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ABSTRACT 

The focus of my research is to apply stable isotopes as a new tool to 

understand free radical chemistry in the troposphere. Stable carbon isotope ratios are 

used as indirect tracers of the reaction of nonmethane hydrocarbons (NMHC) with 

OH radicals in ambient air from Toronto and Vancouver air-sheds, Canada. 

Compound-specific stable carbon isotope ratios of NMHC were determined in 

ambient air from urban, suburban, rural and source sites in the air-sheds using Gas 

Chromotograph-Isotope Ratio Mass Spectrometry (GC-IRMS). In the Greater 

Toronto Area, the average isotope ratio of all ambient measurements of NMHC, 

including halogenate NMHC was found to be -25.7 + 3.4 %o. Traffics related source 

sites in the Greater Toronto Area have an average isotope ratio of -25.7 + 3.5 %o, 

whereas the ratio for traffic related emissions in the Lower Fraser Valley are -25.9 + 
4.2 %o. 

The extent of chemical processing due to OH radical reactions that the individual 

NMHC has experienced since emission is quantitatively determined. It is shown that 

in combination with concentration measurements, isotope ratio measurements are an 

extremely valuable new approach to study the spatial and temporal differences in 

chemical removal mechanisms, mixing and dilution processes. 
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1 Introduction 

1.1 Background 

Atmospheric volatile organic compounds (VOCs), including non-methane 

hydrocarbons (NMHC) and oxygen containing volatile organic compounds (OVOCs), 

are ubiquitous atmospheric trace gases that have important impacts on atmospheric 

chemistry in both the troposphere and the stratosphere. VOCs combine with oxides of 

nitrogen to produce 0 3 ,  contribute to aerosol growth, impact atmospheric radiative 

processes and visibility, substantially control the oxidative capacity of the 

troposphere in polluted and forested regions, and strongly influence OH radical 

cycling. Specifically, sources of NMHC can typically be classified as dominantly 

biogenic or dominantly anthropogenic. Terrestrial plants dominate biogenic NMHC 

emissions, with forested ecosystems being the largest source. In urban centres with 

little vegetation, the most commonly measured anthropogenic NMHC are C2-CI0 

alkanes, alkenes, alkynes, and aromatics compounds (Goldstein and Shaw 2003). 

Major source categories for these NMHC are traffic related sources, including vehicle 

emissions, solvent evaporation, and fuel combustion. Biomass burning also emits 

substantial quantities of a wide range of NMHC. In rural and remote areas 30-50 

different hydrocarbons are frequently observed at sub-ppbv concentrations, 

(Greenberg et al. 1999). In urban areas only a limited number of compounds are 

present at concentrations in the ppbv range. Relatively high urban concentrations, 

expressed as mixing ratios, of some ubiquitous aromatics, unsaturated and saturated 

nonrnethane hydrocarbons are shown in Table 1.1. 



Table 1.1: Typical NMHC urban mixing ratios measured in part per billion by volume 
@pb? 

Compound Mixing Ratio, ppbv 

Propane 0.4-221 

Propene 0.1-39 

Isoprene 0.1-2 

Benzene 0.9-26 

Toluene 0.3-39 

o-xylene 0.4-6 

Stable isotope ratios of carbon containing trace gases, particularly COz and 

CH4, are useful in providing additional constraints on atmospheric budgets and 

biogeochemistry (Brenninkmeijer et al., 1995; Conny and Currie, 1996). Until 

recently, analytical measurements of isotope ratios of atmospheric NMHC were not 

possible because their ambient atmospheric concentrations are too low. The coupling 

of a cryogenic unit for the concentration of VOCs from ambient air collected in 

stainless steel canisters, described by Greenberg et al. (1984), to the Gas 

Chromatograph - Combustion - Isotope Ratio Mass Spectrometer (GC-C-IRMS) was 

first applied to atmospheric VOCs by Rudolph et a2 (1997). Since the development of 

this method, few studies on the isotopic composition of atmospheric NMHC have 

been published. However, the advances in measurement techniques have stimulated 

research on the potential applications of this information for increasing our 

understanding of source identification, budget constraints, and the differentiation 



between mixing and chemical processing of VOCs in the atmosphere (Goldstein and 

Shaw 2003, Thompson et al. 2003, Tsunogai and Yoshida 1999). 

The atmospheric oxidation process that provides the highest degree of 

chemical turnover involves reactions with OH radicals (Atkinson 1984). 

Atmospheric oxidation processes relating to OH-radical chemistry determine the 

removal rates of many important atmospheric pollutants (NMHC) and contribute to 

the formation of many secondary pollutants, such as O3 and aldehydes, identified as 

harmful to human health and vegetation (Heddle et al., 1993; Temple and Taylor, 

1983). The short lifetime of an OH-radical has made it both analytically difficult and 

costly to measure directly. To derive average tropospheric concentrations, chemical 

kinetics have been applied as an indirect method of measuring OH-radicals; however, 

a large degree of error has been associated with the method. By using stable carbon 

isotope kinetic analysis, additional constraints on the atmospheric hydroxyl radical 

concentration may be provided. 

1.2 Objectives of Study 

To assess the effectiveness of stable carbon isotope ratios analysis to study the 

oxidizing capacity of the ambient air in the troposphere, a spatial and temporal study 

of NMHC in ambient air in the Lower Fraser Valley (LFV) and Greater Toronto Area 

(GTA) was conducted. My research had the following objectives: 

Establish a Gas Chromatograph-Combustion-Isotope Ratio Mass Spectrometry 

(Gc-C-IRMS) methodology appropriate for ambient tropospheric NMHC 

measurement at the Biogeochemistry Facility-School of Earth and Ocean Science, 

University of Victoria. 



Make stable carbon isotope ratio measurements for the most prominent NMHC 

sources in the Lower Fraser Valley (LFV) and Greater Toronto Area (GTA). 

Apply the isotope hydrocarbon clock method to obtain average photochemical 

ages of NMHC air parcels that are independent of parcel mixing (Rudolph et al. 

2000). 

Develop tools to verify OH-radical chemistry in air pollution models. 

1.3 The Hydrocarbon Clock 

Given that the primary removal mechanism of NMHC are by reaction with 

photolytically generated OH radicals, the general chemical reaction can be described 

as follows: 

Eq. 1.1 C, +*OH -+ *C, + H 2 0  

In this study, C1 is a NMHC, *OH is the hydroxyl radical and -C1 is a reaction 

product. The average rate of reaction, or the change in concentration of reactants and 

products over time, can be expressed as follows: 

Where A denotes change and t is the variable expressing time. 

The average rate of reaction is often described in terms of a rate law (Equation 

1.3) that expresses the relationship of the concentration of each reactant and a rate 

constant, koH, to the rate of reaction. The value of the rate constant differs for each 

NMHC as koH is dependant on the compounds reactivity with the hydroxyl-radical. 



Since they are related through the rate law, a concentration-time relationships 

can be derived. For a first order reaction, Equation 1.3 and be substituted in Equation 

1.4 to derive a concentration-time relationship for compounds, cl: 

When Equation 1.4 is integrated from time, tl to time, t2, the concentration of the 

compound can be expressed by the following first order reaction with respect to 

compound, cl (Kleinman et al., 2003). 

-- "7' :ty - .I k,, pH]d t  
Icll,, tl 

If the time integrated OH concentration (or photochemical age) of a compound 

is expressed as the amount of time passed multiplied by the average OH 

concentration ([OH],) as in Equation 1.6: 

By integrating Equation 1.5 and substituting the expression into Equation 1.6, the 

following equation relating the photochemical age of a NMHC to the concentration of 

NMHC can be derived: 

Where [c1ltl and [CI]Q are the concentrations of compound cl at time tl and t2 

and koH is the rate constant for the reaction of compound cl with OH radicals. 

