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Abstract 

Near-road assessment of traffic related air pollutants along a major highway in Southern 

Ontario 

Holly Reid 

The spatial and temporal variation in atmospheric nitrogen dioxide (NO2), ammonia (NH3), 

and 17 elements (V, Cr, Fe, Ni, Cu, Zn, As, Cd, Pb, Mg, Al, Ca, Co, Se, Sb, Mn, and Na) were 

measured at 40 road side locations along a ~250 km traffic density gradient of 40,000–400,000 

vehicles on the King’s Highway 401, in Ontario, Canada. Elemental concentrations were 

measured over a year, using moss bags as passive samplers, for four quarterly three-month 

exposure periods (October 2015 – October 2016). Gaseous NO2 and NH3 concentrations were 

measured using Willem’s badge passive diffusive samplers for twelve one-week exposure 

periods (one per month: October 2015–October 2016). Dry deposition of nitrogen was estimated 

using the inferential method. There were significant linear relationships between NO2 and NH3 

and average annual daily traffic (AADT) volumes across the study area; higher concentrations 

corresponded to higher volume traffic sites. Average NO2 concentrations at sites ranged from 

23.5 to 73 μg/m3, with an annual average of 43.7 μg/m3. Ammonia ranged from 2.56 to 13.55 

μg/m3, with an annual average of 6.44 μg/m3. There were significant quarterly variations in 

NO2, with concentrations peaking during the winter months. In contrast, NH3 showed no 

significant quarterly variation, but a slight peak occurred during the summer. Gaseous NO2 and 

NH3 were highly positively correlated (r = 0.63), suggesting a common emission source from 

traffic. Concentrations in exposed moss were determined by subtracting the total concentration 

of each metal in the exposed sample from the background concentration present in the moss. 

Relative accumulation factors (RAF) and contamination factors were also calculated to 

determine the anthropogenic influence on tissue concentrations in exposed moss. All metals 
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showed elevated levels versus background concentrations, with all metals except Ni and Co 

showing considerable enrichment. The highest levels of contamination were from V, Cr, Fe, Zn, 

Cd, Sb, Pb and Na. Principal component analysis indicated 5 clear clusters of related elements, 

with PC1 accounting for 36.2% and PC2 accounting for 25.6% of the variance. Average annual 

daily traffic was significantly related to Cr, Fe, Cu, Sb, Mn, Al, and Na. Road side monitoring 

shows consistently higher concentrations than active monitoring sites located further from the 

edge of the road, indicating a need for increased road side monitoring in Ontario, Canada. 
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Chapter 1 General introduction 

1.1 Air pollutants 

An air pollutant refers to an atmospheric emission (anthropogenic or natural) of any reactive 

compound above natural ambient levels that leads to adverse effects on human and ecosystem 

health (EPA, 2013). Air pollution is a global concern, as many air pollutants can travel long 

distances and across international boundaries (EPA, 2013; WHO, 2012; Environment and 

Climate Change Canada, 2017). This has lead to the establishment of international air quality 

agreements (i.e. the Canada-United States Air Quality Agreement and the Ozone Annex), and to 

air quality strategies aimed at reducing emissions, and atmospheric levels of priority air 

pollutants (Government of Canada, 2016). Several priority air pollutants, such as particulate 

matter, ozone, nitrogen dioxide (NO2) and carbon monoxide are currently being monitored by 

federal and provincial networks across Canada to ensure they meet their legislated limits 

(Ministry of the Environment, Conservation and Parks, 2016).   

Major emissions sources of air pollutants are: residential heating, industry, agricultural 

applications, and vehicular traffic. While industry is often thought of as the largest polluter, 

increasing attention is being paid to traffic as a primary source of air pollution (especially in 

urban and residential areas). In urban environments, traffic emissions are the dominant source of 

NO2, but they are also linked to other priority air pollutants, such as particulate matter, carbon 

monoxide, ammonia (NH3), and heavy metals (Ministry of the Environment, Conservation and 

Parks, 2016). As such, NO2 is often used as a marker for traffic density because it is so strongly 

associated with traffic (Zhao et al., 2008; Van Roosebroeck et al., 2007). 

Gaseous NO2 and NH3, and particulate metals, are all atmospheric pollutants that can cause a 

variety of negative health and ecosystem effects. Nitrogen dioxide forms when nitric oxide, 
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primarily emitted from combustion engines in vehicles (Environment Canada, 2014; Mavroidis 

and Chaloulakou, 2011), reacts with oxygen in the atmosphere. It can then undergo further 

reactions and contribute to the production of ozone, fine particulate matter (PM₂ .₅ ), or nitric 

acid. Gaseous NH3 is traditionally thought of as an agricultural emission, but recent research has 

shown that in urban areas a primary source of gaseous NH3 is traffic emissions (Perrino et al., 

2002; Kean et al., 2009, Kean and Harley, 2000; Saylor et al., 2015). Ammonia is also a 

contributor to ozone and particulate matter, through chemical reactions and the production of 

ammonium salts (Sutton et al., 2008). Heavy metals were thought of as primarily an industrial 

emission, but evidence has shown that heavy metals are emitted from vehicular related activities, 

like the abrasion of tires and break pads, and the emission of fuel additives (Grigoratos and 

Martini, 2015; Napier et al., 2008). Exhaust emissions are often the target of legislation and 

emissions reductions, with a focus on fuel additive limiting. However, non-exhaust particles can 

be created by abrasion on the road surface, or the vehicular surface, and become suspended 

through traffic induced turbulence (Vukovic et al., 2015). This is particularly problematic in 

areas of dense high frequency traffic. As regulations, and reductions, on tailpipe emissions occur 

the importance of non-exhaust emission sources will increase and the need to regulate these 

sources will become important.  

1.2 Atmospheric monitoring 

Atmospheric pollutants are typically monitored using active techniques. Active monitoring 

stations, such as those established under the National Air Pollution Surveillance (NAPS) 

Program or the Canadian Air and Precipitation Monitoring Network (CAPMON), measure the 

concentrations of air pollutants in the atmosphere. Active samplers require electricity in order to 

pump air into the system, where it is then analyzed for a range of pollutants, i.e., active 
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monitoring of NO2 is carried out using chemiluminescence analyzers housed in monitoring 

stations. Nitrogen dioxide is one of several priority air quality pollutants that are widely 

measured in Canada, with ~300 stations taking hourly measurements across the country. Active 

analyzers can produce accurate, high frequency monitoring, which can highlight peak periods of 

pollution that exceed legislated or health related limits.  

Active monitoring of trace heavy metals employs air filtration packs that capture the 

incoming air and remove small particles (typically <2.5 µm); these filtered samplers are then 

analyzed for trace elements using inductively-coupled plasma mass spectroscopy (ICP-MS). 

There are few networks in Canada that monitor trace elements, with only five active stations 

reporting trace element data in Ontario, and 12 reporting trace metal data in Canada under 

NAPS.  

Passive sampling methods are often used to fill gaps in active monitoring networks, or to 

provide high-resolution spatial assessments. Passive samplers are typically small, lightweight, 

require minimal maintenance and require no energy. This allows them to be deployed in remote 

or difficult to reach areas, and in large numbers enabling robust spatial analysis. Passive 

samplers are widely used to assess the concentrations of pollutants in the atmosphere and have 

been shown to be reliable and precise (Cox, 2003; Kirchner et al., 1991; Zbiernowski and 

Aherne, 2012). 

Passive diffusive sampling involves the deployment of badge or tube-type air samplers to 

measure gaseous air concentrations. The Willems’ badge samplers typically reduce in-tube 

reactions of gases that can occur with longer tube-like samplers, as they have a shorter diffusion 

path, allowing them to work efficiently under high concentrations, like those typically observed 

in urban areas (Tang et al., 2001). The relative ease of deployment and inexpensive nature of 
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passive samplers also allows for them to be deployed in more difficult to reach areas, or to cover 

a larger geographic area, than traditional active stations.  

Monitoring of heavy metals is also often performed using biomonitoring, where a native 

species of plant or animal is collected and tested for heavy metal concentrations as an indicator 

of the concentrations in the area. In Europe and Asia monitoring of heavy metals is widely 

carried out, through systematic repeated vegetation surveys, using moss as biomonitors (ICP 

Vegetation, 2015). Moss is an excellent biomonitor for atmospheric heavy metals as it lacks a 

traditional root system, so it gets all its nutrients directly from the air, and it has a high cation 

exchange capacity, meaning it can bind metals from the air (Brown and Bates, 1990). This 

allows moss concentrations to be used as an approximation of of heavy metals deposition.  

Moss species, although widespread, are often difficult to find in urban areas, especially 

along road side verges where grasses predominate. Therefore, mosses in these types of areas 

have also been used as a passive sampling mechanism, through the use of  “moss bags”. Moss is 

cleaned and dried, then placed inside mesh bags, where it can passively uptake the air around it 

and accumulate metals present in the air. The moss bag technique was first developed by 

Goodman and Roberts (1971), and since then has been deployed in Europe and Asia (Vukovic et 

al., 2015; Giordana et al., 2009) as a relatively easy, inexpensive, and efficient method of 

monitoring atmospheric heavy metal pollution.  

1.3 Traffic and urban air pollution 

The Greater Toronto Area (GTA) in Ontario is home to ~6 million people, a fifth of the total 

Canadian population. In addition, it has the busiest highway in North America, the King’s 

Highway 401. which stretches 830 km, from Windsor to the Ontario-Quebec border, and at its 
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peak (in the GTA) the average annual daily traffic (AADT) volume count is greater than 450,000 

vehicles.   

Urban environments, like the GTA, typically have elevated levels of air pollutants, which are 

consistently higher than background areas; these levels show high spatial and temporal 

variability owing to changes in traffic density. High population density and confounding 

environmental variables, such as the urban heat bubble (where dense urban areas are several 

degrees warmer than surrounding areas, due to a variety of factors such as: asphalt and other 

dark, light-absorbing surfaces retaining extra heat and leading to increases in air temperature, 

declines in latent heat energy exchange, and the elevated problem of urban greenhouse gas (EPA 

2013; Longxun et al., 2003)) cause elevated pollutant levels and increased residence times for 

those pollutants.   

The transportation sector is a major source of urban air pollution (Environment and Climate 

Change Canada, 2017), and there is a strong relationship between traffic density and outdoor air 

concentrations of pollutants (Van Roosebroeck et al., 2007; Napier et al., 2008; Perino et al., 

2002; Cape et al., 2004). Studies suggest that living, working, or going to school in proximity to 

a major roadway increases exposure to air pollutants, leading to adverse health effects (Chen et 

al., 2017; Leary et al., 2014; Zhao et al., 2008).  

Air pollution is estimated to be globally responsible for ~6.5 million premature deaths in 

2015, and 5% of those deaths were directly related to land traffic (Lancet, 2017). This is 

particularly a problem in dense urban areas, such as the one along highway 401 corridor. This 

area of Canada is the only place where air pollution related mortality is expected to increase by 

2050, due to increased respiratory-related health issues (Lelieveld et al., 2015). 
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1.4 Near-road monitoring  

The well-established link between traffic density and air pollution levels has lead the United 

States and the European Union to establish road side monitoring networks, both have established 

specific criteria for road side monitoring to assess pollutant levels. In the European Union, 

specific criteria vary from country to country, but road side (or kerbside) monitoring stations are 

used to assess exposure to air pollutants. In general, these monitoring stations are placed directly 

on the kerb (CITEOAIR, 2017), and are located at peak traffic areas with high population 

density. 

In the United States, both state and local agencies are required to monitor pollution levels 

near heavily trafficked roads where peak NO2 concentrations are expected to occur. The 

requirements for these near-road monitoring locations are based mainly on populations and 

traffic density; areas with 500,000 people are required to have at least one near-road side 

monitoring location, and areas with >2.5 million people and/or >250,000 AADT counts are 

required to have a minimum of two near-road side monitoring sites. Additional requirements are 

that near-road monitoring sites be located within 20 m of the road side, and that sites have 

unobstructed air flow, with no obstacles between the monitoring probe and the nearest outside 

edge of the traffic lane (EPA, 2012). 

Canada has few road side stations that met the EPA or European criteria for primary air 

pollutants such as NO2, which is measured, along with PM2.5, O3 and CO, to assess air quality. 

However, for some pollutants, such as NH3 and airborne metals, there are no air quality 

standards for measurements, and there is virtually no measurement of these pollutants occurring 

in Canada, near or far from road sources. There is only one active monitoring station along the 

highway 401 (125 Resources Road, 43.709444, -79.5435) located ~100 m from the edge of the 
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road, nonetheless there is a significant gap in the information regarding near-road air quality in 

southern Ontario along the busiest highway in north America.  

1.5 Objectives 

The primary objective of this research was to assess the magnitude, and spatial and temporal 

variability of near-road air pollutants (NO2, NH3 and 16 trace elements) along highway 401 in 

southern Ontario, and to determine their relationship to traffic density.  

Secondary objectives were to use the relationships between pollutants to identify their 

potential sources, and to determine total dry N deposition levels from ambient air concentrations. 

The ability for current stations and monitoring to meet near-road requirements was also 

evaluated. 

This study was conducted along a ~250 km section of highway 401, spanning a traffic 

intensity gradient of 40,000–450,000+ vehicles per day, running through the GTA to capture the 

traffic intensity gradient. Exposures occurred over the course of twelve months during 2015–

2016 to capture temporal variability in pollutants. Near-road monitoring within the right-of-way 

was conducted to evaluate air concentrations at the highway 401 directly.  

This thesis is composed of two manuscript-style chapters focused on using passive air 

samplers and moss bags to monitor air pollutants, respectively. The study regions, sampling 

methods and exposure periods are repeated across both chapters to facilitate stand-alone 

manuscripts. The first manuscript focused on spatial and temporal variation in NO2 and NH3 

concentrations along highway 401 using passive samplers and discussed the need for increased 

road side monitoring and gain a clearer picture of air quality, and the second manuscript focused 
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on road side trace element concentrations along highway 401 using moss bags, and their 

potential sources in the urban environment.   
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Chapter 2 Near-road assessment of atmospheric  nitrogen dioxide and ammonia along a 

major highway in southern Ontario 

Abstract: 

The spatial and temporal variation in atmospheric nitrogen dioxide (NO2) and ammonia 

(NH3) were measured at 40 road side locations along a ~250 km traffic density gradient of 

40000–450000 vehicles on the King’s Highway 401, in Ontario, Canada. Gaseous concentrations 

were measured using Willem’s badge passive diffusive samplers for twelve one-week exposure 

periods (one per month: October 2015–October 2016). Dry deposition of nitrogen was estimated 

using the inferential method. There were significant linear relationships between NO2 and NH3 

and average annual daily traffic (AADT) volumes across the study area; higher concentrations 

corresponded to higher volume traffic sites. Average NO2 concentrations at sites ranged from 

23.5 to 73 µg/m
3
, with an annual average of 43.7 µg/m

3
. Ammonia ranged from 2.56 to 13.55 

µg/m
3
, with an annual average of 6.44 µg/m

3
. There were significant quarterly variations in NO2, 

with concentrations peaking during the winter months. In contrast, NH3 showed no significant 

quarterly variation, but a slight peak occurred during the summer. Gaseous NO2 and NH3 were 

highly positively correlated (r = 0.63), suggesting a common emission source from traffic. 

Furthermore, NO2 was twice as high as ambient urban observations, while NH3 was four times as 

high. Annual NO2 concentrations were higher than the 40 µg/m
3
 European and WHO limits. 

Estimated annual N dry deposition ranged from 26–86 kg/ha
 
yr along the transect, and similarly 

showed a relationship to traffic density. Road side monitoring shows consistently higher 

concentrations than active monitoring sites located further from the edge of the road, indicating a 

need for increased road side monitoring in Ontario, Canada.  

Keywords: nitrogen dioxide, ammonia, traffic, road side, passive samplers, nitrogen deposition  
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2.1 Introduction 

Atmospheric nitrogen (N) exists as both unreactive gaseous N (N2), which makes up 78% of 

the atmosphere, and as reactive N in the form of various N gases (Galloway et al., 2003). 

Emissions from anthropogenic activities have caused the concentrations of many of these 

reactive species to increase beyond their background levels. Gaseous N dioxide (NO2) is a 

precursor to photochemical smog (through the formation of oxidants like nitric acid), and can 

contribute to acidic deposition and eutrophication, causing both human and ecosystem health 

effects (Latza et al., 2009). Gaseous ammonia (NH3) can react with acid gases and undergo long-

range transport (Erisman et al., 1998); elevated N concentrations can result in long-term negative 

effects (such as acidification and eutrophication) on ecosystems (Davidson and Cape, 2003), and 

reduce atmospheric visibility owing to increased levels of particulate matter in the air. Increased 

combustion, fertilizer use and animal (primarily cattle) production, have caused levels of NO2 

and NH3 to climb during the last century, and while recently North American governments have 

focussed on decreasing NO2 emissions, little to no attention has been paid to NH3 (Ministry of 

the Environment, Conservation and Parks, 2016).  

