the possibility of obtaining local and background estimates
without the need for more rigorous chemical analysis, computationally expensive multivariate analyses, or measurements made
at multiple locations. Such algorithms make use of the underlying principle that signal frequency is inversely related to source
distance. Regional or background sources (farther away from a receptor) produce slower varying, lower frequency signals,
whereas local (nearby) sources, such as traffic, produce faster varying, higher frequency signals (Tchepel and Borrego, 2010).
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The frequency at which data is acquired limits the highest frequencies separable by such a method. Daily averages, for example,
are too lengthy to capture processes whose time scales are much shorter—a plume from a nearby on-road vehicle, for example,
would have a characteristic time on the order of seconds to minutes. Therefore, in order to isolate these local temporal

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

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

averaged emission factors,is explored further in this paper.

3.3.1 Interpolation of windowed minima

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

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

was developed, validated, and utilized by Wang et al. (2018), and is described in full detail therein along with code compatible
with IGOR Pro 6.37.

The background-determining function, vy, takes as arguments: near-road pollutant concentrations as a function of time, Cg, @

b =y(Cyp, W, ), a=1W=3_, @)

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

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

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

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

b, determined from the average:

b=y(CypW,a=1) =7 T b; . ©)

values increases by a factor of W each time, giving window lengths of: W, 2W, .... gW. Then, the final baseline function
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becomes the mean of g*W baseline functions, bi;:

b =vy(Cyp,W,a) = i ,-212?21 b;j_. (6)

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

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

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

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

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

Cy3li] = Cyg[i] — B[], Dli] < Curli]Vy @

Cs= %Zi\]:l Cuslil, ((5)

Adgain, b[i] are background concentrations determined algorithmically, and are a function of Cng, whereas Cgg, as in Sect. 3.1,
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are physically measured concentrations. It is worth noting that while the constraint o < Cnras applied in this algorithm, itis

not always the case that a background station will measure less than a near-road station during a given hour for a number of
different reasons. For example, Sofowote et al. (2018) showed that a receptor 167 m from the edge of Highway 401 measured
PMg 5 concentrations that exceeded concurrent measurements at NR-TOR-1 (10 m from the edge of the highway) ~5% of the
time based on half-hourly measurements. Regardless, the impact of this assumption on estimated average local concentration

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

are shorter in duration will result in more temporally varying baselines, while longer windows will result in flatter baselines.
For information regarding function input parameters please refer to Wang et al. (2018). This study used the parameters a = 4
and W=28hr.

3.3.2 Application to near-road ozone concentrations -

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

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

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

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

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

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

of maxima.

4 Results
4.1 Average differences between near-road and background sites

Over the duration of the study period average Ci1 values were calculated using method 1, as described in Sect. 3.1, with
resulting differences summarized in Tables 2-4. Note that no CO; difference was calculated between Vancouver stations
because CO; was not measured at BG-VAN.
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The background-subtracted differences were smallest at NR-TOR-2; for every TRAP measured, both NR-TOR-1 and NR-
VAN saw greater Cp1 concentrations in comparison. This pattern is consistent with the lower traffic volumes at NR-TOR-2.
Surprisingly, despite the drastic difference in traffic intensities between NR-VAN and NR-TOR-1, Cy values at both sites
were remarkably similar for most TRAPs. This similarity was in part due to NR-VAN’s closer proximity to the roadway (6 m)
compared with NR-TOR-1 (10 m), in conjunction with the significant fraction of diesel vehicles passing along Clark Drive
(Wang et al., 2018). While most C 1 concentrations were similar between these two locations, UFPs at NR-TOR-1 were

significantly greater (3.0E+4 vs. 1 2E+4 cm™). However, this may in part be due to seasonal bias in UFP data availability

(Table S1) between NR-TOR-1 and BG-TOR-1 (note especially the lack of concurrent data during summer months when
ambient UFP concentrations are often lowest).

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

residence times of vehicle plumes prior to detection at each site: because NR-VAN was positioned closest to the roadway, it
is likely that vehicle plumes were fresher upon detection, whereas NR-TOR-2 sampled within an urban canyon where air tends
to stagnate and recirculate. These results emphasize an important implication for near-road monitoring policies: while NO»
alone is often regulated because of associated health effects, measurements of only NO, may not be a reliable metric for

assessing near-road health impacts, as characteristics of the site may result in NO, being a negligible fraction of total NO,.