Experimentally, the average photochemical age of an air parcel is derived by 

measuring the change in ratio of different compounds over time in a method known as 



the hydrocarbon clock. The first order decay reaction, expressed in Equation 1.7, is 

modified to include the concentration of a second compound (cz) and the differing 

reaction rates (C2ko~) of cd with OH radicals: 

The units of the photochemical age are dependant on the units of koH. As the value of 

1 -1 koH used in this study are cm3 molecules- s , the photochemical age is expressed in 

units of molecules s ~ m - ~ .  

If dilution of the air parcel occurs with an air mass that contains none of the 

compounds of interest, then the relative concentrations of compounds contained in the 

initial air mass remain unchanged. However, if mixing of air parcels containing the 

same compounds does occur, it is ambiguous as to whether or not the change in 

concentration ratios is from photochemical aging or dilution processes. For example, 

n-pentane and iso-pentane can be used to derive photochemical ages independent of 

air parcel mixing because the reaction rate for n-pentane with OH radicals differs 

from that of iso-pentane by only a few percent (see Table 1.2). If dilution processes 

occur, however, and a compound with a large residence time, such as benzene, is 

included in hydrocarbon clock analysis, Equation 1.8 deviates from linearity. The 

usefulness of the method is therefore restricted to compounds with atmospheric 

residence times differing by only a few percent. 

1.4 Stable Carbon Isotope Analysis 

The stable isotope ratio of a specific element in a given sample is measured as 

a ratio of the rare isotope to the abundant isotope. Because absolute abundances of 

individual isotopes are difficult to measure, two isotopes are measured as a ratio by 



IRMS that is compared to that of a known standard. For carbon, "c/"c ratios in 

natural abundances are commonly referenced to the internationally accepted standard 

13 12 Pee Dee Belemnite (PDB). The accepted C/ C ratio for PDB is 0.01124 (Craig 

1957). Small differences in carbon isotope composition are conveniently expressed 

using delta (6) notation as the per mil (%) difference of the sample to a known 

standard: 

Eq 1.9 6 13c(%) = 
- L q j s W r d  sample x 1000 

Variations in isotope ratios occur due to differences in sample source material 

and/or the dependency of certain thermodynamic properties of a given sample on the 

mass of the atoms that compose the sample (Faure 1986). The latter causes isotope 

fractionation to occur through equilibrium and kinetic effects. Equilibrium effects 

occur because of differences in the translational, vibrational, and rotational energy of 

each isotope and is proportional to the relative mass difference between isotopes. 

Equilibrium fractionation can occur during the exchange of a molecule between two 

phases at equilibrium. This type of fractionation is not likely to be important for 

atmospheric NMHC because typically the rate of irreversible reaction of these 

compounds with OH radicals are short compared to equilibrium rates. 

Fractionation effects of importance in atmospheric NMHC processes are 

caused by kinetic effects associated with heavier isotopes having stronger bonds and 

typically slower reaction rates. Although other sinks, for example O3 exist, the 

atmospheric lifetimes of the compounds are mostly determined by their rate of 



irreversible reaction with OH radicals, with lifetimes covering a range of minutes to 

months (Table 1.2). The magnitude of kinetic fractionation is usually presented as the 

ratio of the reaction rate constant of the compound containing the heavy and light 

isotope as: 

Eq. 1.10 a=l2koH li3k, 

Here I 2 k o ~  is the rate constant for reaction of the NMHC containing only 12c atoms 

with OH radicals and 13ko~ is the rate constant for NMHC that contain a 13c atom. 

Because a is generally close to unity, the resulting kinetic isotope effect (KIEoH) 

associated with the primary NMHC loss process is defined using delta notation: 

Eq. 1.11 KIE,,, = [(I'  k,,, /" k, ) - I] 1000 

The value of KIEoH can be derived experimentally from the slope of a plot of the 

following form: 

Eq. 1.12 1n(12 ct l12ct )=12k,, ll3kOH /(l-12k, ~ ~ ~ k , ~ ) l n [ ( ' ~  c, /12ct2 )/(13c, ~ ' ~ c , ,  )] 

where ctl and ct2 refer to concentrations of isotopes at time tl and time t2 respectively. 

The KIEoH is derived on the assumption that the heavy carbon atom is the 

atom being attacked. The attack of a carbon atom by the OH radical is sometimes 

preferential to location (i.e. the second carbon atom is preferentially attacked in a 

propane molecule, whereas for propene, attack is preferential at the first carbon atom 

in the molecule). When there is preferential abstraction to carbon atom location, a 

deviation in the linear function from which the KIEO~ values are experimentally 

derived occurs. 



Experimentally derived KIEoH values for the reaction of NMHC with OH 

radicals are positive indicating that molecules containing only 12c react faster than the 

13c labelled molecules (see Table 1.2). The KIEoH values for n-alkanes are quite 

small: between 2.84960 and 3.26960. The small values have been explained by the mass 

dependence on the collision frequency between n-alkanes and OH-radicals. The 

substantially higher KIEoH for alkenes (propene 11.7960) are attributed to the larger 

fractionation effects caused by the addition of OH-radicals across a double bond. 

NMHC with low reactivity towards OH-radicals, large atmospheric resident times, 

and large KIEoH can be anticipated to undergo significant chemical processing caused 

by long atmospheric exposure to OH-radicals. Benzene and ethyne are included 

amongst these NMHC. 



Table 1.2. Atmospheric lifetimes due to OH radicals, 03, rate constants (kOI$ and 
fractionation factors (KIEOI$ for the reaction of selected NMHC with OH radicals. 

Compound gLifetime gLifetime 'koH (X 1 0y2)1 KIEO~,  %O Ref, 
d u e  to OH- d u e  to 0 1  cm3 rnolec' s- KIE0.w 

Ethyne 0.91 15.84f 0.6 e 
Benzene 9.4 day >4 yr 1.23 + 0.24 8.13 =t 0.5 b 

Iso-Butane 2.35 k 0.09 9.29 h 1.12 f 
n-Butane 4.7 day ,4500 yr 2.56 f 0.02 2.84 f 0.17 b 

Iso-Pentane 3.90 2.91 k 0.43 f 
n-Pentane 3.97f0.10 3.26h0.64 f 
Toluene 1.9 day 1.9 yr 5.96 * 1.13 5.56 * 0.28 c 

Ethylbenzene 7.10 f 1.75 4.34 * 0.28 d 
o-Xylene 19 h 1.4 f 3.4 4.27 k 0.05 d 
p-Xylene 19 h 2.1 f 3.6 4.83 kO.81 d 
Propene 5.3 h 4.9 day 2.60 11.70 b 

=to. 19 
Propane 10 days >4500 yr 1 .15 h 0.04 3.44 f 0.26 b 
Isoprene 1.4 h 1.3 day 6.94 f 0.80 b 
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1.5 The Isotopic Hydrocarbon Clock 

Assuming that no dilution or mixing processes have occured, it follows from 

Equation 1.7 that the preferential removal of NMHC containing light atoms from an 

air parcel obeys the Rayleigh fractionation curve described in the following equation: 

where is the delta (%o) value of cl in the air mass at tl and is the delta value 

(%o) of cl at t2. By substituting Eq 1.13 into Eq 1.7 the following equation for the 

photochemical age, (t[OHl,,) of the compound under investigation (el) is obtained: 

Eq 1.14 t[OH],, = (&a - &I x  OH 

If we measure tjCtl at the time of emission and tict2 in an aging air parcel and derive 

O H K I ~  and koH experimentally, it is possible to solve for the photochemical age in a 

method known as the isotopic hydrocarbon clock (Rudolph et al. 2000). Figure 1.1 

depicts the photochemical age resulting from the change in isotope ratio from time tl 

to time tz for major NMHC under investigation. As predicted by Equation 1.14, the 

photochemical age of a compound is dependant on the magnitude of KIEoH and koH. 

Because the difference between the rate constant for reaction of NMHC containing 

only 12c atoms with OH radicals and the rate constant for NMHC that contain a 13c 

atom is usually smaller than a percent, Rudolph and Czuba (2000) have shown that 

using stable isotope ratios of a compound removes many ambiguities associated with 

air parcel mixing using the conventional hydrocarbon clock method. 