Nitric oxide (NO) is produced directly through fuel combustion in vehicles and rapidly 

oxidizes to form NO2. Transportation accounts for more than half of all emitted N oxides in 

Ontario, Canada (Environment and Climate Change Canada, 2016), making NO2 a commonly 

used marker of traffic-related air pollution (Zhao et al., 2008; Van Roosebroeck et al., 2007; Bae 

et al., 2004; Hueglin et al., 2006). Ammonia is primarily associated with agricultural activities, 

such as fertilizer application and livestock emissions, but recent studies have shown that NH3 is 

directly emitted from vehicles, as a result of the over reduction of N in catalytic converters 

(Sutton et al., 2000; Suarez-Bertoa et al., 2014), and that NH3 concentrations in urban 
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environments can be directly linked to traffic sources (Kean et al., 2000; Kirchner et al., 2002; 

Cape et al., 2004; Lloyd and Bansal, 2013). Traffic related NO2 and NH3 also contribute to 

elevated N deposition on vegetation and soils along road side verges (Cape et al., 2004; Bettez et 

al, 2013; Watmough et al., 2017). 

Canadian air monitoring networks, such as the National Air Pollution Surveillance (NAPS) 

Program and the Canadian Air and Precipitation Monitoring Network (CAPMoN), have been set 

up across the country to monitor priority air pollutants, to assess potential human health impacts, 

environmental impacts, to support policy decisions, and to determine spatial patterns and 

temporal trends of air pollution. Air monitoring networks in southern Ontario, where most of the 

Canadian population live, are primarily located in urban population cores (Air Quality Ontario 

/NAPS) and rural background (CAPMoN) locations (Environment and Climate Change Canada, 

2018). 

The strong link between traffic density and air pollution levels has lead several countries to 

establish road side monitoring networks; the United States and the European Union both have 

established criteria for road side monitoring locations to more accurately measure air pollution 

levels (CITEOAIR, 2017). In the European Union, criteria vary from country to country, but 

road side (or kerbside) monitoring stations are prevalent and used to assess exposure to air 

pollutants. In general, these monitoring stations are located close to the road side (never more 

than 100 m) and are often placed directly on the kerb (CITEOAIR, 2017). 

In the United States, requirements for near-road monitoring are based mainly on population 

and traffic density parameters; areas with 500,000 people are required to have at least one near-

road side monitoring location, and areas with >2.5 million people and/or >250,000 average 

annual daily traffic (AADT) counts are required to have a minimum of two near-road side 
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monitoring sites (EPA, 2012). Additional requirements are that near-road monitoring sites be 

located within 20 m of the road side, and that sites have unobstructed air flow, with no obstacles 

between the monitoring probe and the nearest outside edge of the traffic lane (EPA, 2012). 

In Ontario there is a lack of monitoring directly along road side verges, leaving a gap in 

knowledge concerning concentrations of air pollutants in the urban environment. This is 

particularly important along the King’s Highway 401 because it is the busiest highway in North 

America, with a population of ~6 million people and peak traffic volumes > 450,000 vehicles per 

day (Ministry of Transportation, 2016). Additionally, while NO2 is considered a priority air 

pollutant and is widely monitored at active monitoring stations across the country, there is 

limited monitoring of NH3 (Environment and Climate Change Canada, 2018).  

Passive air samples, like the Willem’s badge diffusion sampler, can be used as an 

inexpensive, unobtrusive, and low-maintenance alternative to traditional active monitoring 

methods (Zbiernowski and Aherne, 2012). These samplers have been widely and reliably used to 

assess air concentrations of NO2 and NH3 in areas that are not feasible for active monitoring or 

with large spatial resolution where active monitoring is difficult (Zbiernowski and Aherne, 2012; 

Kruppa and Legge, 2000; Stranger et al., 2008; Moodley et al., 2011). While active monitoring 

of air pollutants provides an effective way to assess peak episodes of air pollution in urban areas, 

there are currently no active stations in Ontario that meet road side monitoring requirements – 

one station, at Resources Road (43.709444, -79.5435) had been established near the road side but 

it was further than 100m from the side of the road; there has been an additional monitoring site 

placed closer to the road side at Resources Road (<10 m), between the old active monitoring 

station and the edge of the highway (at 43.711118, -79.543365), but this data is not yet available 
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publicly and this station was not present at the time of the current study. This is especially 

problematic along highway 401, which has the highest traffic counts in North America.  

The main objective of this study was to evaluate the spatial and temporal patterns of near-

road concentrations of NO2 and NH3 along a 250 km transect of the highway 401, through the 

GTA. This was done by deploying passive samplers at 40 locations, along a traffic density 

gradient (40,000 - >450,000 AADT) of the highway 401, over the course of 12 months (October 

2015–October 2016). The secondary objectives of this study were to examine the relationship 

between NO2 and NH3 along the study area to determine if traffic was their primary source in the 

urban environment, to compare road side levels to current ambient urban levels from active 

monitoring stations and to determine N deposition levels along the road side. 

2.2 Methods 

2.2.1 Study area 

The climate in Toronto, is humid continental, with severe winters and strong seasonal 

variation. The average annual temperature is ~10°C, with the coldest months reaching lows of  

<–30°C and the warmest summer months reaching peak temperatures of  >30°C; average annual 

precipitation is ~780 mm (25 year average, 1991 – 2016). The city of Toronto has a population 

of ~3 million, while the GTA has a population of ~6.5 million (2016 census).  

Passive samplers were exposed along the King’s Highway 401, in Ontario Canada, 

encompassing a traffic density gradient of 40,000–450,000+ vehicles per day, from Coburg to 

Innerkip Ontario (a transect of ~250 km). Samplers were exposed on both the north and south 

sides of the highway (n = 13, n = 15), and along overpasses above the highway (n = 12) (Figure 

1; Table 1); overpass sites were located over the centre of the highway 401 hanging out over the 

traffic, they were also located within 500 m of at least one road side site. Passive samplers were 
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co-located with a chemiluminescence NO2 analyzer at the Toronto East (TOE) active monitoring 

station, and the Buttonville meterological station was used for climate data (Figure 1). TOE is 

located at Kennedy Road in Toronto ON, (43.747917,-79.274056), approximately 3.1 km from 

highway 401 (straight-line distance to the edge) and Buttonville is located at 43.862448, -

79.369607, approximately 10.5 km from the highway. These sites are maintained by the Ministry 

of Environment Conservation and Parks (MECP). 

 

Figure 1: Map of study sites; red-filled circles indicate road side sites, purple are overpasses, and yellow indicate the 

co-located site (TOE) for comparison to active monitoring data and Buttonville, where climate data were obtained. 

Table 1: Study sites: site ID, sampler road side location (N = north, S = south, OP = overpass, REF = reference site), 

latitude, longitude, elevation (m), average annual daily traffic (AADT), and the distance along the study transact 

from east to west (km) (with site 1 = 0 km) are given. TOE = Toronto East active monitoring site. 

Site ID Side of 

Road 

Latitude Longitude Elevation 

(m) 

AADT 

(000) 

Distance 

(km) 

1 S 43.99 -78.17 99.6 41 0.0 

2 OP 43.98 -78.20 113.6 49 1.9 

3 N 43.97 -78.33 144.7 47 12.6 

4 S 43.90 -78.63 98.6 76 38.0 

5 OP 43.90 -78.64 110.2 76 38.8 

6 N 43.90 -78.67 82.5 73 41.0 

7 S 43.90 -78.69 79.2 73 42.2 

8 S 43.88 -78.76 99.4 82 48.3 
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9 S 43.88 -78.87 110.9 124 56.7 

10 OP 43.88 -78.88 118.6 124 57.6 

11 S 43.87 -78.93 82.1 152 62.0 

12 S 43.85 -79.04 94.1 180 70.7 

13 N 43.83 -79.08 86.9 202 74.7 

14 OP 43.83 -79.09 101.2 211 75.3 

15 OP 43.80 -79.17 133.8 237 82.2 

16 N 43.80 -79.18 129.8 237 83.4 

17 N 43.78 -79.24 168.5 282 88.3 

18 S 43.78 -79.25 163.3 282 88.9 

19 OP 43.78 -79.26 172.1 320 89.7 

20 OP 43.78 -79.26 181.0 320 90.4 

21 N 43.78 -79.27 176.3 320 90.8 

22 S 43.77 -79.30 187.5 345 93.3 

23 OP 43.77 -79.30 187.9 355 93.8 

24 N 43.73 -79.47 188.9 370 107.6 

25 N 43.72 -79.48 186.4 370 108.7 

26 OP 43.72 -79.48 182.8 384 108.9 

27 S 43.71 -79.53 143.4 403 113.1 

28 N 43.65 -79.64 161.9 381 123.3 

29 OP 43.63 -79.68 199.7 188 127.6 

30 S 43.62 -79.70 190.9 160 129.1 

31 S 43.60 -79.78 206.9 127 136.0 

32 OP 43.60 -79.79 212.6 127 136.6 

33 S 43.55 -79.86 203.8 131 143.7 

34 OP 43.54 -79.86 214.5 131 144.5 

35 S 43.52 -79.94 227.7 107 150.8 

36 S 43.45 -80.13 328.0 108 167.9 

37 N 43.42 -80.29 322.3 112 181.8 

38 N 43.4 -80.38 295.2 53 189.4 

39 N 43.27 -80.55 297.0 46 207.3 

40 N 43.24 -80.59 302.7 46 211.6 

TOE REF 43.75 -79.27 167.2 NA NA 

 

2.2.2 Williem’s badge passive diffusive samplers 

The atmospheric concentrations of NO2 and NH3 were measured using Willem’s badge 

passive diffusive samplers , which have been extensively used to assess atmospheric 

concentrations (Zbieranowski and Aherne, 2012). The samplers consist of a cylindrical body, in 

which a coated GFA filter paper (Whatman, 1820) is placed to absorb atmospheric NO2 or NH3 

through passive diffusion. A spacer ring separates the absorbent pad from a Teflon membrane, 

creating a layer of still air through which the target gas diffuses from the outside air onto the 
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absorbent pad. A second spacer ring holds the Teflon in place, and the body is capped to create 

an airtight seal when the sampler is not exposed (Figure 2). The cross-sectional area of the 

Teflon membrane, and the GFA membrane, are both 5.309 × 10
-2

 cm
2
. The cylindrical body was 

spray painted black for the NO2 samplers to prevent photochemical reactions in the badge; NH3 

bodies were left clear. 

 

Figure 2: Schematic of Willem’s badge passive diffusion sampler: 1) Velcro for sampler deployment, 2) sampler 

body with opening at one end, 3) absorbent GFA membrane, 4) spacer ring (6 mm for NO2, 2 mm for NH3), 5) 

Teflon membrane, 6) 3 mm spacer ring, and 7) cap. Source: Zbieranowski and Aherne (2012). 

The GFA membranes were cleaned in a hot water bath (95°C), and then transferred into 

two consecutive baths of acetone to allow for quick drying. Teflon membranes and spacer rings 

were cleaned using one bath of 1:1 v/v 95% ethanol and Milli-Q water, and then transferred into 

two consecutive baths of 95% ethanol. Sampler bodies and caps were washed using B-pure 

water. The GFA membranes were coated during assembly in a purged glove box; 4% 

Triethanolamine (TEOA) was used for absorption of NO2, and Tartaric Acid for the absorption 

of NH3. Laboratory (n = 3–5) and travel (n = 3–5) blanks were prepared for both types of 

samplers, per exposure. TEOA has been widely used for the uptake of NO2 (Hafkenscheid et al., 

2009) and has been extensively reviewed for this purpose.  

Samplers were transported to and from study sites in sealed zip-lock bags, and after 

exposure samplers were refrigerated at 4°C until analysis. The glove box was purged using a 
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tube-filter connected to an air pump (PVC tube stuffed with glass wool soaked in TEOA solution 

for NO2 and in Tartaric Acid solution for NH3).  

After exposure, samplers were disassembled, in batches of 50–60 in the purged glove 

box. The GFA membranes were removed and each placed into a conical tube containing 5 mL of 

B-pure water, to create a NH3 membrane solution. The tubes were swirled gently (to avoid 

breaking the membranes) and left for ~30 minutes; 3.2 mL of B-pure water was pipetted into a 

new conical tube for each NH3 sampler, along with 1 mL of the NH3 membrane solution, and 0.4 

mL of salicylate and 0.4 mL of isocyanurate reagents (in order). Tubes were inverted three times 

to mix and stored in a dark cupboard for 2–3 hours before analysis. For NO2 analysis, 1 mL of B-

pure water was pipetted (2× dilution) into new conical tubes for each sampler, and 2.5 mL of the 

GFA membrane solution and 1.5 mL of reagent (4.0 g sulphanilamide, 10.0 g tartaric acid, 0.1 g 

ethylene-diaminetetra-acetate dissolved into 800 mL of Milli-Q water, to which 0.1 g of N-1-

naphtylethylene-diammoniumdichloride and 10 mL of acetone were added, and the reagent was 

diluted with Milli-Q to 1000 mL) were added. The tubes were inverted three times and stored in 

a dark cupboard for 1 hour.  

Subsequent exposures (E2–E4) used 1.25 mL of membrane solution and 2.25 mL B-pure 

for a 4× dilution, or 0.625 mL of membrane solution and 2.875 mL of B-pure for an 8× dilution 

(E5–E12), to ensure samplers were within the range of the calibration curve for colorimetric 

analysis. An 8x dilution was eventually settled on, as samples needed to be further diluted for the 

instrument to accurately read the values.  

Vials were analysed using UV-VIS spectrometry (Perkin Elmer Lambda XLS) at a 

wavelength of 655 nm for NH3 and 540 nm for NO2. A calibration curve was produced for each 

batch of samples, using six standards with known concentrations (0.0, 0.133, 0.664, 1.328, 1.992, 
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2.656 µg/m
3
) for NO2, or six standard ammonium concentrations (0.0, 0.121, 0.605, 1.210, 

2.420, 3.630 µg/m
3
). This curve was used to correct for instrument variation and chemical 

variations in each batch of examined samples.  

2.2.3 Passive sampler deployments 

Passive samplers were deployed over twelve, 1-week periods monthly between October 

2015 and October 2016 (Table 2). Exposure four (January) was comprised of overpass only due 

to a severe snowstorm restricting access to the side of the road. Samplers were deployed in 

triplicate, and both NO2 and NH3 samplers were deployed simultaneously at each site.  

Samplers were deployed under a plastic rain shield, mounted on wooden stakes ~1.5 m high. 

Stakes were hammered into the ground between 1–3 m from the edge of the road within the right 

of way. Overpass samplers were deployed under rain shields, zip-tied to overpass railings over 

the centre of the highway, facing away from pedestrians, at ~1.5 m above the sidewalk. Samplers 

were also co-located at the active monitoring station (TOE), under a rain shield as close to the 

monitoring station as possible. After each exposure, active measurements were obtained from the 

MECP online database for calibration of samplers (http://www.airqualityontario.com). Sampling 

periods were also evaluated on a quarterly (roughly seasonal) basis.  

Table 2: Exposure periods for passive samplers. The exposure ID, start date, and end date are given. E4 was an 

overpass-only exposure due to inclement weather conditions, and only NO2 data is available for E1 due to a lab 

mishap with NH3 samplers. 