The average differences for Oz were negative, indicating that ozone concentrations tend to be lower near major roads. Ozone
is presumably being titrated due to the higher near-road concentrations of NO. Furthermore, O3z production in downtown
Toronto and metropolitan Vancouver generally occurs in a VOC-limited regime, meaning that the additional NO, near roads
does not enhance local ozone formation (Ainslie et al., 2013; Geddes et al., 2009).

While PMy;s is generally considered to be a more regional and homogenous pollutant in urban environments, the observed
values of Ci; (1.48, 0.27, and 2.26 pg m* at NR-TOR-1, NR-TOR-2, and NR-VAN, respectively) were found to be
significantly greater than zero, and may be indicative of both primary tailpipe and non-tailpipe (e.g. brake wear, road dust
resuspension, etc.) emissions. A recent study by Jeong et al. (2019) characterized the sources and composition of PM at both
NR-TOR-1 and NR-TOR-2 using an X-ray fluorescence continuous metals monitor. They found that while concentrations of
aged organic aerosol, sulfate, and nitrate were similar between the two sites, contributions from sources such as traffic exhaust,
brake wear, and road dust differed significantly, and were the primary factors responsible for differences in average PM:s
concentrations. Another study by Sofowote et al. (2018), examined in more detail the reasons for elevated PM2s constituents
at NR-TOR-1, with particular emphasis on BC, relative to another receptor 167 m from Highway 401.

4.2 Downwind-upwind pollutant differences

As stated previously, NR-TOR-1 was the most ideal near-road monitoring location in this study for associating TRAP
measurements with local meteorology, as it was positioned on flat terrain, and the major roadway which it was stationed next
to was the only significant source of TRAPs in the immediate area. Thus, the direction of wind at this site had a significant
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impact on measured pollutant concentrations (Fig. 1). Using the methods described in Sect. 3.2, hourly TRAP concentrations
were aggregated based on wind direction, and were classified as either being downwind, upwind, or neither. Downwind and
upwind averages were calculated across the entirety of the study period and their differences, C. are summarized_also in
Tables 2-4, Additional information regarding the number of downwind/upwind hours and confidence intervals are provided in

the supplementary information (Sect. S2). Note that downwind and upwind conditions were generally not uniform with respect
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to time of day (Fig. S2); however, it was found that even if downwind and upwind data occurred uniformly with respect to

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

O U U
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JThis is true for most pollutants, with the exception of Oz and PM2;s. The reason Jocal concentrations generated via method 2 [Dﬂﬂed: the
(CLz) are generally greater than those generated via method 1 (Cp1) is believed to be due to the following; when a site is ( Deleted: in Table
directly downwind from a road it will generally experience greatest TRAP concentrations, as it is this case in which there is %z::::::: iese o
the smallest distance for dilution between the road and the site. In contrast, C. 1 values were averaged across all meteorological [ Deleted: values
scenarios. The fundamental differences between methods 1 and 2 is explored further in Sect. S3 in the supplementary [Deleted: their corresponding Cy ; values
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Unlike NR-TOR-1, NR-TOR-2 was not an ideal site for applying method 2 in a straightforward manner, as it measured air [Delete‘“ the
samples within an urban canyon where micrometeorology was complicated by vortices, stagnation, and recirculation effects. ( Deleted: reported in Table 2
Using the downwind and upwind sector definitions in Sect. 3.2.2, C., values were calculated at NR-TOR-2 and are

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

to produce meaningful differences and the resulting disagreement with the near-road-urban-background differences (Cr1)Js [Deleted: in Table 2
evident. Associating ground-level TRAP concentrations with city-scale meteorology at this site was complicated by

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

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

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

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

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

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

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

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

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

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

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

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 [Deleted: 2

that consistent results were seen for NR-VAN and NR-TOR-1 but not NR-TOR-2 underlines the importance of a station’s
location, surrounding obstructions to winds, and location of traffic sources, and that associating near-road TRAP
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concentrations with meteorological variability should be done with caution, taking into account the subtleties of each site’s
environ. The apparent stronger influence of the intersection rather than traffic directly next to NR-VAN (i.e. winds originating
from 90°; see Fig. 3), despite Clark Drive being 6 m vs the intersection being 65 m away, may seem paradoxical. We speculate
that the acceleration of southbound traffic along Clark Drive at this intersection was the main source of emissions, while
coasting past the site, particularly when slowing down for the stop light, would have contributed much less.