Although the hydrocarbon clock and the isotopic hydrocarbon clock are both 

applied to derive photochemical ages, it is important to note several differences 



between the two methods. Firstly, the isotopic hydrocarbon clock determines the 

photochemical age of the studied compound and not, as in the hydrocarbon clock 

method, the linearly weighted average of all NMHC measured in the investigated air 

parcel. Secondly, the use of isotope ratios gives a linearly weighted average 

photochemical age for an individual NMHC in the air parcels with non-uniform 

photochemical ages. Thirdly, the isotope hydrocarbon clock can be applied to air 

masses containing a mixture of air parcels of different ages to determine the mean 

photochemical age of a particular NMHC. 

Figure 1.1: Model of NMHC photochemical ages derived from the change in isotope 
composition from time, tl to time, tz for some compounds under investigation. 



2 Methods 

2.1 Sampling Method 

Air samples were collected in stainless steel 3 dm3 SUMMATM canisters using 

a battery powered Teflon membrane pump. The samples were collected by 

compressing ambient air in the canister to approximately 3 atm. Personnel from the 

Centre for Atmospheric Chemistry (CAC), York University, collected samples in the 

Greater Toronto Area. Personnel fiom the Biogeochemistry Facility-School of Earth 

and Ocean Science, University of Victoria, collected Lower Fraser Valley air 

samples. 

2.2 Sample Sites 

2.2.1 Traffic Related Source Study 

On November 20, 2003 sample sets were collected at the Cassiar Tunnel in the 

Lower Fraser Valley (LFV) in British Columbia, Canada. A sample set consisting of 

sixteen canisters was taken during periods of high automotive activity in the tunnel 

(7:30-9:30, 1 S:3O- 1 7:3O local time). Tailpipe emissions from cars and trucks 

travelling at moderate speed dominate emissions at the tunnel site and are expected to 

give an average source composition fiom transport related fuels. On the same date 

and times, samples were taken in the Greater Toronto Area (GTA) at a railway 

overpass in the city's downtown area (Union Station Overpass). The samples taken at 

this location are a reasonable representation of the vehicle emission mix in Toronto, 

Canada (Rudolph 2002). Complete details of sampling conditions are given in 

Appendix 1. 



2.2.2 Urban Ambient Air 

Samples were collected in downtown Toronto at major intersections on June 

17 & 18, July 15, and August 21,2003. Sampling locations for urban ambient air are 

represented in Figure 2.1 by numbers 1-1 3. Complete details of sample conditions are 

given in Appendix 1. Samples were collected at hourly time intervals and represent 

hourly integrated samples. Within each hour, two five-minute samples were 

collected. In this text urban samples are abbreviated urban. 

2.2.3 York University Ambient Air 

Diurnal samples were collected at York University in suburban Toronto on 

May 22, June 24, July 29 and August 14, 2003. York University is located 

approximately 20 km northwest of downtown Toronto. As there are highways, 

airports, residential areas and gasoline storage facilities in the vicinity, the site is 

expected to be affected by all types of emissions. Complete details of sample 

conditions are given in Appendix 1. Samples were taken at hourly time intervals and 

represent integrated samples for that time duration. Two five-minute samples were 

taken within each hour sampled. Based on average wind speed and direction, air 

travelling across York University passed through downtown approximately Toronto 

two hours before hand. In this text York University samples are abbreviated YU. 

2.2.4 SuburbanIRural Ambient Air 

In the summer of 2003 intensive samples were collected in suburbadrural areas in the 

GTA on July 14, August 19 and August 20. Suburban/Rural sites were chosen to 

represent, based on most frequent wind directions, downwind conditions for the urban 

centre. Sampling locations for suburbanlmral ambient air are represented by numerals 



14-25 in Figure 2.1 Complete details of sampling conditions are given in Appendix 1. 

Samples were taken at hourly time intervals and represent integrated samples for that 

time duration. As in urban and suburban air studies, two five-minute samples were 

taken within the hour. In this text suburbanlrural samples are abbreviated SR. 

t 

Figure 2.1: Site of ambient air collection in the GTA. Urban samples (bottom left) 
are represented by numbers 1-13. Suburban and rural locations (top le3) are 
represented by numbers 14-25. 

2.3 Analytical Method 

Ambient levels of NMHC are low in urban air (ppb and sub-ppb). A sample 

enrichment unit similar to the one described by Rudolph et al. (1997) was built to 

concentrate samples to amounts detectable by instrumentation. Sample analysis 



consisted of a series of steps listed below that will be described in greater detail in the 

paragraph that follows: 

(1) NMHC are absorbed onto a trap in a preconcentration step. 

(2) NMHC are heated at a rapid rate and transferred in a cryofocussing step before 

injection onto a chromatographic column for analyte separation. 

(3) NMHC are combusted online by a high temperature oxidation process. 

(4) Compound specific isotopic measurements of NMHC are made by IRMS. 

A general schematic of the experimental setup located at the Biogeochemistry 

Facility - School of Earth and Ocean Science (BF-SEOS), University of Victoria is 

shown in Figure 2.2. The COz and H20 traps together with the first six-port valve 

comprise the preconcentration unit. The second six port valve comprises the cryo- 

focusing unit. 

The sample was first passed through stainless steel tubing (30 cm x %") 

packed with Ascarite (8-20 mesh size) to remove C02 and then sample air was passed 

through a 30 cm x 112" length stainless steel silica lined tubing immersed in liquid 

ethanol cooled to -30•‹C to remove sample moisture. The analytes were then 

cryogenically trapped at liquid argon temperature (-186OC) on silica lined tubing 

(114"~ 30 cm). Sample volumes were controlled using a mass flow controller and a 

manual timer. Depending on sample concentration, flow rates ranged from 50 to 90 

ml min-' in the pre-concentration unit. The analytes were flash heated to remobilize 

the NHMC, then transferred to a cryo-focussing trap submerged in liquid argon using 

He as a carrier gas. Cryogenic temperatures were high enough to allow N2 and 0 2  to 

vent from the sample. The He flow rate for transfer to the second focus loop was 



between 5-10 ml min". All transfer lines were maintained at 80•‹C in the 

preconcentrator/cryofocus unit. Following sample enrichment, the sample was 

transferred to a Varian 3400 Gas Chromatograph (GC) by switching a six-port to the 

inject position. The GC was equipped with a GS-GasPro 0.32 mm i.d. x 30 m PLOT 

capillary column with a He carrier gas flow rate of 2 ml mine'. The column was held 

at 30•‹C for 2 minutes before being heated to 230•‹C at a rate of 20•‹C/min. Final 

column hold time was 15 minutes at 230•‹C. 

Following analyte partitioning, the effluent was passed through a combustion 

interface where hydrocarbons were oxidized to carbon dioxide and water in a method 

similar to that described by Matthews and Hayes (1978). The combustion oven 

consists of single copper, nickel and platinum wires held in a ceramic tube at 890•‹C. 

The nickel and copper in the combustion interface were reactivated by continuously 

passing oxygen through the ceramic tube. Following removal of HzO produced by the 

combustion process by nafion permeable dryer, approximately O.Sml/min of gas was 

transferred to a Finnegan MAT-252 Continuous Flow Isotope Ratio Mass 

Spectrometer via an open split. Here carbon isotope ratio measurements were made 

12 16 16 by simultaneously monitoring mass to charge ratio (mh) 44(C 0 0 ), 

12 16 17 12 I6 18 4 5 ( ~ ' ~ 0 ' ~ 0 ' ~ ,  C 0 0 ) and 46(C 0 0 ). Details of the combustion interface, 

nafion dryer and open split are given by Merrit et al. (1995) 

A reference gas inlet allowed the introduction of a flow of C 0 2  of known 6 1 3 ~  

content relative to PBD for a defined period of time. Reference gas was injected four 

times during each sample run at times where no chromatographic peaks were 

observed. Peak integration was performed using the commercial software product 



ISODATTM. The individual NMHC peak boundaries and baseline was manually 

defined three times and the average of the three was taken to be the isotope ratio in 

per mil (%o PBD) units. Calculations for isotope ratio were made relative to the 

reference gas included in the same chromatogram. 