Exposure ID Start Date End Date 

E1 October 7, 2015 October 14, 2015 

E2 November 11, 2015 November 18, 2015 

E3 December 9, 2015 December 16, 2015 

E4 January 20, 2016 January 26, 2016 

E5 February 16, 2016 February 23, 2016 

E6 March 15, 2016 March 22, 2016 

E7 April 14, 2016 April 21, 2016 

E8 May 17, 2016 May 24, 2016 

E9 June 15, 2016 June 22, 2016 

E10 July 13, 2016 July 20, 2016 

E11 August 18, 2016 August 25, 2016 
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E12 September 27, 2016 October 4, 2016 

 

2.2.4 Calculation of atmospheric concentrations of pollutants 

The amount of ambient atmospheric NH3, and NO2, absorbed during exposures was 

determined following Zbiernowski and Aherne (2012). Briefly, the amount of NH3 or NO2 on 

each membrane was determined by subtracting the laboratory blanks (average of n = 3–5 of each, 

per exposure) from the exposed sites (average of n = 3 per site, per exposure), and determining 

the total amount of pollutant on the sorbent pad, using:  

Q = (Sf  – Sb) × f × df 

Where Q is the net amount of the pollutant sampled (µg), Sf is the average absorbance of 

the triplicate exposed field samples, and Sb is the average absorbance of the blanks. The average 

blank value of all the blanks, for all the exposures, was used in all calculations, as there were no 

significant differences between exposures (n = 12).  The calibration factor f was determined as the 

slope of the calibration curve; the slope of the UV-VIS absorbances measured versus known 

concentrations of NO2 or NH3 (the slope was averaged for all the curves over the entire exposure 

as there were no significant differences between curves; n =28 curves as samplers had to be 

evaluated in multiple batches per exposure due to space constraints in the glove box), and df is 

the dilution factor (2, 4, or 8 for NO2 depending on exposure, and 5 for NH3).  

The ambient atmospheric concentration (C, µg/m
3
) of atmospheric NO2 and NH3 was 

then estimated from Q, using: 

C = 
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Where A is the absorbent pad surface area (5.309 × 10
-4

 m
2
), t is the length of the 

exposure period in seconds, and Rt (s/m) is the uptake coefficient (the total resistance) of the 

sampler. A constant Rt was used for the NH3 samplers (164 s/m) following Zbiernowski and 

Aherne (2012aadn 2012b). In contrast, an exposure-specific Rt was calculated for each NO2 

exposure. This was done using data from the active monitoring station (TOE) to calibrate the 

sampler, and account for the sensitivity of TEOA sorbent to climactic changes.  

For each NO2 exposure Rt was individually calculated, using: 

Rt = 
          

 
 

 Where Ac is the measured active sampler concentration of NO2 during the sampling 

period (µg/m
3
), A is the absorbent pad surface area (5.309 × 10

-4
 m

2
), t is the length of the 

exposure period in seconds, and Q is the concentration measured on the sorbent pad of the 

passive sampler. 

2.2.5 Data analysis 

A two-tailed t-test was performed to determine if there were significant differences 

between travel, and laboratory blanks, in order to determine if the samplers were exposed to 

significant amounts of NO2 or NH3 during transport. The values for overpass sites were 

compared to the corresponding values for road side sites (at locations where the overpasses and 

road sides corresponded only, n = 12 of each), using a scatterplot with a 1:1 line, and t-tests. 

Observed concentrations during each individual exposure (NO2 n = 12 and NH3 n = 11) 

were averaged to produce an annual concentration value for each site, and to obtain average 

quarterly values (S1 = October, November, December 2015; S2 = January, February, March 
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2016; S3 = April, May, June 2016; S4 = July, August, September 2016) for each site.  The 

coefficient of variation (COV), median, and minimum and maximum concentrations were also 

calculated.  

Average Annual Daily Traffic counts were obtained from the Ontario Ministry of 

Transportation’s website, and meteorological data were obtained from the Government of 

Canada Website (http://climate.weather.gc.ca), for the Buttonville Ontario meteorological 

station. Concentrations per car were calculated by dividing the annual concentration for each site 

by the AADT value. 

Sites were grouped into traffic density clusters by AADT values. Clusters were; <50,000, 

50,000-100,000, 100,000-200,000, 200,000-300,000, 300,000-360,000, 360,000+. The average 

annual concentration of pollutants and the concentration per car were calculated for each of the 

traffic clusters, and then linear regressions were run for NO2 and NH3 versus AADT, using the 

clustered data.   

Nitrogen dry deposition values (the sum of the dry deposition due to NO2 and NH3) was 

estimated by multiplying observed monthly air concentrations by a dry depositional velocity (the 

tendency for the gas to fall out of the atmosphere). Nitrogen dry deposition velocity values (vdep 

cm/s) were obtained from Zbiernowski and Aherne (2012) (Table 3) for each season, and then 

converted to a m per year value, by: 

             

     
  
       

   
        

   
    

     
     
   

                        
 

Following Zbiernowski and Aherne (2012), dry nitrogen values were calculated for each site, for 

each month, then averaged into each quarter, for both NO2 and NH3. This was done by 

converting the atmospheric concentration values of NO2 and NH3 (μg/m
3
) to the concentration 
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NO2-N or NH3-N in the air (μg N/m
3
) by multiplying by their molecular weights. The dry 

deposition of N was then calculated in kg N/ha yr for NO2 and NH3 using:  

kg N/ha yr =   
  

  
   

 

  
            

 The dry deposition values for N from NO2 and NH3 sources were then added together for 

each site, for each quarter, to obtain the total dry deposition of N value. These values were then 

mapped for visualization.  

Table 3: Quarterly and annual dry depositional velocities (Vdep) for nitrogen dioxide and ammonia (cm/s). The 

number of days for each quarter are also given (# days). 

Quarter # days NO2 Vdep (cm/s) NH3 Vdep (cm/s) 

S1 90 0.322 0.623 

S2 91 0.344 0.616 

S3 92 0.422 0.667 

S4 92 0.316 0.548 

Annual 365 0.351 0.613 

 

Spatio-temporal maps of the road side concentrations of NO2, NH3, and for total dry 

deposition of nitrogen were plotted using Surfer v 10.0. Maps were created using the 

concentration at each site, during each exposure period, and extrapolating the values over the rest 

of the time periods. The y-axis denoted time, while the x-axis was the distance along the transect 

with site 1 = 0 km. Days were scaled by a factor of 4 (so for total days exposed the value on the 

y-axis is multiplied by 4), and the latitude and longitude of each site were converted to a distance 

measurement (km) from the easternmost study site (Site 1).  

2.3 Results 

2.3.1 Spatial variability of NO2 and NH3 

There were no significant differences in observed concentrations of NO2 and NH3 

between the North and South side of the highway, or between overpass and road side sites (p 
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values ranged between 0.11–0.88). As such, for each of the 40 study sites the average annual 

NO2 levels ranged from 23.5 to 73.0 µg/m
3
 (Appendix Table 6). The highest average annual 

concentration occurred at site 21, followed by sites 9, 28, 33 and 27 (Figure 3). The lowest 

annual average concentration occurred at site 2, followed by sites 4, 8, 40, and 5. The average 

annual concentration of NO2 (across the whole transect) was 43.7 µg/m
3
. The average annual 

NH3 at the 40 study sites ranged from 2.56 to 13.6 µg/m
3
 (Appendix Table 6). The highest 

concentration was again observed at site 21, followed by sites 27, 24, 17, 30, and 23. The lowest 

concentration occurred at site 2, followed by sites 1, 5, 3, and 39 (Figure 4). The average annual 

NH3 concentration was 6.44 µg/m
3
.  

The NO2 concentrations were more variable between months than NH3, with larger 

overall values and more outliers, and had a less visually clear east–to–west pattern; the average 

COV for NO2 was double that of NH3, 65.7%, with a minimum COV of 42.0% (site 3) and a 

maximum of 96.3% (site 38), while NH3 average was 33.4%, with a minimum COV of 12.0% 

(site 13) and a maximum of 59.3% (site 26); the sites with the highest average annual values also 

showed the greatest variability in data. Both the average annual concentration of NO2 and NH3 

for each site had a significant linear relationship with average annual daily traffic (AADT) 

values; NO2 = 6.01x10
-5 

(AADT) + 352 (R
2
 = 0.42, p < 0.05), NH3 = 1.42x10^-5 (AADT) + 3.91 

(R
2
 = 0.49, p < 0.05), and NO2 and NH3 annual concentrations were also significantly correlated 

to one another (r = 0.63, p < 0.05) (Appendix Figure 20) 

The ratio of NH3:NO2 ranged from 0.087–0.311 (Figure 5). The highest ratio was at site 

8, followed by 27, 38, 23, and 17. The lowest ratio was at site 1, followed by 3, 28, 39, and 5. 

The average annual ratio across all sites was 0.198.  



37 

 

 

Figure 3: Boxplot of the observed NO2 concentration (µg/m
3
) at the forty study sites. The red line indicates the 

annual average concentration across all sites (43.72 µg/m
3
).  Sites are arranged E-W from the first site in the study 

area (see Figure 1). The median value at is given by the dark line in each box, and the box extends through the first 

and third quartiles, outliers (values that fall outside the first and third quartiles by >1.5x the interquartile range) are 

indicated by open circles. 

 

Figure 4: Boxplot of the observed NH3 concentration (µg/m
3
) at the forty study sites. The red line indicates the 

annual average concentration across all sites (6.44 µg/m
3
).  Sites are arranged E-W from the first site in the study 

area (see Figure 1). The median value at is given by the dark line in each box, and the box extends through the first 

and third quartiles, outliers (values that fall outside the first and third quartiles by >1.5x the interquartile range) are 

indicated by open circles. 
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Figure 5:Boxplot of NH3:NO2 ratio at the forty study sites. Red line indicates the annual average value (0.19).  Sites 

are E-W from the first site in the study area (Figure 1). 

The average annual concentration of NO2 per 1000 cars was 3.39×10
-4

 µg/m
3
 (Figure 6). 

The annual concentration per 1000 cars varied between 3.82×10
-5

 and 2.00×10
-3

 µg/m
3
. The 

lowest concentrations were at sites 34, 27, 24, and 18. The highest concentration per car was at 

site 1, followed by sites 39, 2, 40 and 38. The concentrations per car were low, and consistent, in 

the centre of the transect, where the traffic density is greatest, but was variable towards the 

eastern and western edges of the transect, where the traffic was less dense and air concentrations 

are more influenced by other emission sources. A similar pattern was observed in the NH3 

concentration per car (Figure 7), where the average annual NH3 per 1000 car was 4.55×10
-5

 

µg/m
3
. The concentrations varied between 7.65×10

-6
 to 2.16×10

-4
 µg/m

3
, with the lowest 

concentration at sites 28, 26, 22, and the highest concentration at sites 38, 40, and 39. The NO2 

values per car were ~10x greater than the NH3 values.  
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Figure 6: Boxplot of NO2 concentration per car (µg/m
3
 per 1000 cars) at the forty study sites. The green line 

indicates the average annual concentration per car. 

 

Figure 7: Boxplot of NH3 concentration per car (µg/m
3
 per 1000 cars) at the forty study sites. The green line 

indicates the total average annual concentration per car. 

 Grouping the sites into traffic density clusters (Appendix Figure 19, Table 7) showed 

NO2 concentrations (Figure 8) increased with traffic density, and the highest levels were seen in 

clusters 5 and 6 (average AADT = 331872 and 381619 cars per day). Both NO2 and NH3 

concentrations were significantly linearly related to traffic density (using traffic clustered sites); 

NO2 = 5.78x10
-5

 (AADT) + 32.5 (R
2
 = 0.77, p < 0.05), and NH3 = 1.46x10

-5
 (AADT) + 3.66 (R

2
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= 0.85, p < 0.05). Moreover, NO2 and NH3 showed a stronger (significant) correlation to one 

another across the traffic clusters (r = 0.95, p <0.05).  

 The concentration of NO2 was significantly different (Tukey HSD, p < 0.05) between few 

clusters; clusters 5 and 6 were significantly higher than clusters 1 and 2, only. The concentration 

of NH3 was significantly different (p < 0.05) between many clusters; cluster 1 was significantly 

lower than all the other clusters, cluster 2 was significantly higher than cluster 1 and lower than 

the other clusters, clusters 7 and 8 were also significantly lower than clusters 4, 5, and 6 (but not 

significantly different from each other), cluster 5 was significantly higher than all the other 

clusters (except cluster 6, which was higher than 5 but not significantly). In both cases the 

highest traffic density clusters were significantly higher than the lowest density clusters, however 

the variability in the NO2 data made this pattern more difficult to discern and caused fewer 

significant differences amongst the clusters.  

 
Figure 8: Boxplots of NO2 concentrations (µg/m

3
) over eight 

traffic density clusters (Appendix Table 1.2). Clusters are 

ordered east to west, and clusters 4,5, and 6 have the highest 

traffic density and represent the GTA.  

 
Figure 9: Boxplots of NH3 concentrations (µg/m

3
) over the 8 

traffic density clusters (Appendix Table 1.2). Clusters are 

ordered east to west, and clusters 4,5, and 6 have the highest 

traffic density and represent the GTA. 

The concentrations per 1000 cars (mg/m
3
) showed the same patterns when clustered by 

traffic density groupings for both NO2 (Figure 10) and NH3 (Figure 11). The NO2 concentration 

per thousand cars showed a decrease in proportional concentration in the centre of the transect at 

clusters 4, 5, and 6 (the higher density traffic clusters), with cluster 6 being significantly lower 

than clusters 1 and 2, and cluster 5 significantly lower than cluster 2 (Tukey HSD, p < 0.05). The 
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NH3 clusters showed more significant differences, with clusters 5 and 6 being significantly lower 

than the other six clusters, cluster 4 was significantly lower than cluster 8, and cluster 1 and 2 

were significantly higher than the other clusters (except cluster 2 vs 8) (Tukey HSD, p < 0.050).  

 
 

Figure 10: Boxplot of NO2 concentrations (µg/m
3
) per 1000 cars 

averaged over the 8 traffic density clusters (Appendix Table 

1.2). Clusters are ordered east to west, and clusters 4,5, and 6 

are high traffic density clusters. The green line indicates the 

total average annual concentration per car. 

 
 

Figure 11: Boxplot of NH3 concentrations (µg/m
3
) per 1000 cars 

averaged over the 8 traffic density clusters (Appendix Table 

1.2). Clusters are ordered east to west, and clusters 4,5, and 6 

are high traffic density clusters. The green line indicates the 

total average annual concentration per car. 

2.3.2 Temporal variability of NO2 and NH3 

Average NO2 concentrations across all sites varied with exposures (Table 4; Figure 12, 

Appendix Table 8), and there was a significant linear relationship between NO2 concentration 

and temperature; NO2 = –1.86 × Temperature (°C) + 68.02 (R
2
 = 0.57, p < 0.05). This 

relationship showed that in the colder winter months, January to March (E4–E6), the 

concentration of NO2 was highest; E4 had significantly higher concentrations than all the other 

months (Tukey HSD p < 0.05), while E7, E5 and E6 were all significantly higher than E1 and 

E8–E12. There was also a significant linear relationship between NO2 concentrations and the 

number of sunlight hours during each exposure; NO2 = –0.67 × Sunlight (hours) + 109.18 (R
2
 = 

0.23, p < 0.05). This relationship was less significant than the relationship with temperature, but 

the two are correlated and show the same general pattern, with higher concentrations when there 

were lower temperatures and fewer sunlight hours.  
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Average NH3 across all sites were less variable across exposure periods (Table 4; Figure 

13, Appendix Table 8), with a slight peak in the early summer months. There was no significant 

relationship (p = 0.619) with temperature, or with sunlight hours (p = 0.549). Further, NH3 

showed few significant differences between exposures, with only E12 being significantly lower 

than some of the other months (3, 7–11 for both). 

Table 4: Average NO2 and NH3 concentrations (µg/m
3
) for each exposure period. The exposure, the average 

temperature (°C) during the exposure, and the total number of sunlight hours during the exposure are given (across 

all stations). Data are missing for NH3 during E1, and the overpass only exposure E4 (January 2016) is indicated in 

italics. 

Exposure Temperature 

(°C) 

Sunlight 

Hours 

NO2 

(µg/m
3
) 

NH3 

(µg/m
3
) 

E1 (Oct) 12.7 86 25.25 – 

E2 (Nov) 6.6 73 52.40 5.22 

E3 (Dec) 6.3 70 46.33 6.20 

E4 (Jan) –3.8 72 104.91 5.38 

E5 (Feb) –1.7 76 48.01 6.49 

E6 (Mar) 1.7 93 59.50 5.51 

E7 (Apr) 10.0 101 68.31 6.21 

E8 (May) 15.8 114 33.86 7.56 

E9 (June) 22.2 115 31.29 8.57 

E10 (July) 22.3 117 22.16 4.95 

E11 (Aug) 22.7 108 27.45 6.95 

E12 (Sept-Oct) 15.4 89 27.18 4.13 
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Figure 12: Boxplot of nitrogen dioxide concentrations (µg/m
3
) by exposure (E1 – E12), blue lines indicate quarters 

(October 2015 – December 2016 = quarter 1, January – March 2016 = quarter 2; April – June 2016 = quarter 3, and 

July – September 2016 = quarter 4).  

 

Figure 13: Boxplots of ammonia concentrations (µg/m
3
) by exposure (E1 – E12), blue lines indicate quarters 

(October 2015 – December 2015 = quarter 1, January – March 2016 = quarter 2; April – June 2016 = quarter 3, and 

July – September 2016 = quarter 4). No data for E1. 