4.3 Local concentrations nferred from baseline subtraction

Method 3, as described in Sect. 3.3.1, was applied to hourly pollutant concentrations, and the algorithm input parameters used
were o= 4 and W = 8 hr, From the output, C. 3 was determined as a function of time, and then averaged across the entirety of

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

A penefit to this method was that it was able to estimate local and background CO; concentrations at NR-VAN, where CO,

measurements were made only in the near-road environment and not at the background site. This emphasizes a key advantage
to approaches such as these: traffic-related signal can be isolated from near-road measurements alone, without the need for
background or even meteorological measurements. Furthermore, this differentiation was performed on an hourly basis, thereby
retaining information in the time domain, which was not possible with method 2.

Across all near-road locations, average Ci 3 concentrations were quite similar to respective average Cy1 values, implying that
method 3, which uses only near-road data, is a robust means of estimating urban background and local traffic-related pollutant

particulate matter was an exception to this, however,Regarding PM.s, because its signal was largely dominated by regional-

scale sources and dynamics, temporal fluctuations in roadside PMz;s concentrations generally varied more slowly than those
of primary pollutants such as NO or BC, for example. Furthermore, this variability is generally meteorologically-driven and

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

falsely attributed to local signal, causing local PM. s concentrations ascertained through this method to be much higher than

respective C, ; concentrations. Lastly, for ambient concentrations < 80 ug m™, the hourly precision of the SHARP 5030 is 2

ug m*, So, the average site differences between near-road and background sites, which are all around 2 pg m™ or less, are

likely too small for method 3 to isolate as the signal-to-noise ratio on an hourly basis is quite small,,
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The choice of time window parameter, when comparing results obtained from method 1, is both site-specific and pollutant-

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

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

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

(e.q. CO, and PMys), whereas others agree better for larger values of W (e.g. UFPs). This is likely due to the relative

homogeneity of PM,s and CO, and heterogeneity of UFP concentrations in urban environments. Generally, however, it
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appears that the values a =4 and W = 8 hr are an appropriate middle-ground for the pollutants considered in this study, and

likely represent an urban background spatial scale of between 5 and 10 km.
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when compared with method 1, with the added benefit of retaining information in the time domain and not requiring a second

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

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

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

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

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

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

not necessarily be chosen based on this alone,
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4.4 Comparison of background subtraction methods

Three techniques were applied to the near-road monitoring locations in this study to extract information regarding local TRAP
concentrations: 1. Average differences between near-road and urban background locations, 2. Downwind-upwind differences
in near-road measurements, and 3. Average concentrations inferred through time-series analysis of near-road data. Generally,
methods 1 and 3 agreed well with one another, whereas method 2 produced values that were high in comparison with the other
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
three methodologies is summarized graphically in the supplementary information (Fig. S4-S6). The close agreement of
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is inferable from near-road data alone using method 3. Method 2 was able to isolate traffic-related pollutant signal for NR-

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

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

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

4.5 Application of local concentrations

Subtraction of background concentrations allows the influences of local traffic on near road TRAP concentrations to be
assessed. The benefits in terms of improved understanding were examined and illustrated by applying the local concentrations
thereby derived in two ways. The degree to which traffic influences TRAP concentrations beside a road can vary day-to-day
depending on the prevailing meteorology. Using the local signal allowed the magnitude of this source of variability to be
assessed in a manner that is consistent across most TRAPs and across all near-road sites. In contrast, the contribution of traffic

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

traffic while others such as CO- will be dominated by the background. Separating the local and background concentrations
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allowed assessment of how the portion from local traffic varied between sites and across the pollutants. Effectively, the
background subtraction methodology provided estimates that illustrate how much concentrations beside a road would drop if

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

4.5.1 Effect of meteorology on local TRAP variability

Using the hourly values of C, 3 at each near-road station determined using method 3 in Sect. 3.3.1, the roles of individual
meteorological parameters on the variability of these local concentrations were explored. While roadside concentrations are
affected by meteorology in a number of ways, local pollutant quantities—of interest are those from vehicular exhaust—are
expected to behave in a more predictable manner in comparison, and indeed there are many means in which to predict the
evolution of these exhaust plumes, from simple dispersion models to computational fluid dynamics. Here, however, a more
simplified means of underlining the effect of wind on above-background TRAP concentrations was utilized: local TRAP
concentrations normalized to their mean values were associated with both the direction and speed of local winds, the former
showing the effect of downwind/upwind variability and the latter showing that of dilution. Normalization allowed results to