An external gas standard was run daily to ensure system calibration and 

accuracy of the 613c determinations. The standard consisted of an air filled summa 

canister spiked with a commercial Scotty Standard containing a homologous series of 

n-alkanes (nC1 to nC6). Aromatic house standards and alkene Scotty standards were 

run less fkequently to monitor measurement accuracy and precision. Preparation 

methods for gas standards account for variability from analytical and sampling 

uncertainty. Standard deviations of the mean were better than 0.5%0 for injections 

greater than 5ng of carbon, which corresponds to a concentration in the 0.1 ppbv C 

range in a pressurized 3L canister. Throughout analysis, the experimental uncertainty 

is equal to or less than 0.5%0 for all compounds. The variability in the values of 

atmospheric NMHC was much larger than the accuracy and precision of the 

measuring method. Identification of compounds was based on retention times 

obtained from a series of standard injections. A list of NMHC measured in this study 

and their abbreviations found GC-C-IRMS chromatograms is shown in Table 2.1. 

Concentrations, also referred to in the text that follows as mixing ratios, of 

NMHC in samples were determined at the CAC, York University, by established GC- 

FID methods. Detection limits of the concentration measurements are in the ppt 

range. The average relative reproducibility is determined to be approximately 5% for 



these methods for mixing ratios exceeding 100ppt. Estimated relative accuracy is in 

the range of 10%. 
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3 Results 

This chapter is an overview of the results of concentration and isotope ratio 

measurements made in the Lower Fraser Valley (LFV) and Greater Toronto Area 

(GTA) 2003 sampling campaign. Complete data sets are presented in Appendix 1. 

The mean concentrations and mean carbon isotope ratios presented in this chapter are 

not time weighted. A graphical overview of results is presented in Section 3.3. 

3.1 Concentration Measurements 

Mean NMHC mixing ratios are presented in Section 3.1. The mean over the 

daily sampling period, standard deviation (std. dev.), standard error (std. er.), 

minimum daily mixing ratio (min), maximum daily mixing ratio (max), and the 

measurement range of mixing ratios are reported in pptv, whereas the source study 

emissions are reported in ppbv. The number of measurements (n) for the individual 

NMHC in each study is also reported. 

3.1.1 Concentration Measurements: Traffic Related Sources Study 

NMHC concentrations found in the November 2003 traffic related sources 

study are presented in Table 3.1. Mixing ratios for traffic related source samples 

collected in the LFV are not available. On average, concentration measurements in 

the source study are a factor of ten greater than mixing ratios found in GTA ambient 

urban air (see Table 3.2). 

3.1.2 Concentration Measurements: Urban Toronto 

Mean concentrations of NMHC found in urban Toronto daily intensive 

sampling regimes in 2003 are summarized in Table 3.2. With few exceptions, mean 



24 

mixing ratios for alkane compounds are highest in July. Aromatic compounds exhibit 

higher mixing ratios in June. The greatest range in NMHC concentrations was 

observed in the month of June. 

3.1.3 Concentration Measurements: York University (Suburban) 

Summarized in Table 3.3 are concentration measurements of NMHC found 

suburban ambient air collected at York University in the summer of 2003. Ambient 

air collected in June show, on average, highest NMHC mixing ratios. With the 

exception of iso-butane, n-butane and m,p-xylene, no significant difference in 

concentrations between months exists. 

3.1.4 Concentration Measurements: SuburbanIRural Toronto 

NMHC concentrations found in the summer of 2003 SuburbanIRural daily 

sampling campaign are summarized in Table 3.4. Values in August are the result of 

ambient air collected over two consecutive days. Ambient air samples most 

concentrated in NMHC were observed in July. Biogenic isoprene emissions are 

present in highest concentrations in July (Rudolph et al., 2003; Martin et al., 1991). 



Table 3.1: Average mixing ratios @pbv) observed in air samples collected at the 
Union Station Overpass (GTA), November, 2003. 
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Table 3.4: Average mixing ratios (pptv) observed in SuburbanlRural Toronto air 
samples collected in Summer 2003. 
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3.2 Carbon Isotope Ratios 

The following section is a statistical summary of carbon isotope ratios 

observed in the GTA and LFV (2003). Statistics are performed on isotopic 

measurements made in a given study without concentration weighting. In instances 

where the compound specific stable carbon isotope ratios are not reported, the NMHC 

ambient mixing ratio was below limits of GC-IRMS detection. The daily mean for 

the sample period, standard deviations (std. dev.), standard error (std. er.), minimum 

daily carbon isotope ratio (min), maximum daily carbon isotope ratio (max), and 

range in measured carbon isotope ratios (613c) are reported in %o units. The number 

of measurements made (N) in each daily study for the individual NMHC is also 

reported. Complete details of isotopic data is included in Appendix 1. 



3.2.1 Carbon Isotope Ratios of Traffic Related Emissions in the GTA and LFV 

Carbon isotope ratios of NMHC found in the November 2003 traffic related source 

study in the GTA and LFV are summarized in Table 3.5. Results are discussed in 

Chapter 4. 

Table 3.5: Average carbon isotope ratios observed at Union Station Overpass (GTA) 
and Cassiar Tunnel (LFV), N=16 samples. All isotope ratios are reported in per mil 
units (%o vs. PDB). 
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,24.2 1.5 0.9 -25.1 -22.5 2.6 
29.8 0.5 0.1 -30.5 -28.9 1.6 
24.3 1.6 0.6 -26.7 -22.2 4.5 
,27.4 0.7 0.2 -28.6 -26.3 2.3 

27.9 0.4 0.1 -28.5 -27.3 1.2 
25.7 1.5 0.4 -27.8 -22.2 5.6 
26.2 0.7 0.2 -27.5 -25.3 2.2 



3.2.2 Carbon Isotope Ratios of NMHC in Urban Ambient Air 

Carbon isotope ratios of NMHC in the summer of 2003 Urban Toronto 

ambient air are summarized in Table 3.6. The range in compound specific isotope 

ratio measurement (0.9%0-19%0) is outside the range of experimental uncertainty of 

0.5%0, indicating that the compounds have undergone some photochemical 

processing. The largest range in isotopic composition is observed in June when daily 

conditions favoured the formation of a stable inversion layer. However, the 

variability may also be explained by the isotope fractionation with high seasonal OH- 

radicals concentration observed to be a factor of 5 higher at midlatitudes than the 

global daily average of 1 o6 radicals cm" (Finlayson 2000). 

3.2.3 Carbon Isotope Ratios of NMHC in Suburban Ambient Air 

Carbon isotope ratios of NMHC measured in ambient air collected at York 

University (Petrie Roof) in the GTA are summarized in Table 3.7. Similar to urban 

samples, the range in compound specific isotope ratios (0.5%0-18 %o) is outside the 

range of experimental uncertainty (0.5%0) and is greatest in June. For 2- 

methylpentane, 3-methylpentane and o-xylene, the range in compound specific 

isotope ratios is smaller than experimental uncertainty, however sample numbers are 

less than or equal to three. Compounds exhibiting significant differences in mean 

isotopic composition between months include: propane, iso-butane, iso-pentane, n- 

pentane and m,p-xylene. 

3.2.4 Carbon Isotope Ratios of NMHC in SuburbanRural Ambient Air 

Carbon isotope ratios of NMHC measured in Suburban and Rural Toronto 

(2003) campaigns are summarized in Table 3.8. The range in compound specific 



isotope ratios is outside the range of experimental uncertainty, demonstrating that the 

compounds have undergone some amount of photochemical processing and/or 

contributions for sources other than traffic related emissions. 

Table 3.6: Average carbon isotope ratios observed in Urban Toronto in Summer 
2003. All isotope ratios are reported in per mil (%o vs PDB). 
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Table 3.8: Average carbon isotope ratios observed in Suburban and Rural Toronto in 
Summer 2003. A11 isotope ratios are reported in per mil (966 vs PDB). 