 Spatio-temporal maps (Figure 14) of the concentrations of NO2, and NH3 during the 

study period show an influence of both traffic and seasonality. There are “hotspots” of NO2 

occurring in the 40–180 km area of the study site (sites 6–36) and occurring between days (x4) 

20–55 (days 80 – 220; E2–E6), with the highest concentrations occurring in the colder winter 

months (Appendix Figure 21). This pattern is not as strongly observed in the NH3 concentrations, 

although there is a quarterly hotspot of peak NH3 concentrations occurring in the late summer 
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(days x4 60–85 [240–340]; E7–E9). The traffic density peak of NH3 is also visually clearer, with 

the higher concentrations all occurring between 80–120 km (sites 15 – 27), where the traffic 

numbers are the highest. There is an increase in NH3 concentrations occurring in the late summer 

months (Appendix Figure 22) towards the westernmost end of the transect, between 160–200 

km. 
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Figure 14: Spatio-temporal maps of NO2 (upper) and NH3 (lower) concentrations (µg/m

3
) over the course of the 

study period (y=axis = 360 days), spanning ~220 km from Cobourg to Innerkip along the highway 401, Ontario 

(x-axis = distance east to west (km)). Days x 4 are the day the exposure occurred × 4 (one unit on the map = 4 

days). 

 

2.3.3 Nitrogen dry deposition 

Dry N deposition showed both spatial and temporal variation (Figure 15). There are clear 

hotspots of dry deposition occurring at the centre of the study transect (in the high traffic density 

areas), and on quad days 50–90 (exposure days 200–360). This is a result of combining NO2 and 

NH3 inputs in order to calculate total dry N deposition; the patterns observed for both show peak 

concentrations occurring with increased traffic density, and the hotspot occurs over a longer 

period of time because the two have differing peak concentration times (see Figures 13 ad 14).  

Annual total dry N deposition values ranged from 26.1 to 86.6 kg/ha yr throughout the year. The 

sites with the lowest average annual deposition values were sites 2, 4, 5, and 8, and the highest deposition 

occurred at sites 21, 27, 24 and 9 (Table 5); these sites also showed low and high annual concentrations of 

both NO2 and NH3. Dry deposition is dominated by NO2-N, which accounts for more than 10 times the 

amount of N compared with NH3-N deposition.   
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Figure 15: Spatio-temporal map of total dry nitrogen deposition (kg/ha yr) along the ~250 km study transect, over 

the course of the study period. Quad days are the day the exposure occurred × 4 (so one unit on the map is 4 days).  

 

Table 5: Average annual dry nitrogen deposition at each site (kg/ha
 
yr) from NO2 and NH3, and standard deviations 

(SD), at each of the 40 study sites. The average total dry deposition of nitrogen at each site is also given (kg/ha
 
yr). 

Sites are ordered E-W along the study transect. 

 NO2-N NH3-N  

Site ID Mean SD Mean SD Total N  

1 37.0 16.2 2.97 1.14 40.0 

2 23.5 14.2 2.56 0.82 26.1 

3 37.4 15.7 3.28 0.96 40.7 

4 25.8 16.9 3.86 1.11 29.6 

5 29.9 13.6 3.10 1.26 33.0 

6 40.3 28.6 4.96 1.47 45.3 

7 37.2 27.3 4.08 0.64 41.3 

8 28.8 13.3 7.26 2.04 36.0 

9 59.4 46.7 6.93 2.42 66.3 

10 39.9 24.6 5.38 2.07 45.3 

11 42.8 31.7 7.39 2.03 50.2 

12 45.1 28.7 6.55 2.32 51.7 

13 42.7 19.5 6.20 0.79 48.9 

14 44.8 40.7 6.45 2.31 51.2 

15 47.1 26.1 6.80 1.37 53.8 

16 37.1 19.8 7.82 1.99 44.9 

17 47.8 34.9 9.90 2.28 57.7 

18 39.9 30.9 6.19 1.27 46.1 

19 52.1 36.6 7.43 1.77 59.5 

20 49.3 38.2 6.49 1.78 55.8 
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21 73.1 46.7 13.55 2.59 86.6 

22 46.2 34.4 7.71 2.80 53.9 

23 39.2 22.4 8.81 3.06 48.0 

24 57.4 38.4 10.72 2.06 68.1 

25 51.0 25.9 7.82 3.55 58.8 

26 46.3 33.8 7.63 3.73 54.0 

27 58.2 42.1 11.86 4.38 70.1 

28 58.5 34.5 6.26 2.66 64.8 

29 41.1 30.5 5.78 2.97 46.8 

30 40.0 28.2 8.84 2.55 48.8 

31 47.4 41.9 6.83 2.21 54.3 

32 45.4 32.3 6.43 2.79 51.9 

33 58.3 42.9 6.51 1.61 64.8 

34 36.0 21.5 5.20 1.93 41.2 

35 45.5 25.9 5.99 2.35 51.5 

36 51.1 32.8 5.49 2.51 56.6 

37 41.4 25.2 5.76 3.22 47.1 

38 39.5 28.9 7.85 2.71 47.4 

39 35.9 17.5 3.38 1.58 39.3 

40 34.4 18.8 4.16 1.44 38.5 

 

2.4 Discussion 

2.4.1 Spatial patterns of pollutants, and traffic as a source of NO2 and NH3 

Air concentrations of NO2 in urban environments have been linked directly to traffic 

density (Jerrett et al, 2007; Whitehead et al, 2007; Gilbert et al, 2005; Yannopoulous 2007), 

however there has been little work on near-road concentrations in Canada. Previous urban air 

monitoring has been focussed on a few sites over a longer period (Beckerman et al, 2008) or 

many sites over a shorter period (Jerrett et al, 2008).   

Observed NO2 concentrations in this study were comparable to those observed by Jerrett 

et al. (2008), who conducted a passive sampling campaign in Toronto for two weeks in 

September of 2002. They concluded that traffic in urban areas had the highest association to NO2 

levels, with observed NO2 concentrations of 17.4 – 61.1 µg/m
3
 and the highest observed 

concentrations occurring at sites located nearest to the expressways. Yannopoulos (2007), 
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observed NO2 levels in an urban environment, with traffic flows of 1600 – 2000 cars per hour 

(~50000 AADT), and found there was a significant correlation between traffic and NO2 (r = 

0.66), and a significant linear relationship of NO2 = 0.3696 (car/day) + 51.56 (R
2
 = 0.44). A 

similar relationship was seen in the current study, with NO2 being linearly related to AADT 

(NO2 = 5.27 × 10
-5

 (AADT) + 34.3; R
2
 = 0.37).The NO2 concentrations observed by 

Yannopoulos were higher than the total annual average observed in this study for comparable 

traffic densities, 73 ± 8 µg/m
3
 versus 25 - 35 µg/m

3 
(sites 1 - 3 and 38 – 40, sites with ~50000 

AADT), and closer to the average annual values seen at the highest traffic density sites 

(>450,000 AADT), but Yannopoulos’ was conducted in the winter and only during rush hour 

traffic, so the values would be expected to be higher in their study. 

The NO2 concentrations observed in this study vary from other urban Canadian studies, 

however these differences can be explained by the differences in proximity of the sites to the 

road side. Beckerman et al. (2008), looked at two sites in Toronto, where average annual NO2 

concentrations were 14.6 and 17.5ppb at monitoring stations, with AADTs of 395000 and 

349000, respectively. This study found NO2 concentrations of 20.9–30.3 ppb (39.2 – 57.4 µg/m
3
) 

at sites with the same traffic density (345000–40,0000). Gilbert et al. (2005), found annual 

concentrations of 11.6 ppb at sites with a traffic density of 131940 AADT. This study found 

concentrations that were higher, 20.9–31.4 ppb (36–59 µg m
-3

), at similar traffic densities 

(127000–131000). There is a rapid drop-off in NO2 concentrations with distance from the side of 

the road (Beckerman et al. 2008; Wallace and Kanaroglou, 2008; Wang et al., 2016; Baldauf et 

al., 2013) with peak concentrations occurring within the first 50 m, and background atmospheric 

levels being reached by 200–500 m, as this study is the only one that has monitored within 4 m 

of the road side this rapid drop-off rate explains the differences observed in NO2 concentrations 
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when compared to other Canadian studies in the same area. There is also a seasonal affect on this 

data, with summer months showing lower NO2 values when compared with annual observations. 

Ammonia concentrations have been linked to traffic emissions in urban environments 

(Sharma et al., 2014; Whitehead et al., 2007; Perrino et al., 2002; Loflund et al., 2002), with a 

significant relationship observed between traffic density and NH3 levels. This study found a 

significant positive linear relationship between NH3 and AADT, and between NO2 and NH3, 

suggesting traffic as a common source for both pollutants. Ammonia levels in this study (2.56–

13.6 µg/m
3
) were comparable to those observed at busy roadways in Hong Kong (Tanner 2009) 

with an AADT of 36000, which were 1.5–7.1 µg/m
3
. Similar concentrations of NH3 in urban 

environments were also observed by Loflund et al. (2002) (5.7 – 6.3 µg/m
3
), by Wang et al. 

(2016) (6.66 µg/m
3
), and by Perrino et al. (2002) in areas of heavy traffic (13.5–21.6 µg/m

3 

maximums). Lorflund et al. (2002) also found a significant linear relationship between AADT 

and NH3 concentrations; NH3 = 5 × 10
-5

 (AADT) + 3.21 (R
2
 = 0.96). This relationship was very 

similar to the linear relationship from this study, NH3 = 1.46 × 10
-5

 (AADT) + 3.66 (R
2 

= 0.85), 

with both showing similar background concentrations of ammonia and traffic density influences 

in the same order of magnitude. Lorflund’s study had more moderate emissions, which were only 

representative of a local burden, so the relationship was slightly more predictive as there were no 

additional sources of NH3. 

The road side concentrations of ammonia from this study are higher than ambient NH3 

levels from Southern Ontario (Zbiernowski and Aherne, 2012a), and exceed annual NH3  levels 

observed in an intensive agricultural region from Southern Ontario (Zbiernowski and Aherne 

2012b), of 2.8 µg m
-3

. These values suggest that urban road side sites have higher average NH3 



50 

 

concentrations than agricultural regions in Southern Ontario, however short-term peak periods 

may be more elevated in agricultural regions.  

Further, NO2 and NH3 were significantly positively correlated to one another across 

individual sites (r = 0.63 and r = 0.95 for clustered data), which suggests they originate from a 

common source along highway 401. The consistent ratio of NH3:NO2 (0.2), and the same pattern 

of per car concentrations of NO2 and NH3 support this finding; in the central area of high traffic 

density and high pollutant concentrations the per car concentration is stable and low indicating a 

common source for the pollutants. Similar correlations between NO2 and NH3 levels have been 

observed in other urban environments; Tanner (2009) found a correlation of 0.70 and Sharma et 

al (2014) found a significant correlation of 0.92. The ratio of NH3:NO2 was stable across the 

centre of the study area where traffic is the most dense and other non-vehicular inputs are 

minimal. This stable ratio (0.2) suggests that NO2 and NH3 levels rise and fall together, and they 

are being emitted from the same place. This ratio was also observed by Cape et al. (2004), who 

found that there was a 5:1 ratio of NH3 to NO2 in urban road side environments where traffic was 

the main pollutant source. The per car NO2 and NH3 concentrations were also both stable across 

the GTA, with the centre of the study area the most stable and the lowest.  There was some 

variation in the per car concentrations at the eastern and western edges of the study transect, 

where the traffic densities are lower, and the surrounding landscape is less populated and built-

up. This suggests that at the edges of the study area the landscape type may be changing from 

urban to more agricultural or farming, and where the highway is the dominant emissions source 

for NO2. 
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2.4.2 Temporal patterns of NO2 and NH3 

The spatio-temporal maps of NO2 concentrations show a clear seasonal variation, albeit 

not the same pattern as NH3. Temporal trends in NO2 have been widely observed in temperate 

regions (Zbiernowski and Aherne, 2012; Atkins and Lee, 1994; Tzortziou et al., 2015; Kirby et 

al, 1998), with peak NO2 concentrations occurring in the winter months. During the summer 

period, where temperatures are higher and sunlight hours are increased, NO2 is rapidly broken 

down.  In the winter NO2 undergoes fewer photochemical reactions, causing increased build up 

in the colder, darker, winter months. This pattern was also observed in the current study 

(appendix Tables 21 and 22); the highest concentrations of NO2 occurred during the winter 

exposures. There could also be inputs from other NO2 sources during the winter (i.e. household 

heating increases), however inputs from these sources are likely to be lower than the emissions 

from traffic along the road side of the highway 401.  

In general, NH3 is less widely monitored by active monitoring networks, and is more 

generally monitored in rural/agricultural regions in Ontario. Some quarterly trends in NH3 have 

been observed in rural study areas (Zbiernowski and Aherne, 2012a; Zbiernowski and Aherne 

2012b; Whitehead et al., 2007). In these rural areas NH3 values typically peak in the springtime, 

coinciding with agricultural uses of ammonia for fertilization. In urban areas this seasonal pattern 

of NH3 is not typically observed; NH3 concentrations show slight peaks in the summer (Bari et 

al, 2003; Vogt et al., 2005; Perrino et al., 2002), or no marked quarterly trends (Loflund et al, 

2002; Wang et al., 2016). This pattern was observed in the current study, albeit a statistically 

insignificant peak in concentration occurring in the summer, which is related to the increased 

temperature and volatilization of gaseous NH₃ .   
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2.4.3 Near-road monitoring versus active monitoring of NO2 and NH3 

Road side levels of NO2 have been shown to be statistically higher than levels observed 

at active monitoring sites located further from the road (Baldwin et al, 2015; Wallace and 

Kanroylou, 2008; Wang et al., 2016). Wallace and Kanroylou (2008) found that NO2 

concentrations peaked within 500 m of the road side (AADT = 50000–191000), with annual 

values of 25–53 ppb, and that these values varied significantly from active MECP monitoring 

sites in Hamilton, which were located further away (~600 m – 1.5 km; concentrations of 16 and 

22 ppb). Wang et al., (2016) found similar variations in Montreal, Quebec, with road side sites 

showing significantly higher NO2 concentrations (18.6 ± 21.1 ppb) than the active monitoring 

station (9.4 ppb). These levels are comparable with the ones from this study, which also found 

significant differences between active monitoring station and near-road levels (~45 µg/m
3
 versus 

~22 µg/m
3
 at Toronto East monitoring station); the road side average NO2 level was twice as 

high as the active monitoring station 1km away form the road. This finding highlights the 

importance of urban road side monitoring to capture a complete picture of urban air quality 

levels.  

Road side monitoring of NH3 also showed significant variations from ambient urban 

ammonia levels in this study. This pattern has been observed at active monitoring stations in 

Hong Kong (Tanner, 2009), where levels at the road side were 1.5–7.1 µg/m
3
 and levels at the 

monitoring stations were 0.7–4.6 µg/m
3
, and by Perrino et al. (2002), who observed that road 

side NH3 monitoring sites showed five times higher concentrations than ambient urban 

monitoring sites (13.5–21.6 versus 3–5.3 µg/m
3
). In the current study, NH3 showed higher 

concentration increases than those from ambient urban NO2 (four times as high for ammonia, 

and only twice as high for NO2). 
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In the current study, average annual concentrations of NO2 and NH3 along highway 401 

were higher than any other reported values for Canada. The United States has mandatory road 

side monitoring programs, with set requirements for road side monitoring sites, Canada does not 

have any road side monitoring requirements, and along the highway 401 fails to meet the 

distance and frequency requirements set by the United States, meaning that there is no accurate 

representation for what is potentially the largest source of NO2 and NH3 in the GTA. The only 

site currently listed in eh Air Quality Ontario database that comes close to road side monitoring 

is the Resources Road site, which is still ~150 m from the edge of the road.  

Nitrogen dioxide levels along the highway 401 approached those observed in London, 

England; London air quality reports that 37 of 67 sites across the area, particularly at road or 

kerb-side, breach the air quality standards put forth by the World Health Organization (2004), 

and The European Air Quality Regulations (1997) annually (LAQN, 2016). These two agencies 

have set the annual average NO2 level at 40 µg/m
3
, which is below the current study’s annual 

average for the entire transect, and well below the annual average for several (n = 23) of the high 

density peak sites. Additionally, these values reflect averages and do not capture high 

concentration peak periods.  