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

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

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

4.5.2 Wind direction

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

local pollutant concentrations on wind direction at both NR-VAN and NR-TOR-1. Generally, downwind measurements have
the effect of enhancing local concentrations by a factor of ~1.5-2.0, whereas upwind conditions suppress local concentrations
by a factor of ~4.0, with respect to the mean. Note that these upwind concentrations did not necessarily converge to zero as
hourly averages were used to create these trends. It is also conceivable that during upwind periods, local turbulence from traffic

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

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

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

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

in enhancement and suppression at both sites. However, at NR-VAN, there appears to be two modes in concentration
enhancement. The Clark Drive and 12" Avenue intersection, located approximately 65 m from the receptor, had an influence
on local TRAPs originating from the south. However, given its distance, west/eastbound traffic along 12™ avenue should not
have had an influence similar to that of Clark Drive which was only 6 m away. We postulate that the traffic lights at the

intersection caused stop-and-go patterns in which southbound traffic on Clark Drive was often backed up to the monitoring
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location, and it is these driving patterns that are believed to be associated with the enhancement seen between the wind
directions of 100°-200° at NR-VAN.

When comparing methods of background subtraction, it was shown that method 2 yielded higher estimates of the local
concentrations in comparison with the other two methodologies, as further explored in Sect. S3 of the supplementary data.
Across pollutants, it was found that on average this downwind/upwind difference resulted in local TRAP concentrations that
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

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

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

(Table S8).

Lastly, it is of interest to note that hourly upwind C. s concentrations at either site yielded non-zero local concentrations. It is
indeed likely that at an hourly time-resolution some plume capture will occur during predominately upwind conditions;
however, this seems to carry with it the implication that upwind analysis at a near-road location may overestimate background
concentrations. To test this, average upwind concentrations were compared with average concentrations measured at each

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

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

concentrations.

4.5.3 Wind speed

Similar to the analysis in the previous section, the effect of wind speed on roadside TRAP concentrations was explored at NR-
TOR-1 and NR-VAN, and consistent results were found between them. Under stagnant conditions (wind speeds of ~1.0 m s~
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,
influence factor of 3.4 to 4. The maximum levels of enhancement and suppression were slightly smaller than the results found
for wind direction, implying a slightly smaller or equivalent importance on local TRAP concentrations at a given roadside
receptor. The relation used to model the effect of wind speed on normalized local concentrations was the following:

CLz _
Cus  wsez’ ©

where Cy are local pollutant concentrations determined through method 3, c; and c; are regression parameters, and WS is
wind speed as measured at the station. Indeed, more involved models have been shown to better represent the wind speed
dependency of specific pollutants (Jones et al., 2010); however, simplicity is preferred here so as to generalize results across
sites and pollutants.

On average, the regression parameters c; and ¢, were found to be ~2.0 and ~0.6 for NR-VAN, and ~1.6 and ~0.5 for NR-TOR-

weekends. While different c; parameters were determined for both sites, presumably due to their difference in roadway
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proximity, similar c, parameters between 0.5-0.6 were found. The c, parameter, which embodies the wind speed-pollutant
decay relationship, is expected to be independent of a station’s proximity to the roadway. As with the wind direction analysis
in the previous section, these associations with respect to wind speed were averaged from two years of hourly data across the
entire study domain, meaning they were acquired from a range of pollutants, traffic conditions, wind directions, and times of
day. While less descriptive from a mechanistic perspective, these results are intended to be more representative of the ranges

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

4.6 Fraction of near-road pollution attributable to local sources

The time-series based estimates of the background concentrations were also applied to estimate the portion of the pollutant
concentrations that were due to local traffic. For example approximately half of total BC concentrations were estimated to be
due to local sources at NR-TOR-1 with lower and higher percent contributions at NR-TOR-2 and NR-VAN, respectively (Fig.
7). The contribution of local sources varied across the pollutants; NO had the highest local contribution at the near road sites
while CO2 had the lowest (Fig. 8). Further, this methodology was able to replicate trends in weekday/weekend background
pollution variability—shown in Fig. 7,is BC, for example, with others in the supplementary (Fig. S7;S12). Local components

of air pollution showed far greater differences between weekdays and weekends at each near-road monitoring location,
emphasizing the effect of different on-road traffic conditions between these two sets of days. Generally, TRAP concentrations
measured at urban background sites were slightly higher on weekdays compared to weekends, and this change in regional
pollution was captured in the background contributions extracted from the near-road data. It should be expected that average
concentrations measured at BG-TOR-1 should match the background elements of NR-TOR-1 reasonably well, with a similar
argument to be made for BG-TOR-2 and NR-TOR-2; however, these urban background concentrations are likely not perfectly
homogeneous throughout the city. The spatial difference between BG-TOR-1 in north Toronto and BG-TOR-2 in south
Toronto was 20 km, and the difference in average pollutant levels between the two reflects this.