Compound 

nC3 

nC4 

nC5 

nC6 

iC5 

2MC5 

ace 

propene 

ibutene 

isoprene 

CYCC3 

CYCCS 

Benz 

Tol 

W X Y J  
0Xyl 

CH3CI 

July 

Std Std. 
Mean Dev. Er. Min Max Range 

3/00 

-28.5 1.0 0.3 -29.6 -26 3.2 

August 

-28.7 0.7 0.2 -30.3 -27.5 2.8 

3.3 Compound Specific Isotope Ratio Results 

For the 2003 sampling campaign, two trends demonstrating photochemical 

processing are observed consistently throughout the isotope ratio data set. Firstly, for 

most NMHC the ambient measurements exhibit a higher overall variability than the 

source composition. The average daily range in compound specific stable carbon 

isotope ratio is 3.6 %O in source samples, whereas for ambient air the range is 4.6 %o. 

Secondly, the range in ambient samples is outside the range of experimental 

uncertainty (0.5 %o). Compounds that have relatively large O H ~ ~ ~  show a large range 



in isotopic composition, although changes in isotope ratios from source values are 

also dependant on OH-radical reactivity. Unsaturated and alkane compounds a show 

larger total variability in isotope ratios than aromatics (see Table 3.9). The average 

daily range in compound specific isotopic ratios for diurnal cycles in the GTA is 4. 

6%o. 

Table 3.9 : Isotope Ratios of compounds measured in the GTA in Summer 2003. 

I ~ e a n  Std. Dev. Std. Er Max Min Range N I 

In the GTA, the average isotope ratio of all ambient measurements of NMHC, 

including halogenate NMHC is -25.7 + 3.4 %o. The most I2c enriched compound is 

CH3Cl (-35.6 k 3.3 %), followed by alkanes (-27.4 * 4.1 %), isoprene (-27.1 It 

1.3 %o), aromatics (-25.1 * 3.0 %o), unsaturates (-25.1 * 3.0 KO) and ethyne (-1 1.6 

* 4.0 %o). A box and whisker plot data summary is shown is Figure 3.1 CH3C1 is 

most enriched in 12c because of biogenic source contributions (Thompson 2002). 

Alkanes, aromatics and unsaturated compounds fall within the range reported for 

crude oils: -23.3 %O to -32.5 %O (Yeh 198 1). Isoprene falls within range expected for 

plants utilizing a C4 photosynthetic pathway: -2 1 %0 to 35 %O (Rudolph 2003). 



Figure 3.1 . Box and Whisper Plot of all isotope ratio measurements of NMHC made 
in the GTA in Summer 2003. Boxes represent the 2jth and 7jth percentiles, whiskers 
the 5" and 9jth percentiles and (x), the 1"' and 99" percentiles. Maximum (-) , 
Minimum (-) and mean values (small squares) are also shown. 

3.3.1 Source Emissions 

Compound specific isotopic analyses of NMHC in samples collected in the LFV 

and GTA were made to assess spatial differences in isotope ratios of traffic related 

source emissions. The mean compound specific stable carbon isotope ratios and 

mixing ratios are presented in Figure 3.2. For NMHC showing a significant spatial 

difference in isotopic composition, compounds are depleted in I3c in LFV traffic 

related emissions relative to GTA emissions. Average mixing ratios and average 

stable carbon isotope ratios in GTA traffic related emissions display a slight inverse 

relationship at the 95% significance level. The spatial differences in compound 

specific isotope ratios are discuss in greater detail in Section 4.1. 



Figure 3.2: Averages of stable carbon isotope ratios ( % vs. PDB) and mixing ratios 
(ppbv) for NMHC at locations heavily influenced by transport related emissions in the 
GTA (Union Station) and LFV (Cassiar Tunnel). 

3.3.2 Alkanes 

As shown in Figure 3.3 (a), with few exceptions, the compound specific 

isotope ratios of alkane compounds follow a similar pattern between compounds in all 

studied air parcels, although the isotopic offsets between compounds differ in details. 

N-hexane (W Aug), more deplete in 12c relative to n-pentane, and 2-methylpentane 

(Urban Jun), more deplete in 12c relative to 3-methylpentane, are exceptions to the 

overall trend. 



Compound specific stable carbon isotope ratios showing the largest range 

between locations is iso-butane (-10.9 %O in Urban June samples to -19.2 %O in YU 

May samples). The range can be attributed to the low OH-radical reactivity of 

alkanes and the magnitude of KIEoH for iso-butane (9.29%0). The smallest daily 

average range (3.9%0) in carbon isotope ratios is observed for alkane compounds. 

If anthropogenic NMHC sources have exclusively origins in urban Toronto, 

then through reactions with OH radicals, NMHC in rural and suburban air parcels 

would be deplete in 12c. However, no isotope ratio offset pattern is observed between 

locations suggesting anthropogenic NMHC contributions from rural and suburban 

locations (see Figure 3.4 a). The small sample pool for air collected at 

SuburbanRural sites may not be reflective of differences in isotopic composition 

between locations as recent emission events in rural areas andlor transport of 

photochemically aged emission into urban core would yield similar results. 

In Figure 3.3 (b) there is an overall decrease in mixing ratios with increasing 

carbon number for straight-chain compounds at all locations. This pattern does not 

exist for branched alkane compounds, where iso-pentane is at highest ambient 

concentrations for all temporal and spatial variations. Lowest mixing ratios exist in 

rural and suburban locations (see Figure 3.4 b). 



Figure 3.3: (a) Averages of stable carbon isotope ratios (% vs. PDB) and (b) mixing 
ratios (ppbv) of individual alkanes in Summer 2003. 



Figure 3.4: (a) Averages of stable carbon isotope ratios (%o vs. PDB) and (6) mixing 
ratios (ppbv) of alkane compounds for all air parcels measured in Summer 2003. 



3.3.3 Unsaturated, Cyclic and Halogenated NMHC 

Unsaturated and halogenated compounds show a greater average range (5.7 

%o) in 613c compared to alkanes (3.9%0). The variability in unsaturated NMHC can 

be explained by the large KIEoH associated with the double and triple bonds (see 

Table 1.2). Ethyne is most enriched in 13c relative to other NMHC, whereas CH3C1 is 

the least. Rudolph et a1 (2000) have been attributed to the formation of substantially 

enriched ethyne during incomplete combustion processes. Origins fiom emissions 

other than traffic related sources is responsible for the observed isotopic values of 

CH3Cl as origins, including biomass burning, oceanic emissions and salt marsh 

emissions as major source sectors, are biogenic (Thompson, 2002). 

In Figure 3.5 (a) for June and July months 613c are most negative in urban 

Toronto and, within a specific month, become increasing positive with increasing 

distance fiom the urban core. The observation is consistent with the expectation that 

anthropogenic emissions are greatest in urban centres and undergo photochemical 

processing while being transported away from the urban core. 

Mixing ratios display considerable variability across samples types, with rural 

air containing the lowest concentrations of NMHC on average. An exception is high 

biogenic isoprene emissions in rural locations (see Figure 3.5 b). In July, mixing 

ratios decrease with distance from downtown Toronto. In other months, no 

significant difference between background (rural) and non background air is 

observed. 



Figure 3.5: (a) Averages of stable carbon isotope ratios (%o vs. PDB) and (b) mixing 
ratios (ppbv) of individual unsaturated, cyclic and halogenated nonmethane 
hydrocarbons in Summer 2003. 
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-0- CYCS 
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Figure 3.6: (a) Averages of stable carbon isotope ratio (%o vs. PDB) and (b) mixing 
ratios (ppbv) of individual alkene, alkyne, cyclic and halogenated compounds for all 
air parcels in Summer 2003. 



3.3.4 Aromatics 

The isotopic variability (std dev = 2.5 %o) of aromatic compounds is the 

smallest of all compound families (Table 3.9). The average daily range in stable 

carbon isotope ratio is 4.3 %o. The isotopic composition of o-xylene is on average 2 

%O heavier than m-xylene and p-xylene isomers (see Figure 3.7 a). The mean isotopic 

composition of benzene is the heaviest of all aromatic compounds analyzed. As with 

alkanes, the smallest variability in isotopic composition is in source study air parcels 

(See Figure 3.8 a). No overall difference in isotopic composition is observed for 

urban, suburban and rural air types. 