2.4.4 Dry deposition of nitrogen 

NO2 and NH3 have been shown to account for 50–60% of total nitrogen deposition in 

Southern Ontario (Zbiernowski and Aherene 2012b). Estimated annual N dry deposition from 

study sites ranged from 26.1 – 86.6 kg/ha
 
yr; if the edges of the transect are assumed to be 

ambient this suggest that vehicles in the GTA are contributing ~60 kg/ha/yr of N. Higher 

deposition values corresponded to sites with high traffic density. The average annual dry 

deposition from N-NO2 and N-NH3 across the whole study area was 50.4 kg/ha
 
yr, with 6.6 kg/ha
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yr coming from NH3 and 43.8 kg/ha
 
yr coming from NO2. Dry N deposition from NO2 ranged 

from 4.0 – 12.6 times the deposition of NH3, with the average NO2 contribution to dry N being 

7.2 times NH3.  

Dry deposition levels of N at a series of rural sites and at a Toronto active monitoring site 

(Toronto West), taken from Zbiernowski and Aherne (2012b) were found to vary between 2 – 

14.43 kg/ha
 
over the course of the year. Nitrogen deposition values in an area along the highway 

401 with AADT = 41000 (near the easternmost study site of this study) showed a total N 

deposition of ~18 kg/ha
 
yr (Watmough et al., 2017), and an area with 23000 AADT in Germany 

showed N deposition of 20 kg/ha
 
yr (Kirchner et al., 2005). Areas with high traffic inputs, like 

highway 401, could be an important source of N deposition, especially to near-by ecosystems 

and watersheds.  

2.4.5 Comparison to ambient urban observations and other major worldwide cities 

Road side NO2 levels were approximately 1.5x’s the levels reported by active monitoring 

stations located in Toronto (within 1–2 km from the highway 401), and approximately four times 

as high as levels reported at a background site (Peterborough ON, located >5 m from a roadway 

near a busy intersection ~500 vehicles/hour) (Figure 16). Similarly, road side NH3 levels were 

approximately four times as high as levels found during urban monitoring in the four major cities 

(Halifax, Montreal, Toronto, and Vancouver) in Canada in 2010 – 2011 (Figure 17).  
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Figure 16: Average annual NO2 concentrations (µg/m

3
) from 

this study (401) and from Ontario Ministry of the 

Environment’s active monitoring stations Downtown Toronto, 

Toronto West (TOW), Toronto North (TON), Toronto East 

(TOE), and Peterborough (PTBO).  

 
Figure 17: Average annual NH3 concentrations (µg/m

3
) from this 

study, and from Halifax (HFX), Montreal (MTL) (n = 6), 

Toronto (TOR), and Vancouver (VAN) (n = 7) and this study 

(401, n = 40).  

The average annual concentration of NO2 (µg/m
3
) was more than twice as high along the 

highway 401 than the average reported for the selected NAPS network monitoring sites across 

Canada during 2015 (based on NAPS monitoring stations) (Figure 18). It was also higher than 

New York City low traffic density areas (~118000 AADT), and comparable to New York City 

high density traffic areas (232000–432000 AADT) from 2013. Concentrations were also close to 

those in large urban areas, like Shanghai and Hong Kong, and higher than several other major 

European cities (2010 – 2013).  
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Figure 18: Average annual ambient NO2 (ppb) concentrations in various cities around the world. The concentration 

obtained from this study is indicated in light green. NYC = New York City, USA; LT = low traffic and HT = high 

traffic. 1.88 ug/m
3
 NO2. 

2.5 Conclusions 

Atmospheric NO2 and NH3 were highly correlated along the 40 study sites on highway 401, 

suggesting a common source in the urban environment, and higher concentrations of air pollution 

corresponded to areas with higher traffic density. The average annual concentration of NO2 

across the 40 study sites measured by passive samplers exceeded the proposed limit of 40 µg/m
3
 

(MECP, 2015), with 23 of the 40 site averages exceeding this level as well. Annual Nitrogen dry 

deposition ranged from 26 – 87 kg/ha
 
yr potentially leading to levels exceeding proposed critical 

loads across the transect.  

Air concentrations at near-road sites were significantly higher than stations located further 

from the road side. Road side monitoring requirements have been established in other countries, 

with the main requirement being that stations are located as close as possible (<20 m to be 

considered road side in the US) from the road’s edge. This type of monitoring is important in 

order to capture accurate levels of pollutants, as monitoring stations located further than 200 m 

from the road side do not represent accurate on-road pollutant levels. This is particularly 

important in the GTA, and along highway 401, as air pollutant concentration events are being 

underestimated in the most-populated and densely trafficked area of the country. 
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Appendix 2 

Table 6: Average annual concentration (µg/m
3
) for NO2 and NH3 for sites (SID) (n = 40). Overpass site are indicated 

in italics, non-italicized sites are road side sites. Site are ordered east to west from the easternmost road side study 

site. The coefficient of variation (COV = standard deviation/mean*100), minimum value (Min), and maximum 

value (Max) for each site are also given. Coordinates for each site are given in Table 1. 

Chapter 3  Chapter 4  NO2  NH3 

SID Mean Median COV Min Max Mean Median COV Min Max 

1 37.04 34.93 43.65 15.79 69.09 2.97 2.83 40.28 1.60 4.95 

2 23.53 17.64 60.23 10.54 51.53 2.56 2.72 30.29 1.18 4.75 

3 37.42 36.33 42.04 15.37 69.54 3.28 3.34 28.85 2.07 6.96 

4 25.76 18.68 65.59 9.34 64.94 3.86 4.31 25.73 1.93 10.59 

5 29.87 30.62 45.53 10.86 58.80 3.10 2.87 43.92 1.75 13.09 

6 40.30 30.39 70.93 19.46 120.78 4.96 4.49 32.76 3.53 10.91 

7 37.19 33.97 73.28 11.70 96.28 4.08 4.22 15.27 2.45 3.70 

8 28.79 30.53 46.28 11.75 45.96 7.26 6.45 31.62 5.10 11.48 

9 59.41 43.36 78.57 17.04 157.58 6.93 6.85 35.33 1.80 9.96 

10 39.87 33.60 61.76 18.54 112.40 5.38 5.27 39.19 1.28 9.08 

11 42.83 36.27 74.09 14.41 122.40 7.39 7.08 28.61 3.39 17.86 

12 45.15 37.28 63.65 11.03 107.12 6.55 6.19 37.47 3.41 9.76 

13 42.68 33.96 45.79 22.66 72.98 6.20 6.56 11.97 4.62 5.26 

14 44.79 28.05 90.96 9.99 148.55 6.45 6.96 33.16 2.71 9.79 

15 47.05 33.77 55.54 21.52 104.33 6.80 7.17 19.13 4.75 9.55 

16 37.09 29.40 53.28 17.05 72.83 7.82 7.79 25.47 4.75 17.17 

17 47.77 33.74 73.06 15.02 123.61 9.90 10.15 22.46 5.19 18.15 

18 39.86 25.57 77.63 14.27 120.82 6.19 6.37 19.87 3.82 8.68 

19 52.11 36.52 70.20 20.93 149.85 7.43 7.70 22.93 4.46 5.17 

20 49.28 38.73 77.57 17.11 166.47 6.49 7.05 25.26 3.28 8.21 

21 73.09 53.90 63.89 27.64 153.12 13.55 13.83 18.71 7.99 10.22 

22 46.20 37.86 74.38 14.51 128.64 7.71 7.12 39.36 2.95 12.66 

23 39.22 34.93 57.24 13.57 94.07 8.81 8.62 35.51 3.47 11.12 

24 57.39 36.49 66.83 20.69 122.55 10.72 10.84 19.04 7.37 8.78 

25 51.00 40.99 50.81 24.15 100.39 7.82 8.53 41.63 3.45 6.10 
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26 46.33 33.20 73.05 15.45 139.88 7.63 6.29 59.26 3.79 9.89 

27 58.21 32.53 72.41 20.86 157.57 11.86 11.66 37.60 6.19 12.56 

28 58.54 52.89 58.99 22.50 140.43 6.26 5.68 46.73 2.92 13.66 

29 41.06 36.76 74.36 8.69 126.32 5.78 5.78 51.33 1.79 10.65 

30 39.98 33.13 70.62 16.72 76.96 8.84 8.23 30.94 6.65 9.10 

31 47.43 35.61 88.36 11.26 157.11 6.83 6.56 33.69 3.08 7.48 

32 45.45 37.99 71.17 11.96 130.68 6.43 7.15 38.96 2.24 10.21 

33 58.34 47.73 73.45 13.61 141.15 6.51 7.19 22.47 3.31 7.88 

34 36.02 34.72 59.71 13.32 89.28 5.20 4.62 41.67 2.60 13.62 

35 45.47 38.62 57.01 16.00 98.63 5.99 6.09 38.57 2.91 11.63 

36 51.15 46.32 64.10 20.94 136.04 5.49 5.67 44.22 1.80 10.25 

37 34.88 34.88 72.17 19.49 96.56 5.76 6.59 48.92 1.06 10.50 

38 30.06 30.06 96.26 9.47 106.00 7.85 8.28 32.72 4.00 11.45 

39 34.63 34.63 50.54 15.63 68.89 3.38 3.35 47.01 1.12 6.02 

40 29.73 29.73 63.12 12.14 67.63 4.16 3.96 36.25 1.59 6.03 

 

 

Figure 19: Map of the study area with the traffic density clusters (n = 8) shown. Clusters range from low density 

sites in the East, to higher density sites in the centre, and low density sites in the West. AADT = average annual 

daily traffic values, averaged over the traffic cluster. 

Table 7: Traffic density cluster details. The cluster number, the original sites used for the cluster, the density level 

(H = high, M = medium, L = low), and the average annual daily traffic across the cluster (AADT) are all given. 
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Cluster Sites Density AADT 

1 1 – 3 L 46083 

2 4 – 8 L 75616 

3 9 – 12 M 144191 

4 13 – 18 H 240655 

5 19 – 23 H 331872 

6 24 – 28 H  381619 

7 29 – 37 M 131082 

8 38 - 40 L 48406 
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Table 8: Average concentration (µg/m
3
) for NO2 and NH3 for each exposure period (n = 12, 11 exposures 

respectively). Exposures in italics indicate overpass only exposures. The median, coefficient of variation (COV), 

minimum value (Min), and maximum value (Max) for each exposure are also given. 

  NO2  NH3 

Exposure Mean Median COV Max Min Mean Median COV Max Min 

E1 25.55 24.25 33.54 9.44 53.11 NA NA NA NA NA 

E2 52.57 49.55 36.71 27.29 91.87 5.82 5.46 54.38 1.06 16.29 

E3 46.33 41.79 43.60 109.91 18.68 6.42 6.40 46.36 2.13 13.79 

E4 105.65 106.00 34.26 43.99 166.47 6.14 5.22 48.36 2.23 13.09 

E5 52.70 51.09 24.76 35.82 78.46 6.49 7.21 42.35 1.42 9.97 

E6 59.45 57.74 42.80 13.52 129.49 5.73 5.30 43.52 1.91 14.84 

E7 69.82 64.98 41.54 31.24 153.12 7.19 6.95 41.02 2.24 13.86 

E8 34.44 34.51 37.65 13.32 64.05 7.28 7.52 30.18 3.05 13.66 

E9 31.90 29.09 43.44 12.14 65.75 8.12 8.12 48.34 1.60 18.15 

E10 22.56 18.11 48.83 8.69 58.40 6.35 5.45 52.92 1.75 17.69 

E11 27.82 27.64 42.15 9.99 55.37 7.83 7.82 44.03 2.24 17.17 

E12 27.82 27.88 21.86 12.55 39.01 4.48 3.82 58.78 1.12 11.24 

 

 

 

Figure 20:  Scatterplot of average annual NH3 versus NO2 (ug/m
3
) for all 40 sites in the transect. Data used for 

correlation of NO2 and NH3; p = <0.001, r = 0.629 (95% interval = 0.396 – 0.787). 
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Figure 21: Boxplots of NO2 concentrations by season. S1 = October – December 2015, S2 = January – March 2016, 

S3 = April – June 2016, S4 = July – September 2016. 

 

Figure 22: Boxplots of NH3 concentrations by season. S1 = October – December 2015, S2 = January – March 2016, 

S3 = April – June 2016, S4 = July – September 2016. 
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Chapter 5 Near-road assessment of atmospheric trace elements along a major highway 

in southern Ontario 

Abstract: 

The spatial and temporal variation of 17 elements (V, Cr, Fe, Ni, Cu, Zn, As, Cd, Pb, Mg, 

Al, Ca, Co, Se, Sb, Mn, and Na) were measured at 40 road side locations along a ~250 km traffic 

density gradient of 40,000–450,000 vehicles on the King’s Highway 401, in Ontario, Canada. 

Concentrations were measured over a year, using moss bags as passive samplers, for four 

quarterly three-month exposure periods (October 2015 – October 2016). Concentrations in 

exposed moss were determined by subtracting the total concentration of each metal in the 

exposed sample from the background concentration present in the moss. Relative accumulation 

factors (RAF) and contamination factors were also calculated to determine the anthropogenic 

influence on tissues concentration in exposed moss. Several metals showed elevated levels 

versus background concentrations, RAF values were: V = 4.2, Cr = 19.8, Fe = 3.3, Ni = 0, Cu = 

1.9, Zn = 20.1, As = 2.6, Cd = 4.5, Pb = 11.3, Mg = 0, Al = 1.3, Ca = 0, Se = 0, Sb = 9, Mn = 

0.8, Na = 76.5, Co = 0.45. The highest levels of contamination were from V, Cr, Fe, Zn, Cd, Sb, 

Pb and Na. Principal component analysis indicated 5 clear clusters of related elements, with PC1 

accounting for 36.2% and PC2 accounting for 25.6% of the variance. Average annual daily 

traffic was significantly related to Cr, Fe, Cu, Sb, Mn, Al, and Na. Moss bags are a more readily-

available method of passively monitoring trace metals, and road side monitoring showed 

consistently elevated concentrations of metals, indicating the need for increased monitoring at 

road side verges.  

Keywords: moss bags, trace metals, principal component analysis, relative accumulation, 

contamination factor, source assessment  
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5.1 Introduction 

Air pollution caused by traffic is becoming increasingly prominent, with motor vehicle 

emissions replacing residential heating as the dominant source of air contamination in urban 

areas. A recent investigation into heavy metals, such as Cr, Cu, Pb, V and Zn (Zeichmeister et 

al., 2005) has shown a direct link between air pollution and traffic. Heavy metal pollution from 

vehicular sources arises from three primary routes: (1) exhaust emissions, (2) non-exhaust 

emissions from wear and tear on vehicle parts such as tires, brakes, and clutches, and (3) re-

suspension of road dusts (Guo et al, 2008; Harrison et al., 2003; Kemp et al., 2002; Pal et al., 

2011).  

Atmospheric heavy metals can be easily transported and widely dispersed.  They can be 

ingested via the respiratory system or the digestive tract, causing harmful human health effects. 

They can also be deposited into road side soils or washed into water sources from road side run-

off, causing negative ecosystem effects.  

Existing air pollution monitoring methods are expensive and difficult to perform, as such 

there are few stations in urban environments that monitor heavy metals. Monitoring methods 

using biomonitoring (the use of tissue concentrations of metals in native plant species’ as an 

indicator of the spatial and temporal trends in atmospheric deposition), such as mosses, is well 

established for studies of heavy metal pollution . Typically, mosses are used as bioindicators as 

they gain their nutrients through precipitation and dry deposition of airborne particles, this 

combined with their simple structure and lack of roots and high capacity to retain airborne metal 

particles make them ideal for monitoring elements.  

Moss species, although widespread, are often difficult to find in urban areas, especially 

along road side verges where grasses predominate. Therefore, in these areas moss has been used 
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as a passive sampling mechanism through the use of ‘moss bags’, where moss is collected and 

hung up to passively uptake trace elements . This method was developed by Goodman and 

Roberts (1971), before being modified by Little and Martin (1974). Moss bags have been widely 

used in Europe (Salo et al., 2016; Vukovic et al., 2015), and Asia (Hu et al., 2018; Sun et al., 

2008) to monitor environmental pollution, but there have been few studies in North America. 

Moss bags, like passive samplers, offer lower costs and high uptake efficiencies, and are also 

ideal for placement in areas where large-scale spatial assessments are needed, and in densely 

populated urban moss deserts, where native mosses can not be collected and used as proxies for 

heavy metal levels.  