5 Conclusions

In this study TRAP concentrations were measured continuously at time resolutions of one hour or finer for over two years at
three near-road and three urban background locations. Three methods were explored for estimating the contribution of local
and regional/background sources on near-road measurements: differences between average measurements taken near-road and
at a nearby urban background location, downwind-upwind analysis at the near-road location, and time-series analysis of near-
road pollutant data. Generally, the near-road vs urban background and time-series analysis methods produced results that were
in good agreement; these values represent contributions to TRAP due to local traffic averaged over all wind directions. The
downwind-upwind method yielded local concentrations that were higher than the average station differences by approximately
40%; this was attributable to the downwind/upwind analysis isolating the conditions where traffic has the greatest impact on

a site while the average differences included data across all wind conditions.
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The time-series analysis method was an accurate and robust means of differentiating local and regional signal, with the added
benefits of being applicable across all near-road sites, not being constrained to certain meteorological scenarios or requiring a
separate background site, and retaining information in the time domain. This methodology is recommended for future use in
applications such as: determining the impact of local on-road traffic to a roadside receptor, isolating background concentrations
from ambient data for use in dispersion modelling, and obtaining above-background concentrations for fleet emission factor
calculations, for example

Lastly, to demonstrate the value in isolating the influence of local sources at an hourly time resolution, local TRAP
concentrations determined using time-series analysis were compared with meteorological variables at two of the near-road
sites, NR-VAN and NR-TOR-1. This analysis yielded trends that were similar between sites and generalizable across all
measured pollutants, with the exception of PM2s and Oz. Wind direction had a factor of influence of approximately seven at
both near-road sites, while the effect of wind speed was found to be slightly smaller, varying local hourly concentrations by a
factor of four, with highest concentrations seen during stagnant conditions and lowest concentrations as wind speed became
large. Both sites exhibited similar decays in local concentration with respect to wind speed; proportionality to wind speed was
found to be between WS and WS¢,
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Station 1D

Latitude

Longitude

Major Roadway

Annual Average

Daily Traffic Distance from

Deleted: |
)

(AADT) 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.
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Pollutant [ Formatted Table
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534 Table 4: Mean local pollutant concentrations at NR-VAN determined using each background-subtraction method.
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Figure 1: Satellite image of the NR-TOR-1 site, along with upwind (blue) and downwind (red) quadrant definitions. Meteorological
measurements were taken on top of a 10 m mast at the location of the station (labelled: NR-TOR-1) (a). Average ambient CO2
concentrations by wind direction, with upwind and downwind definitions again highlighted in blue and red, respectively. Error bars

are 95% confidence intervals on the mean (b).
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Figure 2: Satellite image of the NR-TOR-2 site, along with upwind (blue) and downwind (red) quadrant definitions. Meteorological
measurements were recorded on the roof of the facility (labelled: NR-TOR-2) (a). Average ambient CO2 concentrations by wind
direction, with upwind and downwind definitions again highlighted in blue and red, respectively. Error bars are 95% confidence
intervals on the mean (b).
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1606 Figure 3: Satellite image of the NR-VAN site, along with upwind (blue) and downwind (red) sector definitions. Meteorological
1607 measurements were recorded on a 10 m mast above the station’s location (labelled: NR-VAN) (a). Average ambient CO2
1608 concentrations by wind direction, with upwind and downwind definitions again highlighted in blue and red, respectively. Error bars
1609 are 95% confidence intervals on the mean (b)
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1650 NR-TOR-1 (b). Solid lines indicate the average trend amongst all TRAPs, and shaded areas indicate the range of variability between
1651 TRAPs.
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1672  Figure$: Normalized local pollutant concentrations determined using method 3 as a function of wind speed at NR-VAN (a) and NR- ,/,,/{ Deleted: 5

1673 TOR-1 (b). Solid lines indicate the average trend amongst all TRAPs, and shaded areas indicate the range of variability between
1674 TRAPs.
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Figure 7; Black carbon concentrations at each monitoring location in this study. Each site is separated by weekday and weekend,

I
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and bars are stacked according to concentrations attributed to local and regional sources. Background stations are presumed fully

regional and therefore contain no local component.
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1710
1711 Figure 8; Average fraction of near-road measurements attributed to local sources, as determined by method 3, for each near-road

1712 monitoring location.
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