The mean mixing ratios of aromatic compounds show small variability 

between compound and location with the exception of high toluene in urban locations 

(see Figure 3.7 b). The increased mixing ratios for m-xylene and p-xylene are 

attributed to the concentration summation for the isomers. In Figure 3.8 b, the 

NMHC concentration of air decreased with increasing distance from the urban core 

over all months. 



Figure 3.7: (a) Averages of stable carbon isotope ratio (%o vs. PDB) and (b) mixing 
ratios (ppbv) of individual aromatic compounds in Summer 2003. 



Figure 3.8: (a) Averages of stable carbon isotope ratio (in %O relative to PDB) and 
(b) mixing ratios (ppbv) of individual aromatic compounds for all air parcels in 
Summer 2003. 



4 Discussion 

4.1 Average stable carbon isotope ratio of NHMC in traffic related emissions 

The analytical method described by Rudolph et al. (1997) for measuring stable 

isotope ratios of NMHC at ambient atmospheric concentrations has proven useful in 

elucidating information on atmospheric processing of the compounds (Tsunogai and 

Yoshida, 1999; Rudolph et al., 2000; Thompson et al., 2002; Rudolph et al., 2003). 

However, few papers on this subject have been reported and the information needed 

to interpret the isotopic measurement is extremely limited. Specifically, Rudolph and 

Czuba (2002) suggested that isotopic composition of NMHC can be used to determine 

the photochemical age of individual NMHC in a air parcel. To accurately determine 

the photochemical age of NMHC, the kinetic isotope effect (KIEoH) of individual 

NMHC reacting with their primary sink, OH radicals, as well as atmospheric source 

carbon isotope ratio measurements must be known. Much of the ambiguity in 

calculating the photochemical age lies in the uncertainty associated with the stable 

carbon isotope ratio of source composition. In urban areas, traffic related emissions 

are the major source sector, accounting for 43% of NMHC emissions (Environment 

Canada 2003). Available information on isotope composition of traffic related 

sources of NMHC is limited to studies in the Greater Toronto Area and Wellington, 

New Zealand (Rudolph et al., 1997, 2002). 

To elucidate information on the isotopic composition of NMHC source 

emissions, ambient air from traffic sources was collected and analyzed by the method 

described in Chapter 2. The following section describes in greater detail the spatial 

differences in results presented in Chapter 3 of samples collected in the Greater 



Toronto Area and Lower Fraser Valley in November 2003. Isotopic variability of 

NMHC emissions caused by changes in fuel composition in the GTA are also 

examined. 

The results of the source studies at the Union Station Overpass (GTA) and the 

Cassiar Tunnel (LFV) are presented in Table 4.1. Results of emission studies in the 

GTA by Czuba (1998) and Thompson (2003) are shown for comparison. Figure 4.1 

shows the frequency distributions of the isotopic composition for all compounds 

families measured in the LFV and GTA. The observed distributions for all measured 

alkanes can be described by a Gaussian function with one standard deviation 

(o) values of 3.6 %o and 2.0 %o and centers of -27.3 %O and -27.0 %O in the LFV and 

GTA respectively. Results for aromatic compounds show less variation in isotopic 

composition with values of -26.4 * 1.6 %O [LFV] and -26.1 + 0.9 %O [GTA]. The 

normal distribution of NMHC in emissions suggests no degradation by OH-radicals. 

The distribution for alkenes tends to be more enriched in 13c than alkane and 

aromatics in both locations with o values of 1.3 %o and 0.8 %O and centers of -24.2 

%O and -23.6 %O in the LFV and GTA. On average, the isotopic composition of 

alkenes are 3 %O more enriched in 13c than alkane and aromatic compounds. The 

results are compatible with a small though statistically significant average difference 

of 2.4 % reported by Rudolph et a1 (2002). Possible explanations for the shift 

include isotope fractionation during incomplete combustion or preferred removal of 

isotopically light alkenes by catalytic converters (Rudolph 2002). 

In contrast to all other compounds in the study, ethyne from emissions is 

substantially more enriched in 13c than any other NHMC in the study. The isotopic 



compositions of ethyne are -14.8 k 1.0 %O [LFV] and -14.0 It 2.6 % [GTA] with no 

significant difference found between locations. When ethyne measurements are 

omitted from calculations of averages, the 613c average values are -26.5 * 1.8 %O 

[GTA] and -27.1 * 2.3 %O [LFV] (see Figure 4.2). The carbon isotope ratios are fully 

compatible with 613c values of crude oil ranging from -23.3 to -32.5%11 reported by 

Yeh and Epstein in 198 1 .  

Alkanes 
LFV-27.3 i 3.6 %o 

25 LFV -26.4 k 1.6 960 

20 

15 

10 
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0 
-35 -30 -25 -20 -1 5 -10 -5 

6j3c ( %o vs. PDB) 

Alkene 
LFV -24.2 & 1.3 %O 

GTA -23.6 * 0.8 %o 

6I3c ( %O VS. PDB) 

Figure 4.1: Frequency distributions of the isotopic composition over all compounds 
measured in the Cassiar Tunnel (LFV) and Union Station Overpass (GTA). Averages 
and standard deviations are given for all populations. Vertical axis is N. 



I GTA (N=258) 
-26.5 + 1.7 %o 

EZZj LFV (N=l46) 

Figure 4.2: Frequency distributions of the isotopic composition all NMHC, ethyne 
omitted, measured in the Cassiar Tunnel (LFV) and Union Station Overpass (GTA). 
Averages and standard deviations for all populations are given. 



Table 4.1: Averages and standard deviations of stable carbon isotope ratio (in % relative 
to PDB) for NMHC at locations influenced by transport related emissions in the GTA 
(Union Station) and LFV (Cassiar Tunnel). Isotopic composition measurements made by 
Czuba in 1999 (3) and Thompson in 2003 (c) are shown for comparison. 

CASSIAR UNION 

TUNNEL STATION 
COMPOUND 

NOVEMBER NOVEMBER 

2003 (N=I6) 2003 (N=I6) 

Propane 

n-Butane 

n-Pentane 

n-Hexane 

n-Heptane 

Ethyne 

Propene 

i-butene 

1 -butene 

i-Butane 

i-Pentane 

i-Octane 

2,3- 

Dimethylbutane 

2-Methylpentane 

3-Methylpentane 

Benzene 

Toluene 

Ethylbenzene 

m + p-Xylene 

o-Xylene 

Total average 

Total averagea 

n-alkanes 

i-alkanes 

Alkanes 

Alkenes 

Aromatic 

TORONTO TORONTO TORONTO TORONTO 

TUNNEL TUNNEL TUNNEL TUNNEL 

JANUARY AUGUST FEBRUARY SEPTEMBER 

1998 (N=3I8 1998 ( ~ = 3 ) ~  200t ~ = 2 ) '  2000 (~=6) '  

'Total average omitting ethyne measurements, b Rudolph et al. 2003, c Thompson 2003. 



Due to high concentrations of unprocessed emissions, it is assumed that 

photochemical aged NMHC collected at close proximity to source emission have 

minimal effects on carbon isotopic composition. To satisfj. this assumption, 

concentrations of samples were considered in the simple linear mixing model 

described in Equation 4.1. Assuming the only influence on the concentration and 

stable carbon isotope ratios is mixing of background and source emissions, the 

measured isotope ratio is a function of the concentration of the sample at the time of 

collection. Figure 4.3 shows a mixing model that predicts, over a range of 

concentration ratios, the change in isotopic ratio of the sample from the source value 

caused by sample mixing with background air. Background air is arbitrarily assigned 

613c values that are 5 %o, 10 %O , 15 %o, and 20 %O more deplete in 12c than the 613c 

of the source emissions. The model predicts that for sample with NMHC 

concentrations that are 30 time greater than background levels, to cause a difference 

in 613c that is greater than the sampling and analytical experiment uncertainty (0.5 

KO), the values of the background air would have to be 10 %O heavier than the sample. 