The increasing association between traffic and heavy metal pollution levels has led several 

countries to establish road side monitoring networks. The United States and the European Union 

both have established criteria for road side monitoring locations to more accurately measure air 

pollution levels . In the European Union, criteria vary from country to country, but road side (or 

kerbside) monitoring stations are prevalent and used to assess exposure to air pollutants . In 

general, these monitoring stations are located close to the road side (never more than 100 m) and 

are often placed directly on the kerb (CITEOAIR, 2017). 

In the United States, requirements for near-road monitoring locations are based mainly on 

population and traffic density parameters; areas with ≥500,000 people are required to have at 

least one near-road side monitoring location, and areas with >2.5 million people and/or >250,000 

average annual daily traffic (AADT) counts are required to have a minimum of two near-road 

side monitoring sites . Additional requirements are that near-road monitoring sites be located 

within 20 m of the road side, and that sites have unobstructed air flow, with no obstacles between 

the monitoring probe and the nearest outside edge of the traffic lane (EPA, 2012). Even these 



71 

 

stations rarely measure trace metal contaminants in the atmosphere, and predominantly focus on 

a few elements of interest to human health (i.e. PM2.5, CO, NO2 etc.). 

Toronto, Ontario, is the most densely populated urban area in Canada, with a population of 

~6 million (in the GTA) in 2016 (Census 2016). It is also home to the largest highway in North 

America, the King’s Highway 401. Traffic levels exceed 450,000 vehicles per day, in the busiest 

areas. The current air quality monitoring programs primarily focus on NO2, O3, and PM, with 

only one station in the region actively monitoring and reporting specific heavy metal 

concentrations. In addition, these monitoring stations fail to meet the road side monitoring 

standards set out by the Environmental Protection Agency and the European Union in that they 

are not located close enough to the road.   

The main objective of this study was to evaluate near-road concentrations of heavy metals 

along highway 401 using moss bags as a passive sampling method. In addition, levels of heavy 

metals were used to evaluate any quarterly variation in heavy metals, and to potentially link these 

metals to common sources. The relationship between traffic density and heavy metal 

concentrations in the air was also evaluated. 

5.2 Methods 

5.2.1 Study area 

The study area along the King’s Highway 401, in Ontario, encompasses a traffic density 

gradient of 40,000–450,000+ vehicles per day , from Coburg to Innerkip Ontario (a transect of 

~250 km). Moss bags were exposed at 40 sites located on both the north and south sides of 

highway 401 (n = 13, n = 15), and along overpasses above highway 401 (n = 12) (Figure 23; 

Table 9), from October 2015 to October 2016.  
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The climate in Toronto is humid continental, with severe winters and strong quarterly 

variation. The average annual temperature is ~10°C, with the coldest months reaching lows of –

30°C and the warmest summer months reaching peak temperatures of ~30°C; the average annual 

precipitation is ~780 mm. The city of Toronto has a population of ~3 million, while the Greater 

Toronto Area has a population of ~6.5 million.  

 

Figure 23: Map of study sites; red-filled circles indicate road side sites, purple are overpasses, and yellow refence 

site where NO2 samplers were co-located and the Buttonville site where climate data were obtained. 

Table 9: Study sites: site ID, sampler road side location (N = north, S = south, OP = overpass, REF = references 

site), latitude, longitude, elevation (m), average annual daily traffic (AADT), and the distance along the study 

transact from east to west (km) (with site 1 = 0 km) are given.  

Site ID Side of 

Road 

Latitude Longitude Elevation 

(m) 

AADT 

(000) 

Distance 

(km) 

1 S 43.99 -78.17 99.6 41 0.0 

2 OP 43.98 -78.20 113.6 49 1.9 

3 N 43.97 -78.33 144.7 47 12.6 

4 S 43.90 -78.63 98.6 76 38.0 

5 OP 43.90 -78.64 110.2 76 38.8 

6 N 43.90 -78.67 82.5 73 41.0 

7 S 43.90 -78.69 79.2 73 42.2 

8 S 43.88 -78.76 99.4 82 48.3 

9 S 43.88 -78.87 110.9 124 56.7 

10 OP 43.88 -78.88 118.6 124 57.6 
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11 S 43.87 -78.93 82.1 152 62.0 

12 S 43.85 -79.04 94.1 180 70.7 

13 N 43.83 -79.08 86.9 202 74.7 

14 OP 43.83 -79.09 101.2 211 75.3 

15 OP 43.80 -79.17 133.8 237 82.2 

16 N 43.80 -79.18 129.8 237 83.4 

17 N 43.78 -79.24 168.5 282 88.3 

18 S 43.78 -79.25 163.3 282 88.9 

19 OP 43.78 -79.26 172.1 320 89.7 

20 OP 43.78 -79.26 181.0 320 90.4 

21 N 43.78 -79.27 176.3 320 90.8 

22 S 43.77 -79.30 187.5 345 93.3 

23 OP 43.77 -79.30 187.9 355 93.8 

24 N 43.73 -79.47 188.9 370 107.6 

25 N 43.72 -79.48 186.4 370 108.7 

26 OP 43.72 -79.48 182.8 384 108.9 

27 S 43.71 -79.53 143.4 403 113.1 

28 N 43.65 -79.64 161.9 381 123.3 

29 OP 43.63 -79.68 199.7 188 127.6 

30 S 43.62 -79.70 190.9 160 129.1 

31 S 43.60 -79.78 206.9 127 136.0 

32 OP 43.60 -79.79 212.6 127 136.6 

33 S 43.55 -79.86 203.8 131 143.7 

34 OP 43.54 -79.86 214.5 131 144.5 

35 S 43.52 -79.94 227.7 107 150.8 

36 S 43.45 -80.13 328.0 108 167.9 

37 N 43.42 -80.29 322.3 112 181.8 

38 N 43.4 -80.38 295.2 53 189.4 

39 N 43.27 -80.55 297.0 46 207.3 

40 N 43.24 -80.59 302.7 46 211.6 
 

5.2.2 Moss collection  

Moss collection occurred during June 2015 at Warsaw Caves Conservation Area (N 

44.461904, W –78.131332). Warsaw is considered to be a background location, with a has a 

similar climate and native plant species to the study area, and little anthropogenic inputs from 

roadways. 

The moss species, Hylocomium splendens (glittering wood moss), was identified and 

collected from the Conservation Area according to ICP Vegetation (2015) protocols; an area was 

found that was >100 m from the road, not under canopy cover, and >3 m from any trails. The 

upper green portion of the moss was picked, representing the last 2–3 years of growth, from one 
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large patch (approx. 10 m × 10 m), using nitrile gloves, and placed into paper bags, in a sealed 

plastic container, for transport. Once in the laboratory, the moss was cleaned of any remaining 

debris, and trimmed by hand so that only green, living material was kept. The moss was then air 

dried in paper bags overnight, and oven dried to constant weight at 40°C. Dried moss was 

thoroughly mixed and kept in sealed plastic bags, inside a sealed plastic container until ‘moss 

bag’ assembly.  

5.2.3 Moss bag assembly 

 Moss bags were created from nylon filter mesh, 250 μm pore size (Fischer Scientific), cut 

into 5 cm × 10 cm pieces. The pieces were then folded in half and sewn on two sides with nylon 

thread using a stainless-steel needle, creating 5 cm × 5 cm “pockets”. Mesh pockets were then 

acid washed in 5% v/v HNO3 for 48 hours and air-dried overnight. The dimensions of the bags 

were chosen to be unobtrusive on the road side, and small enough to fit under a plastic rainshield 

used during deployment, while still maintaining a moss weight to surface area ratio of ~30 

mg/cm
2
 following Vukovi  et al. (2016).  

Approximately 0.8 g of moss was weighed and packed into each of the mesh pockets. 

The final side of the pocket was sewn closed, and a loop of the nylon thread left in place to hang 

the bags. The bags were flattened by hand to create the maximum, evenly distributed, surface 

area possible, before being stored in plastic zip-lock bags in the refrigerator until exposure. Bags 

were assembled during the week prior to exposure and three laboratory blanks (bags assembled 

at the same time as the ones for exposure, sealed in a plastic bag and kept in the refrigerator until 

analysis). 
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5.2.4 Moss bag deployment 

 Moss bags were deployed in duplicate, at each of the study sites (Figure 23) for four, 

three-month consecutive exposures. Each exposure corresponded approximately with a season 

(Table 10), during the year October 2015 – October 2016. Bags were hung from a small hook 

under the centre of a plastic rain shield, mounted on wooden stakes ~1.5 m high. Stakes were 

hammered into the ground between 1–3 m from the edge of the road within the right of way. 

Overpass samplers were deployed under rain shields, zip-tied to overpass railings over the centre 

of the highway 401, facing away from pedestrian walkways, at a height of ~1.5 m.  

Table 10: Moss bag exposure periods during October 2015–October 2016. 

Exposure Start Date End Date 

S1  October 7, 2015 January 20, 2016 

S2  January 26, 2016 April 14, 2016 

S3 April 21, 2016 July 13, 2016 

S4 July 20, 2016 October 4, 2016 

 

After each exposure the bags were collected in individual plastic zip-lock bags and 

transported back to the laboratory, bags were kept in the refrigerator until analysis. Moss bags 

were also co-deployed with Willem’s badge passive diffusion samplers (Chapter 2) to measure 

atmospheric nitrogen dioxide (NO2) and ammonia (NH3). 

5.2.5 Laboratory analysis 

In the laboratory the duplicate moss bags (n = 30 sites per exposure) were homogenized 

to make one composite sample for each site; one quarter of samples (n = 10 sites per exposure) 

were treated as individuals per exposure, providing duplicate sets of observations for each of 

these sites. The moss, including the unexposed moss samples for each exposure, was then oven 

dried at 40°C to constant weight, ground by hand, using a plastic hand grinder, and stored in 

sealed paper envelopes until digestion. 
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Dried moss was weighed (0.5 g) into Teflon digestion vessels, and 3 mL of 30% H2O2 

and 7 mL of 65% HNO3 were added to each vessel. The samples were then microwave digested 

for 45 minutes, at 200°C, in a MARS digester. The digested samples were diluted to 25 mL, with 

Milli-Q water, and left to cool overnight. Then 250 μL of the digestate was further diluted to 25 

mL (100X dilution). One blank tube and two moss standards (Steinnes et al.,1997), one from the 

vicinity of a metal smelter in Harjavalta (M2) and one from a background coniferous forest site 

in Puolanka, Finland (M3) were also digested with each run (MARS digester held 24 teflon 

tubes, so there were 2 recovery standards and one method blank for every 21 samples tested). 

The concentrations of 17 different elements (V, Cr, Fe, Ni, Cu, Zn, As, Cd, Pb, Mg, Al, Ca, Co, 

Se, Sb, Mn and Na) in the samples were determined using inductively coupled plasma-mass 

spectrometry (ICP-MS).  

5.2.6 Data analysis 

5.2.6.1 Quality control 

The average of all method blanks (n = 8) was used to correct recovery standards, 

unexposed, and exposed moss concentrations, as no significant differences were found between 

blanks per batch of anlysis. The average blank concentration, standard deviation, coefficient of 

variation, and minimum and maximum values were estimated for all 17 metals (Appendix: Table 

18) 

The blank-corrected concentrations of heavy metals in the moss standards M2 and M3 (n 

= 7 and n = 8) were averaged and compared with published concentrations (Steinnes et al., 

1997), to determine the percentage recovery of each metal. Recoveries (%) were within the 

bounds of uncertainty (70–120%) for all metals (Appendix: Table 19), except Co (69% and 61% 
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recovery), which was low. The average concentration of each metal, standard deviation, 

coefficient of variation, minimum and maximum values were calculated.  

The non-homogenized samples for each exposure (n = 8, n = 7, n = 9, n = 10 sites; total n 

=34 sites) were examined for variation (appendix Table 20). No significant differences were 

found between replicates (p values ranged from 0.39 to 0.96), so homogenization of replicates 

was determined to be representative of the concentration at a given site, during a given exposure.  

The unexposed moss concentrations of each metal were determined from eight moss bags 

(two per exposure), and no significant differences were found between exposures, so the average 

concentration was calculated and taken as the representative unexposed concentration of each 

element (Appendix: Table 21).  

5.2.6.2 Data analysis 

 The annual and quarterly concentrations of heavy metals were calculated for each metal, 

at each site. The accumulated metal concentrations during exposure (Cexposed)were determined by 

subtracting the average unexposed concentration (Cunexposed) from the total concentration of the 

metal in each exposed sample (n= 130 total, 35, 25, 37, and 33 for quarters 1– 4, respectively). 

An annual relative accumulation factor (RAF) was also calculated for each metal (Vukovic et al., 

2013, 2014) using:  

RAF = (Cexposed – Cunexposed) / Cunexposed 

 Further, an annual Contamination Factor (CF) was calculated (based on Ma et al., 2001) , 

to assess the degree of anthropogenic influence, using:  

CF = (Cexposed) / (Cunexposed) 
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Contamination factors were grouped into five categories based on previous work by Ma et 

al. (2001), who established categories of contamination, based on CF values, as: C1: ≤ 1.2 no 

contamination, C2: 1.2–2.2 slight contamination, C3: 2.2–3.3 moderate contamination, C4: 3.3–

4.3 severe contamination, and C5: > 4.3 extreme contamination. 

Principal component analysis (PCA) was carried out on both the exposed annual 

concentrations and the annual RAFs, using the base package in the R statistical software (v 3.1.1) 

to determine potential sources of metal accumulation in exposed samples. Willems badge passive 

sampler data for NO2 and NH3 (Chapter 2) was averaged for each site, and used to conduct the 

concentration PCA. Regressions were also performed, with AADT values versus the 

concentrations of heavy metals, and with AADT and concentrations clumped by traffic cluster 

(Table 11). Traffic was clustered into 8 clusters based on the AADT values (Table 11). Finally, a 

heatmap was produced using R (gplots package) to visualize the patterns of heavy metals across 

the traffic gradient. The heatmap was produced using the z-scores (normalized) of the 

concentrations at each study site averaged over the exposure periods.  

Table 11: Traffic density cluster details. The cluster number, the original sites used for the cluster, the density level 

(H = high, M = medium, L = low), and the average annual daily traffic across the cluster (AADT) are all given. 

Cluster Sites Density AADT 

1 1 – 3 L 46083 

2 4 – 8 L 75616 

3 9 – 12 M 144191 

4 13 – 18 H 240655 

5 19 – 23 H 331872 

6 24 – 28 M 381619 

7 29 – 37 L 131082 

8 38 - 40 L 48406 
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5.3 Results 

5.3.1 Metals in exposed moss 

The average annual concentrations of V, Cr, Fe, Cu, Zn, As, Cd, Pb, Mg, Al, Ca, Se, Sb, 

Mn, Ni, Co and Na in the exposed moss were higher than background concentrations during the 

study period. All the elements showed high variability across sites (Table 12), which can be 

mainly attributed to the variation in concentrations with varying traffic intensity. Most elements 

(V, Cr, Fe, Cu, As, Cd, Al, Ca, Co, Se, Mn, and Na) showed the highest concentrations in S2 

(Jan–Mar), but Cr, Cu, Ni, Zn, As, Cd, Pb, Mg, Ca, Se, and Sb showed no significant variation 

between exposure periods (Tukey HSD, p > 0.05). Vanadium, Fe, and Co S2 concentrations 

were significantly higher than S3, and S4 (p < 0.05). Aluminum levels in the second exposure 

period (January - March) were significantly higher than in all other periods, Na was highest in 

the first exposure and S2 was significantly higher than S3 and S4. It should also be noted that Co 

in unexposed moss was below detection limit, and many of the observations for Ni showed 

negative enrichment (these values were converted to 0 to indicate no uptake in the moss).  

Table 12: Average annual and quarterly elemental concentrations (µg/g); calculated by subtracting the unexposed 

moss concentration (appendix from the total exposed moss concentration, N = 130 (35, 25, 37, 33 S1–S4). The 

coefficient of variation (COV %) is also given. S1 = October-December 2015,m S2 = January – March 2016, S3 = 

April – June 2016, S4 = July – September 2016.  