Considering source emission mixing ratios were on average a factor of ten greater 

than mixing ratios found in GTA ambient urban air (see Section 3.1. l), background 

air would have to be 5 960 heavier than the sample to cause a 0.5 %O change 

(Thompson 2003). 

Given the elevated mixing ratios found in source studies and that variations in 

the isotopic range of a NMHC is, on average 4.6 KO and seldom exceed the 5 Ym, it is 



likely that mixing with background air has minimal effect on the isotopic composition 

of emissions. However, the possibility that tunnel samples were impacted by mixing 

of air parcels from other nearby sources cannot be ruled out. 

Figure 4.3: Mixing model of the change caused by sample mixing with background 
air over a range of concentration ratios for a compound that is 5 %, 10 %o, 15 % and 
20 %O more enriched in the background air compared to source emissions. The 
experimental uncertainty (0.5 %a) is shown by the dashed line labelled (a). 

4.1.2 Spatial Differences in Stable Carbon Isotope Ratios 

The average isotope ratio of NMHC in this study does not exhibit a significant 

difference between locations: -25.7 k 3.5 YW and -25.9 St 4.2. O h  (relative to PDB) in 

the GTA and the LFV respectively. Despite the small spread in isotopic composition 

of NMHC between locations, differences for individual compounds are evident. 

Propane, n-pentane and iso-pentane, toluene and ethylbenzene exhibit differences 

between locations at the 95% significance level (Figures 4.4 and 4.5). All compounds 

are heavier in emissions in the Greater Toronto Area. A similar comparison was 

made by Thompson (2003) between tunnel samples taken in Toronto and samples 



taken from a tunnel site in Wellington, New Zealand (Rudolph et al. 2002, 1997). 

Thompson found that no significant difference existed in samples over all compounds 

studied with the exception of propane and m,p-xylene where a 1.6 * 1.3 960 difference 

was found. Given that systematic differences between the isotopic composition of 

fossil fuels with location exist (Sofer 1984, Epstein 1981), the more negative isotopic 

values found in the LFV are most likely due to differences in fuel compositions. 

Given the normal distribution of compound specific isotope ratios, it is unlikely that 

degradation by OH radicals and/or other sinks contribute to the shift in mean isotope 

ratio between locations. 



iso-pentane 
LFV -29.7 + 0.4 % 
GTA -28.7 k 0.4 %o 

Figure 4.4: Frequency distribution of the isotopic composition of alkanes showing 
significant differences in LFV and GTA tunnel samples. Averages and standard 
deviations are shown. 
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Figure 4.5: Frequency distribution of the isotopic composition of aromatics showing 
signijicant diflerences in LFV and GTA tunnel samples. Counts are represented on the 
vertical axis. Averages and standard deviations are shown. Vertical axis is N. 

A correlation matrices showing the Pearson's correlation coefficients (R) for 

each sample pair of variables is shown in Table 4.2 for the LFV and GTA. For the 

construction of the matrix, 16 ambient air samples of source emissions were used. 

For, R-values subscripted with double asterisk there is a 99.9% confidence that the 

coefficient is in fact smaller or higher than zero. The values subscripted with a single 

asterisk have a confidence level of 99.5% (2-tailed F-test). N designates the number 

of samples in the dataset. For half the combinations of straight chain alkanes in GTA 

samples, a direct linear relationship exists (r=.578-0.788). In the LFV only propene, 

n-hexane and n-heptane exhibit significant correlation at the 99.9% confidence level. 

Unfortunately, given the small number of discrete measurements in the LFV, the 

results are of low significance. 



Whiticar & Snowdon (1999) have applied compound specific isotope 

correlations as a diagnostic tool for petroleum characterization. Specifically, the 

isotopic separation between n-alkanes (613c5- 6 ' 3 ~ & 1 3 ~ ~ - 6 1 3 ~ ~ ,  etc.) can distinguish 

between oils of different sources because they are expected to have a systematic 

offset based on generation from a similar kerogen type and thermal history. However, 

alkane differences in this study show no systematic offset. 

NMHC exhibiting significant correlation in both the GTA and LFV are shown 

in Figure 4.6. For C g  isomers there is no difference in isotopic composition between 

locations (see Figure 4.6 a). In Figure 4.6 (b) and (c) there is considerable shift 

between GTA (open circles) towards heavier isotopic ratios relative to LFV (dark 

squares). The shift may be attributed to (1) atmospheric degradation due to OH- 

radical processing or and (2) differences in source material. Considering the normal 

distribution in isotope ratios, the shift is most likely caused by differences in source 

material. However, given the small sample number and the experimental uncertainty 

(0.5%0), it is inconclusive as to what is contributing to the shifts in isotope ratios 

between locations. In Figure 4.6, isotope ratios from the ambient air collected in the 

GTA are plotted for comparison. Samples were plotted because they are more 

concentrated and 12c enriched than samples collected immediately prior, suggesting 

recent emission events. Isotope ratios of iso-pentane in ambient air are within the 

12 range of November emissions, however toluene and n-pentane are enriched in C. 

The offset suggests contribution from sources other than traffic related emissions 

and/or temporal differences in source emissions. In this study there is no depletion in 



13c for n-pentane versus iso-pentane that is greater than the experimental uncertainty 

for these compounds in either the GTA or the LFV. 

3MC5 (GTA) 
0 nC6 (GTA) 

3MC5 (LFV) 
nC6 (LFV) ./ 16R J"'kJrban Jun 

-291 / m N W ' 3 u n  

N U  July 
Qlrban Aug 

W J  Jun 
Qlrban Aug 

MJ 381yrl Jun 
Qlrban July 

S '~C Tol (%0)=0.9*6"~ iC5 (%) - 0.5 R2=0.65 

Figure 4.6: NMHC showing linear correlations in the GTA (circles) and LFV (square). 
In (b) and (c), isotope ratios of NMHC in GTA ambient air are shown for comparison. 







Table 4.4: The Pearson's correlation coeficients (R) for each pair of variables showing 
signifcant correlation, with the negative correlations showing up as negative numbers. For the 
R-values subscripted by a double asterisk there is a 99.9% conjidence that the coeficient is in 
fact smaller or higher than zero. The values subscripted by a single asterisk have a conjidence 
level of 99.5% (2-tailed F-test). N designates the number of samples in the dataset. 

LFV 

l-==l- Compound 
Pair 

nC3lace 
PropenelnC3 
NC612MC5 
NC613MC5 

NC71propene 
NC712MC5 
NC713MC5 
BenzlMC3 

Benzlpropene 
Tollace 
TolIiC5 

C2BenzI3MC5 
Xm-xylINC7 
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4.1.3 Temporal Difference in Isotopic Composition of Source Emissions 

In Canada, fuel composition is altered to suit regional temperature conditions 

(Canadian Petroleum Products Institute 1993). To investigate isotopic variability 

resulting from changes in fuel composition, the November 2003 emission study was 

compared to tunnel studies in the GTA by Czuba 1999 (January and August 1998) 

and Thompson 2002 (August 2000 and February 2001). Anova results show 

differences in monthly means and standards deviations at the 95% significance level 

for the compounds shown in Figure 4.7. Although differences for individual NMHC 

were found, no systematic changes in isotopic composition between months was 

observed. Given the limited sample size, it is inconclusive whether changes in fuel 

composition with season cause any significant shift towards heavier or lighter isotopic 

ratios. 
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Figure 4.7: Average isotopic ratios for each month of NMHC showing signzjkant 
temporal dzflerences in GTA tunnel samples. Error bars show standard deviations of 
measurement. 



4.2 Diurnal Cycles 

Diurnal variations in the stable carbon isotope ratios and mixing ratios of 

NMHC from ambient air samples collected at York University in the summer of 2003 

are discussed in the following section. Photochemical ages of NMHC in these 

samples are derived using the isotopic hydrocarbon clock method first described by 

Rudolph et al. in 2000. The average photochemical age of NMHC in air samples 

collected at York University during the summer of 2003 is 10" cm" s. 