  Annual S1 S2 S3 S4 

  Mean COV Mean COV Mean COV Mean COV Mean COV 

V 1.20 90 1.44 66 2.19 73 0.76 56 0.65 63 

Cr 13.7 910 2.89 65 61.1 462 2.27 66 1.64 69 

Fe 920 195 748 68 2305 162 546 47 455 62 

Ni 3.15 932 1.38 283 1.39 478 0.10 424 0.16 433 

Cu 21.1 106 17.7 85 27.7 137 20.3 60 20.7 106 

Zn 993 277 626 155 875 82 1551 297 891 273 

As 0.18 184 0.27 150 0.23 117 0.13 258 0.08 252 

Cd 0.22 517 0.08 103 0.58 408 0.07 211 0.26 364 

Pb 18.1 484 11.6 445 25.3 422 12.5 471 25.7 483 

Mg 473 120 532 117 578 136 353 108 455 100 

Al 342 89 376 75 642 70 230 52 199 64 

Ca 3969 71 4234 57 5231 68 3441 73 3282 82 

Co 0.45 238 0.41 79 1.17 194 0.22 55 0.18 90 

Se 0.10 273 0.09 67 0.18 322 0.06 189 0.09 109 

Sb 1.40 77 1.40 67 1.50 77 1.32 87 1.42 81 
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Mn 30.9 191 28.3 62 39.5 72 38.1 285 19.6 76 

Na 12167 178 36510 76 9586 83 284 100 170 130 

 

 The relative accumulation factors indicated a net accumulation of several elements during 

exposure; the average annual RAF values were: V = 4.2, Cr = 19.8, Fe = 3.3, Ni = 0.9, Cu = 1.9, 

Zn = 20.1, As = 2.6, Cd = 4.5, Pb = 11.3, Mg = 1.7, Al = 1.3, Ca = 1.8, Se = 1.3, Sb = 9, Mn = 

0.8, Na = 76.5 (Table 13). Cobalt had an RAF of 0.45, as the unexposed moss concentration was 

below detection, while Mn and Ni showed slight enrichment (<1 RAF >0) and all other metals 

showed considerable enrichment (RAF > 1). The RAFs were consistent for all metals across all 

exposures.  

 Annual average CFs were: V = 5.2, Cr = 20.8, Fe = 4.3, Ni = 0.4, Cu = 2.9, Zn = 21.1, As 

= 3.6, Cd = 5.5, Pb = 12.3, Mg = 0.7, Al = 2.3, Ca = 0.8, Co = 0.5, Se = 0.4, Sb = 10.0, Mn = 1.8, 

Na = 77.5. The highest levels of contamination occurred in V, Cr, Fe, Zn, Cd, Pb, Sb, and Na, 

which showed extreme contamination (CF > 4.3) (Table 13) (Hu et al, 2018; Ma et al., 2001), 

while the lowest levels of contamination were in Ni, Mg, Ca, Co, and Se, which showed no 

visible enrichment over background levels (C1 = CF ≤ 1.2). Co again had a CF of 0.45 because 

the unexposed concentration was below detection.  

Table 13: Annual average Relative Accumulation Factor (RAF), Contamination Factor (CF) and CF category for 

elements during the exposure and category of exposure levels. C1: ≤ 1.2 no contamination, C2: 1.2–2.2 slight 

contamination, C3: 2.2–3.3 moderate contamination, C4: 3.3–4.3 severe contamination, and C5: > 4.3 extreme 

contamination. 

Chapter 6 M

etal 

RAF 
CF 

CF Category 

V   4.2 5.2 C5 

Cr  19.8 20.8 C5 

Fe  3.3 4.3 C4/C5 

Ni  0.9 0.4 C1 

Cu  1.9 2.9 C3 

Zn  20.1 21.1 C5 

As  2.6 3.6 C4 



81 

 

Cd  4.5 5.5 C5 

Pb  11.3 12.3 C5 

Mg  1.7 0.7 C1 

Al  1.3 2.3 C2 

Ca  1.8 0.8 C1 

Co  0.5 0.5 C1 

Se  1.3 0.4 C1 

Sb  9.0 10.0 C5 

Mn 0.8 1.8 C2 

Na 76.5 77.5 C5 

 

6.1.1 Elemental sourcing and principal component analysis 

Two main factors (PC1 and 2) were extracted from principal component analysis for the 

average annual RAF values (Figure 24; Table 14), and the clusters observed in the results were 

interpreted as source categories for the element concentrations across the exposure area. PC1 was 

the strongest factor and explained 40.3% of the variance. It was dominated by high loadings of 

NO2, NH3, V, Cu, Al, and Sb, and high negative loadings of Cr and Se. PC2 represented 22.9% 

of the total variance and was affected by high loadings of As, Co, Na, Ca and V, and high 

negative loadings of Pb and Zn. There were several clear clusters of elements; cluster 1 was Ca, 

V, Al, Mg and Mn, cluster 2 was NO2, NH3, Sb and Cu, cluster 3 was Cd, Zn and Pb, cluster 4 

was Se, Cr, Co, and cluster 5 was Na, Fe, and As.  

A similar pattern was observed when the PCA was repeated using the average annual 

concentrations of the heavy metals with the addition of the concentrations of NO2 and NH3  

(Figure 25, Table 15). The main change in this PCA is that Na moved into its own cluster, this is 

likely a result of the extremely high and extremely variable concentration values of Na 

throughout the year, caused by winter road salts. PC1explained 41.1% of the variance and was 

affected by high loadings of NO2, NH3, V, Cu, Al, Sb, and high negative loadings of Se, Cr, and 

Co. PC2 accounted for 17.6% of the variance and was influenced by high loadings of Zn, Pb, Cd 
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and high negative loadings of Ca, Na, Mg, and V. The elements were clustered into 5 clusters 

again; cluster 1 = Mn, Ca, V, and Mg, cluster 2 = Sb, Cu, NO2, NH3 and Al, cluster 3 = Cd, Zn, 

Pb and Fe, cluster 4 = Se, Co, Cr, and cluster 5 = Na. The second cluster became more 

pronounced with the addition of NO2 and NH3 concentrations and points to a vehicle source of 

Cu and Sb along the highway 401.  
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Figure 24: Principal Component Analysis 

for average annual relative accumulation 

factor values. PC1 and PC2 are shown. Ni 

was omitted as many of the RAF values for 

sites were 0.  

Table 14: Principal Component Analysis loadings for the average 

annual relative accumulation factor (RAF) values. SD = standard 

deviation, PV = proportion of variance, CP = cumulative proportion. 

Chapter 7   

Chapter 8 P

C1 

Chapter 9 P

C2 

Chapter 10 P

C3 

Chapter 11 S

D 2.69 2.03 1.71 

PV 0.40 0.23 0.16 

CP 0.40 0.63 0.79 

V 0.28 0.29 0.05 

Cr -0.27 0.23 -0.27 

Fe 0.02 0.16 -0.54 

Cu 0.32 -0.02 -0.29 

Zn 0.04 -0.27 -0.20 

As -0.08 0.32 0.01 

Cd 0.14 -0.12 -0.36 

Pb 0.07 -0.37 -0.30 

Mg 0.23 0.21 0.15 

Al 0.29 0.24 -0.14 

Ca 0.22 0.29 0.17 

Co -0.23 0.27 -0.33 

Se -0.27 0.19 -0.28 

Sb 0.32 0.00 -0.13 

Mn 0.23 0.25 0.01 

Na -0.16 0.39 0.01 

NO2 0.32 0.04 -0.06 

NH3 0.34 -0.06 -0.06 

 

 
Table 15: Principal Component Analysis loadings 

for the average annual concentration values. SD = 

standard deviation, PV = proportion of variance, CP 

= cumulative proportion. 

Chapter 12   

Chapter 13 P

C1 

Chapter 14 P

C2 

Chapter 15 P

C3 
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SD 2.72 1.78 1.73 

PV 0.411 0.176 0.166 

CP 0.411 0.587 0.753 

NO2 0.313 -0.021 -0.037 

NH3 0.286 0.189 -0.043 

V 0.275 -0.295 -0.204 

Cr -0.288 0.008 -0.351 

Fe 0.002 0.266 -0.507 

Cu 0.306 0.177 -0.234 

Zn 0.060 0.293 0.071 

As -0.106 -0.169 -0.188 

Cd 0.146 0.391 -0.124 

Pb 0.088 0.427 0.047 

Mg 0.211 -0.311 -0.053 

Al 0.287 -0.102 -0.316 

Ca 0.244 -0.283 0.004 

Co -0.246 0.014 -0.425 

Se -0.298 0.050 -0.313 

Sb 0.312 0.091 -0.127 

Mn 0.222 -0.231 -0.209 

Na -0.205 -0.272 -0.146 

 

 
Figure 25: Principal Component Analysis for average 

annual concentrations. NO2 and NH3 data taken from 

Chapter 2 passive sampler data. PC1 and PC2 are shown.  

 

15.1.1 Relationship to traffic density 

The AADT count was significantly positively linearly related (p < 0.05) to annual 

concentrations of Cr, Fe, Cu, Sb, Mn and Na (Table 16). All these elements were at least slightly 

contaminated; Cr, Fe, Sb and Na had a CF category = 5, Mn CF category = 2, and Cu CF 

category = 3. Sb also showed the strongest association to traffic density. When the analysis was 

repeated with the sites clustered into groupings of similar AADTs (Table 16) the results were the 

same, with Al becoming significant (p > 0.05) and Na becoming non-significant (p > 0.05).  
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Table 16: Linear regression R
2
 and p-values (listed as >0.05, <0.05 for values between 0.05 and 0.01, and <0.01) for 

average annual daily traffic (AADT) versus average annual element concentration, and AADT traffic clusters versus 

element concentration. Significant regressions are shown in italics (p < 0.05) 

AADT AADT Clustered 

Element R2 P value Element R2 P value 

V 0.027 >0.05 V 0.218 >0.05 

Cr 0.143 <0.05 Cr 0.699 <0.01 

Fe 0.119 <0.05 Fe 0.470 <0.05 

Ni 0.026 >0.05 Ni 0.142 >0.05 

Cu 0.251 <0.01 Cu 0.647 <0.01 

Zn -0.029 >0.05 Zn -0.131 >0.05 

As -0.025 >0.05 As -0.153 >0.05 

Cd -0.028 >0.05 Cd -0.032 >0.05 

Pb -0.015 >0.05 Pb -0.076 >0.05 

Mg -0.011 >0.05 Mg -0.094 >0.05 

Al 0.074 >0.05 Al 0.483 <0.05 

Ca -0.021 >0.05 Ca -0.018 >0.05 

Co 0.038 >0.05 Co 0.185 >0.05 

Se -0.027 >0.05 Se 0.034 >0.05 

Sb 0.482 <0.01 Sb 0.943 <0.01 

Mn 0.117 <0.05 Mn 0.768 <0.01 

Na 0.084 <0.05 Na 0.403 >0.05 

 

The heatmap of metal concentrations across the traffic density gradient (Figure 26) 

showed most of the variation in metal concentrations occurred in the centre of the study transect, 

where there was dense population and traffic. The metals at the lower end of the heatmap (Ni, 

Pb, Cr) had the least variation in concentration (from the mean) across the transect.  
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Figure 26: Heatmap of element concentration z-scores at each site (E-W in km), over the exposure period (October 

2015–October 2016). 

15.2 Discussion 

15.2.1 Elements in exposed moss 

The concentrations of heavy metals found in moss varied along the study transect, and 

relative accumulation factors and contamination levels varied between metals and sites. The 

levels of several metals from this study are similar to those from urban China (Hu et al., 2018; 

Cao et al, 2009)), Serbia (Vukovic et al., 2018), Finland (Salo et al., 2012), and Austria 

(Zeichmeister et al., 2006) (Table 17). Concentrations found in this study most closely resemble 

those found in urban areas of Serbia and Finland, where samples were taken along the road side 

and within traffic tunnels, during summer months, at areas of high intensity traffic. Zn levels 

from this study are significantly higher than all others, however the recoveries of Zn were also 

higher than expected for this method.  

Table 17: Annual average concentrations of heavy metals from the current study sites, and from various urban moss 

bag studies globally (µg/g). The Na average value is also given in brackets without the influence of the winter  (road 

salts). 
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Element Current 

Study 

China, Hu et 

al. 2018 

Serbia, 

Vukovic et 

al. 2018 

Finlans, 

Salo et al. 

2012 

Austria, 

Zechmeister 

et al. 2006 

Cao et al. 

2009 

Al 342  –  344 – 541 487 – 1127 1578  –  

Co 0.45  –  0.36 – 0.45  –  1.49  –  

Cr 13.7 2.55 – 8.4 1.28 – 2.10 5.5 – 66.6 16.95  –  

Cu 21.1 7.8 – 16 8.33 – 15.01 6.2 – 11.1 133 29.1 

Fe 920  –  464 – 834 1000 – 2400 4300  –  

Ni 3.15  –  1.34 – 2.61  –  10.75  –  

Pb 18.1 30.05 – 39.58 6.6 – 16.4 0.8 – 3 30.25 55.8 

V 1.2 1.68 – 4.08 0.92 – 2.08 0 – 8.7 5.98  –  

Zn 993 94.78 – 146.7 64.8 – 234.3 9 – 39 565 245.4 

Ca 3969  –   –  1055 – 3615 18475  –  

Mn 30.9  –   –  28.5 – 91.5  –   –  

Na 12167(227)  –   –  156 – 417  –   –  

As 0.18  –   –   –  1.45  –  

Cd 0.22  –   –   –  0.31  –  

Sb 1.4  –   –   –  15.35  –  

S 345  –   –   –  4775 32.8 

 

These values can be difficult to compare with the current study. Most studies focused on 

only a few months of exposure, so seasonality has an influence on the data. Additionally, the 

climate varies between cities.  

There was a difference in the concentrations of several of the metals between quarters, 

particularly the summer and winter months. This seasonal effect was also seen by Hu et al. 

(2018) who found significantly higher concentrations of Cr, V, Cu, Pb and Zn in the winter 

months. Additionally, most urban areas have less dense traffic than highway 401 and some moss 

bag studies do not correct their exposed concentrations by background, or unexposed, 

concentrations, as in the current study; they corrected using laboratory blanks only and measured 

concentrations directly (ignoring existing background concentrations in moss). 

Considering all these, RAF and CF provide a more reliable comparison of contamination 

levels. RAF and CF are corrected for the effect of unexposed concentration and can be compared 

directly, giving a more accurate picture of contamination effects. The RAF values for this study 

(Table 13) were higher than those for Cr (1.72), Cu (1.15), Pb (0.67), V (1.49), and Zn (0.80), 
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observed in China by Hu et al., (2018). Vukovic et al. (2013) found RAF values <0 for Mg, Na; 

0–1 for Cd, Ca, 1–5 for Al, Co, Ni, Zn, 5–10 for Fe, and 10+ for Cu and Cr. These values match 

the ones for Mg, and Al, are higher than the ones for Cu, Fe, Ni, Co, and are lower than the ones 

for Na, Cd, Zn and Cr from the current study. 

 Similarly, CF values (Table 13) from the current study are higher than those 

calculated by Hu et al. (2018) for Cr (2.32), Pb (1.14) and Zn (1.25), although the CF is 

comparable for Cu (1.59). The CF values are comparable to those found in Austria by 

Zeichmeister et al. (2006) for V (7.2), Cr (33.9), Zn (17.1), and Pb (7.8), but are lower for Fe 

(17.2), Ni (11.1), Cu (19.6), As (24.1), Al (7.9), S (4.4), Ca (6.4), Co (8.3) and Sb (73.1). Similar 

CF values may suggest similar element sources occurring in both Wuxi City, China, and along 

highway 401, and for the other elements that are similar in Austria and along highway 401.  

15.2.2 Sources of heavy metals and relationship to traffic density 

In general, Al is a good indicator of windblown soil dusts (Zeichmeister, 2003) and is 

usually thought of as a geologic marker, along with Ca and Mg. Aluminum is present with Ca, 

V, Mg, and Mn in the RAF PCA, representing the cluster of metals whose likely source is 

fugitive dust emissions along the highway 401. Al, Ca, and V were also traced to road side dusts 

in PCA analysis by Zeichmeister et al. (2009) and in another analysis of moss biomonitoring, by 

Harmens et al. (2010), they were shown to be significantly linearly related to one another.   

Non-exhaust vehicular emissions were the source of Sb and Cu, primarily they arise from 

the abrasion of car parts. They have both been traced back to brake linings (Wiseman et al., 

2015) and brake pads (Harmens et al., 2010), and Sb is also found in the wheel weights (the 

correction weight applied at the point of sale of a tire to correct tire and wheel imbalance) of 

vehicles (Plombco, 2011). Similarly, Se, Co and Cr are sourced from non-exhaust vehicular 
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emissions, but from various other parts of the car (such as clutch plates, engine parts, and the car 

exterior). Wiseman et al. (2015) also found Cr and Co clustered in PCA analysis of rad side soils 

from Toronto sites, and that they were significantly highly correlated to one another.  

The metals that can be traced back to exhaust, and industrial, emissions - Zn, Cd, and Pb 

(Song and Gao, 2010) were also clustered together in a PCA by Zeichmeister et al., (2009) and 

by Wiseman et al. (2015). Zinc and Pb were also found to be significantly correlated in several 

studies (Wiseman et al., 2015; Hu et al., 2018; Harmens et al., 2010).  

Sodium, As, and Fe can also be traced back to suspended soils/road particles. Iron is also 

thought of as a primarily geologic indicator and Na, in the present study, is primarily a result of 

splash-back of road salt onto the samplers in winter months (this can be clearly seen by the 

statistically significantly higher Na concentration observed over the 6 winter months (October 

2015 – March 2016). As and Fe were also found to cluster into a common source of suspended 

soils by Zeichmeister et al. (2009).  

Nitrogen dioxide is widely used as a marker for traffic-related air pollution, NO2 and NH3 

clustered with Sb and Cu and Al in the current study, indicating that vehicles are a common 

source of NO2, NH3, Cu and Sb along highway 401.  

Average annual daily traffic was significantly positively related to Cr, Fe, Cu, Sb, Mn, 

Na and Al in this study (Table 15). Traffic density also influences road dust, which can cause 

increased concentrations of Fe, Al, Mn, Na and other geologic metals as well. Several other 

studies also found significant positive correlations between metal concentrations and traffic (Hu 

et al., 2018; Vukovic et al., 2015) and have also shown a direct linear relationship between traffic 

density and heavy metal concentrations (Zeichmeister et al., 2006; Cao et al., 2009). 
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None of the elements in the Zn, Cd, Pb cluster were significantly related to traffic 

density, however this is likely due to the variable concentrations and sources for these elements. 

Zinc can be a result of vehicle exhaust emissions but is also linked to tire abrasion (Song and 

Gao, 2011), brakes (Harrison, 2003), and has been found in road dusts (Zhang et al., 2012). Lead 

has been linked to exhaust emissions, brake wear (Song and Gao, 2011), wheel weights, and has 

been found re-suspended as road side dusts (Zhang et al., 2012; Plombco, 2011). Additionally, 

Pb has a long residence time, making previous emissions and re-suspension a likely source from 

old leaded fuel use. Metals associated with road dust may not necessarily show an increase with 

traffic density, as meteorology is also a factor. 

Antimony and Cu showed the strongest relationships to AADT (lowest p-values and 

highest R
2
 values) and were clustered together with NO2 and NH3. This further supports the idea 

that vehicles are the primary source of both Sb and Cu in this region.  

15.3 Conclusions 

Trace elements can be sourced directly back to vehicular traffic and are significantly 

related to traffic density. Direct and indirect vehicle emissions sources, as well as road dust 

(including re-suspension of previously deposited metals), are major sources of these metals. In 

the current study, Sb and Cu showed a particularly strong relationship to NO2 and NH3, 

suggesting they are directly associated with vehicles. Chromium, Fe, Mn, Na and Al were also 

strongly positively related to traffic density.  

Monitoring of heavy metals along highway 401 road side over the course of a year showed 

elevated concentrations of several trace elements. The highest levels of contamination occurred 

for V, Cr, Fe, Zn, Cd, Pb, Sb, and Na, while Ni, Mg, Ca, Co, and Se showed little or no 

observable contamination due to anthropogenic sources. The levels of trace metals observed 
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along the highway 401 were higher than other urban areas, suggesting there were greater levels 

of contamination. There is a distinct lack of monitoring for trace heavy metals along the highway 

401. None of the active monitoring stations in the area take measurements of these elements. 

There are active monitoring stations that measure air quality, but they are missing a large, 

potentially detrimental (Watmough et al., 2017) part of the picture. No monitoring stations along  

highway 401 meet road side monitoring requirements used in Europe and the USA, however a 

new station has been placed between he old active monitoring station at Resources road and the 

side of the 401. This station is within 10 m of the road side, but there is no data available for it 

yet, and the site did not exist when this study was conducted. There is an increasing need for 

monitoring and assessment of these elements, especially in areas of high traffic along the 

highway 401 where concentrations are significantly elevated above background.   
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Appendix 3 

Table 18: Average blank concentrations (µg/g) for ICP-MS detection; n = 8. The standard deviations (SD), 

coefficient of variation (COV), minimum and maximum value are also given.  NA values indicate the blanks were 

below detection limits for an element. 

Element Mean SD COV Min Max 

V NA NA NA NA NA 

Cr 0.34 0.26 77 0.10 0.74 

Fe 7.07 4.19 59 3.38 12.3 

Ni 0.75 0.57 75 0.11 1.45 

Cu 3.30 4.34 132 0.37 11.9 

Zn 13.2 6.97 53 5.83 23.0 

As NA NA NA NA NA 

Cd NA NA NA NA NA 

Pb 0.80 0.41 51 0.21 1.52 

Mg 2.78 1.23 44 1.14 4.34 

Al 10.4 3.26 31 5.89 15.2 

S 14.7 3.8 26 11.1 21.9 

Ca 66.5 29.6 44 29.0 108 

Co NA NA NA NA NA 

Se 0.04 0.02 62 0.01 0.06 

Sb 0.02 0.01 23 0.02 0.03 

Mn 0.30 0.08 26 0.20 0.41 

Na 29.4 12.7 43 14.8 42.6 

V NA NA NA NA NA 

 

Table 19: ICP-MS recovery values blank corrected standards from the vicinity of a metal smelter in Harjavalta 

(M2), and a background coniferous forest site in Puolanka, Finland (M3). The element, standard value (taken from: 

Steinnes et al, 1997), the averages obtained from the standards run (n= 7 M2; n= 8 M3), and the percent rate of 

recovery are given. BDL = below detection limits. 

Element Standard Values (µg/g) Sample Averages (µg/g) Recovery Rate (%) 

 M2 M3 M2 M3 M2 M3 

V 1.43 1.19 1.17 1.08 82 91 

Cr 0.97 0.67 0.70 0.83 72 124 

Fe 262 138 239 125 91 90 

Ni 16.3 0.95 13.14 1.05 81 110 

Cu 68.7 3.76 65.6 4.58 96 122 

Zn 36.1 25.40 46.8 24.6 130 97 

As 0.98 0.11 0.87 BDL 89 * 

Cd 0.45 0.11 0.38 0.11 84 104 

Pb 6.37 3.33 5.77 2.74 91 82 

Mg 826 755 635 596 77 79 

Al 178 169 137 161 77 96 

Ca 1910 1920 1705 1540 89 80 

Co 0.98 0.12 0.68 0.07 69 61 

Se 0.29 0.12 0.30 0.10 105 88 

Sb 0.21 0.05 0.17 0.05 81 95 

Mn 342 535 287 401 84 77 

Na 166 133 131 111 79 84 
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Table 20: Non-homogenized sample concentrations and p-values. Exp = exposure, SID = site ID. Sb is omitted from 

the table as values were mainly 1, As, Cd, Co and Se were omitted from the table as values were mainly 0.  
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S1 13 0.670 2.0 4.4 1130 9 22 261 9 891 625 8564 38 33294 

   3.0 6.7 1781 31 45 440 15 1420 850 13742 62 54105 

S1 24 0.863 2.2 4.6 1213 10 40 622 4 1275 592 10237 55 69515 

   1.8 4.4 1004 17 36 588 4 1116 454 8624 47 56211 

S1 25 0.569 2.2 5.4 1312 7 26 397 5 1058 733 11964 57 34267 

   1.0 2.6 725 7 24 287 3 981 339 7852 34 16771 

S1 12 0.956 1.1 2.2 659 3 27 211 4 1007 352 9996 41 33704 

   1.3 2.5 725 4 25 199 4 1086 427 10850 43 35442 

S1 5 0.945 2.0 2.6 1122 9 62 3520 12 965 603 13068 50 60712 

   1.9 2.7 1056 6 20 3417 10 885 616 12117 48 56167 

S1 10 0.615 1.9 4.9 1144 5 23 534 5 993 631 12160 56 37806 

   1.3 2.9 818 6 26 336 3 1133 487 9309 41 18959 

S1 14 0.933 1.3 2.7 723 2 16 411 5 884 443 9258 42 33034 

   1.5 3.0 775 2 17 461 5 922 480 9976 46 36382 

S1 20 0.887 1.6 2.9 862 5 31 357 5 1173 518 11342 62 20832 

   1.2 2.2 647 4 61 313 5 928 392 9126 48 17452 

S2 26 0.963 2.2 4.1 1290 7 33 259 5 1121 788 6941 61 44692 

   2.6 4.6 1554 5 40 291 6 1320 945 7784 61 46147 

S2 33 0.414 2.7 4.2 1319 7 29 1396 5 2448 574 10689 61 

12684

8 

   1.3 3.7 755 8 13 262 5 1541 480 9249 48 24354 

S2 4 0.757 1.1 1.5 519 17 8 213 3 843 332 8742 33 48898 

   1.3 3.0 796 3 12 485 3 1260 488 12414 49 26454 

S2 13 0.393 3.1 5.1 1886 6 16 411 5 1653 1025 12687 60 5344 

   4.1 9.4 2516 5 34 731 7 1594 1354 17727 76 30629 

S3 1 0.973 0.3 0.4 183 0 10 336 0 0 87 1111 0 102 

   0.3 0.4 188 0 10 346 0 0 89 1145 0 105 
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S3 2 0.950 0.7 1.3 432 0 14 745 1 226 182 4399 11 724 

   0.7 1.4 458 0 15 790 1 240 192 4663 12 767 

S4 3 0.914 1.0 2.1 629 0 27 191 2 278 282 5989 23 444 

   0.9 1.9 560 0 24 170 2 248 251 5331 21 395 

S4 6 0.700 0.0 0.0 352 0 32 178 86 0 35 0 16 0 

   0.0 0.0 260 0 24 132 64 0 26 0 12 0 

S4 7 0.912 0.8 2.9 649 0 24 254 1 470 203 4700 29 564 

   0.9 3.3 722 0 27 283 2 522 226 5226 33 627 

S4 15 0.954 0.7 1.4 454 0 5 421 2 756 209 2735 19 17 

   0.7 1.4 477 0 6 442 2 794 219 2872 20 18 

S4 16 0.889 0.8 1.5 507 0 11 2567 4 1102 289 5564 29 37 

   0.7 1.3 452 0 10 2285 4 981 257 4952 26 33 

S4 17 0.911 0.4 0.6 210 0 9 487 0 137 48 248 3 0 

   0.4 0.6 227 0 9 526 0 147 52 268 4 0 

S4 18 0.675 0.1 0.5 123 0 12 583 0 100 27 0 0 0 

   0.1 0.3 80 0 8 379 0 65 17 0 0 0 

S4 20 0.670 0.6 1.6 507 0 90 586 4 379 178 2548 19 0 

   0.4 1.1 350 0 62 404 3 262 123 1758 13 0 

S4 22 0.740 0.3 0.7 149 0 23 99 1 0 75 0 2 36 

   0.3 0.9 186 0 29 124 1 0 94 0 2 45 

S4 24 0.836 0.7 2.2 406 0 15 845 1 84 185 2992 17 0 

   0.8 2.7 495 0 18 1031 2 103 226 3650 21 0 

S2 25 0.799 0.7 2.3 369 0 0 98 1 0 158 374 2 10057 

   0.9 3.2 517 0 0 137 1 0 221 524 3 14080 

S2 26 0.801 0.4 0.9 180 0 0 206 0 0 52 0 0 2119 

   0.3 0.7 133 0 0 152 0 0 39 0 0 1568 

S2 27 0.783 1.2 1.7 591 0 2 217 2 0 375 4861 16 4188 

   1.5 2.2 750 0 3 275 3 0 476 6163 20 5311 

S3 11 0.616 0.6 1.9 366 0 12 592 1 623 199 3672 24 281 

   0.3 1.2 228 0 8 369 1 388 124 2289 15 175 

S3 12 0.699 0.1 0.7 181 0 3 65 0 0 0 0 0 160 

   0.1 1.0 251 0 4 89 0 0 0 0 0 222 

S3 13 0.713 0.4 0.3 216 0 25 369 1 297 130 1577 14 237 

   0.3 0.3 161 0 18 275 1 222 97 1175 10 176 

S3 15 0.403 0.5 0.8 312 0 11 1442 2 513 178 3733 23 327 

   0.2 0.4 141 0 5 652 1 232 80 1687 10 148 
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S3 17 0.493 0.9 1.7 643 0 9 458 1 746 293 3455 30 530 

   0.5 0.9 357 0 5 255 1 415 163 1921 17 295 

S3 18 0.589 0.6 1.7 484 0 27 416 2 656 163 3331 21 369 

   1.0 2.8 790 0 44 680 4 1071 266 5438 34 603 

S3 20 0.764 0.8 7.1 680 0 24 208 2 252 208 1404 13 40 

   0.9 8.9 855 0 30 261 2 317 261 1764 17 50 

 

Table 21: Unexposed moss concentrations (n = 8); indicates background concentration of metals at Warsaw, ON. 

The average concentration (µg/g), standard deviation (SD), coefficient of variation (COV), minimum and maximum 

values are given. BDL = below detection limit.  

Metal Mean SD COV Min Max 

V 0.23 0.10 42 0.14 0.37 

Cr 0.66 0.29 44 0.33 1.03 

Fe 212 43.5 20 156 261 

Ni 8.95 6.39 71 3.43 16.7 

Cu 7.32 0.91 12 6.11 8.30 

Zn 47.0 4.63 10 40.3 52.3 

As 0.05 0.07 140 0.00 0.14 

Cd 0.04 0.04 103 0.00 0.09 

Pb 1.47 0.38 26 1.05 2.06 

Mg 654 90.5 14 538 749 

Al 148 23.9 16 124 185 

Ca 4900 729 15 3968 5741 

Co BDL BDL  BDL  BDL  BDL  

Se 0.28 0.04 15 0.23 0.32 

Sb 0.14 0.04 25 0.09 0.20 

Mn 17.6 2.38 14 14.7 20.5 

Na 157 113 72 75 331 
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Chapter 31 Conclusions and recommendations 

The King’s Highway 401 is the busiest highway in North America. It passes through the 

Greater Toronto Area (GTA), where there is a large, population of ~6 million people, the 

highway has traffic volumes ranging from 40,000 – 450,000+ vehicles per day. This densely 

trafficked urban area has few active air quality monitoring stations (n = 4), and only one recently 

added station that meets the road side monitoring requirements set out by the US EPA – near-

road monitoring sites must be located within 20 m of the road side, and have unobstructed air 

flow, with no obstacles between the monitoring probe and the nearest outside edge of the traffic 

lane. This makes characterizing actual air pollution levels directly along the highway difficult, 

and current air pollution assessments under-report these concentrations.  

 Levels of NO2 and NH3 are significantly elevated along the road side of highway 401; for 

NO2 these levels are significantly higher than those recorded by active monitoring stations in the 

area. In the current study NO2 showed a strong seasonal trend, with winter having the highest 

concentrations, while NH3 did not vary over the exposures. Both pollutants showed a high 

correlation to one another, and a strong linear relationship with traffic density. Dry nitrogen 

deposition varied between 26.1 and 86.6 kg/ha yr and was dominated by NO2-N along highway 

401.  

 Trace element concentrations were also elevated along highway 401 compared to 

background levels, with moss bags providing an acceptable method to passively evaluate 

concentrations along the road side. These levels showed no significant variation between 

seasons, but did show a strong relationship to traffic density, particularly Sb and Cu which were 

associated with the same source as NO2 and NH3, traffic. 
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 Road side monitoring of atmospheric pollutants is virtually non-existent along the 401. 

There is one active monitoring station that measures NO2 and other priority air pollutants that 

meets the road side monitoring requirements set out by Europe and the US EPA, however thee I 

no data available for this site yet. Other active sites along the 401 do not meet these 

requirements, and may not give an accurate representation of the actual road side concentration. 

Other stations in the region are located within urban areas aimed at measuring air quality for 

human health. Ammonia and trace metals are not measured at active monitoring sites along 

highway 401, and little to no information about their concentrations directly along highway 401 

are known. This is important for accurately measuring the air quality in the area, especially in 

terms of the negative impacts of heavy metals and ammonia to human and ecosystem health. 

 Given that the King’s Highway 401 is the largest source of NO2, and likely NH3 and trace 

metals in the GTA, more research is needed to compare levels of pollutants directly along the 

road side to other areas and there is an increased road side monitoring (that meets the 

requirements to be considered road side). This could be achieved using passive monitoring 

methods, to increase the spatial coverage of measurements with less expense, man-power and 

energy used, by adding additional active sites, or by moving the current ones closer to the road 

side in order to meet road side monitoring requirements. This could also be done by aiming 

future legislation and reduction targets at pollutants that currently receive less attention, like 

ammonia and heavy metals.  

 