Based on derived photochemical ages, the use of NMHC as probes for long 

range transport and local atmospheric events is discussed. From the maximum 

observed compound specific photochemical age it is concluded that NMHC with low 

OH* reactivity (e.g. benzene) are appropriate for probing long range atmospheric 

processes, whereas short lived compounds such as toluene are appropriate for probing 

local events. 

4.2.2 Diurnal Variations in Mixing Ratios 

The concentration data for a diurnal study conducted at York University are 

presented in Figures 4.8-4.1 1. Samples were analyzed according to the analytical 

method outlined in Chapter 2. Complete data is listed in Appendix 1. Figures 4.8- 

4.11 are comprised of representative plots of NMHC mixing ratios and isotope ratios 

for which photochemical processing data are available. Between 0600 local time 

(LT) and 2000 LT, an average coefficient of variance of 85% was observed in 

NMHC mixing ratios at a set location in all months investigated. Early morning 

concentration conditions of NMHC are, on average, a factor of ten higher than mid- 



day conditions. The high morning concentrations have been attributed to the 

accumulation of NMHC at night during the formation of a stable inversion layer 

(Rudolph 2002). The largest average range in daily mixing ratios of 1.4 ppb was 

observed in the month of June. In June, the largest variation in daily temperature and 

the greatest maximum temperatures is observed (Figure 4.12). The mixing ratios of 

all compounds show a noon hour minimum that has been attributed to fast 

atmospheric removal and dispersion of gases (Rudolph 2000). In conjunction with 

temperature variations, mixing ratio results support a hypothesis of increased 

horizontal convection associated with high surface temperatures 

It is known that seasonal variations in NMHC may be influenced by one or all 

of three factors: (1) seasonal abundance of the OH radicals caused by seasonal 

abundance of solar insolation, (2) changing hydrocarbon source strengths, and (3) 

changing atmospheric mixing patterns such as enhancement of vertical mixing 

through increased convection during summer months (Singn and Zimmerman, 1992). 

However, with few exceptions, no significant difference in the mean mixing ratios of 

NMHC between months in the Summer 2003 GTA study was observed (see Section 

3.1.3). Similar summer seasonal effects reported by Cheng et al. (1997) for studies 

conducted in Edmonton have been accounted for by increased industrial emissions in 

summer months. 

4.2.3 Diurnal Variations in Isotopic Ratios 

Diurnal variations in NMHC isotopic composition are presented in Figures 

4.8-4.11. Samples were analyzed according to the analytical method outlined in 

Chapter 2. The largest daily range in isotopic composition observed was 25%0 for 



ethyne. For volatile alkanes of relatively high atomic mass (nCs and nC6), the 

smallest range was observed (0%0-5%0). No significant correlation was found 

between concentration and isotopic composition, with the exceptions of iso-pentane 

and ethyne, with correlation coefficients of (-0.35) and (-0.79) respectively. 

NMHC atmospheric mixing ratios in midday conditions are often lower than 

the IRMS instrumental detection limits. However, when concentrations in midday 

conditions are high enough for accurate instrumental detection, the isotope ratio are 

enriched in 12c relative to other isotope ratios for the investigated compound. The 

enrichment in 12c is therefore indicative of a recent emission event (Figures 4.8-4.11). 

Unexpected by Rayleigh fractionation, the addition of recent emissions to an air 

parcel causes NMHC mixing ratios to be independent of carbon isotope ratios. 

Mixing of air parcels containing NMHC with different compound specific carbon 

isotope ratios would also result in air parcels containing NMHC with carbon isotope 

ratios that are independent of concentration measurements. 

For comparison, in Figures 4.8-4.1 1, the isotopic compositions (solid lines) 

and standard deviations (dashed lines) of NMHC in traffic related emissions collected 

in the GTA in November 2003 are shown. As predicted by the Rayleigh Equation 

(Equation 1.13), the preferential abstraction of 12c from NMHC by OH radicals 

results in a NMHC air sample deplete in ''c relative to initial source material. All 

compounds, however, with the exceptions of benzene and ethyne, exhibit ambient 

isotopic composition more enriched in ''c than the lower limits of traffic related 

emissions (see Table 4.1 in Section 4.1). As the preferential abstraction of 12c results 

in a 13c enriched atmospheric NMHC sample pool, ambient NMHC more enriched in 



12c than the lower limits of traffic related emissions reflect uncertainty in source 

assignment. 
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Figure 4.8: Diurnal variations in isotope ratios and mixing ratios of benzene and 
toluene measured at York University in May (dark squares), June (open circle), July 
(hatched triangles) and August (dark triangles) 2003. The unbroken line (a) is the 
isotopic ratios for Nov 2003 source study. Dashed lines (4) are the standard 
deviations of the source emissions. 
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Figure 4.9: Diurnal variations in isotope ratios and mixing ratios of m,p-xylenes and 
ethyne measured at York University in May (dark squares), June (open circles), July 
(hatched triangles) and August (dark triangles) 2003. The unbroken line (a) is the 
isotopic ratios for Nov 2003 source study. Dashed lines (b) are the standard 
deviations of the source emissions. 
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Figure 4.10: Diurnal variations in isotope ratios and mixing ratios of n-butane and 
iso-pentane measured at York University in May (dark squares), June (open circle), 
July (hatched triangles) and August (dark triangles) 2003. The unbroken line (a) is 
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Figure 4.11: Diurnal variations in isotope ratios and mixing ratios of n-pentane 
measured at York University in May (dark squares), June (open circle), July (hatched 
triangles) and August (dark triangles) 2003. The unbroken line (a) is the isotopic 
ratios for Nov 2003 source study. Dashed lines (b) are the standard deviations of the 
source emissions. 
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Figure 4.12: Temperature and pressure condition measured at York University in 
May (dark squares), June (open circles), July (hatched triangles) and August (dark 
triangles) 2003. 



Equation 1.14 predicts that the difference between the isotopic ratio of source 

emissions and photochemically aged emissions is dependant on the magnitude of 

KIEoH and the OH radical reaction rate (koH). As benzene and ethyne are similar 

compounds in their OH radical reactivity and large KIEoH values (see Table 1.2), the 

observed depletion in 12c relative to the source material may reflect misassignment in 

isotopic source composition. Considering a OH-radical abundance of lo6 molecules 

~ m ' ~  and the atmospheric lifetime of benzene of ten days (Atkinson 1990), the change 

in isotope ratio resulting from Equation 1.14 is 8.6 %O over the ten day lifetime of 

atmospheric benzene, assuming no air parcel mixing. Although Canadian national 

inventories identify the transportation sector as the most significant source of VOC, 

the sector accounts for only 43% of total emissions (Environment Canada, 2003). 

Considering the magnitude of the offset in stable carbon isotope ratio, national VOCs 

inventories and the discrepancy in source composition found in Figure 4.8-4.1 1, it 

cannot be ruled out that source material other than traffic related emissions contribute 

to source emissions. 

The daily mean NMHC isotope ratios in four consecutive months at York 

University are shown in Figures 3.5 (a), 3.6 (a) and 3.7 (a). Significant differences 

exist in mean isotopic composition between months for the following compounds: 

propane, iso-butane, iso-pentane, n-pentane and mp-xylene. For compounds in which 

significant differences exist, NMHC exhibiting the least amount of photochemical 

processing were observed in May when the most 12c enriched isotope ratios are 

apparent. The largest variation observed in June samples is indicative of a greater 



degree of photochemical processing associated with OH radical abundance in the 

month (Spivalovsky et al., 1990). 

4.2.4 Photochemical ages 

Photochemical ages of compounds were calculated by inserting measured 

isotope ratios and experimentally derived KIEoH and koH values listed in Table 1.2 

into Equation 1.14 (Table 1.2) KIEoH and k o ~  are values derived from chamber 

experiments of a mixture of NMHC and OH-radicals, accounting for OH-radical loss 

in a mixture of atmospheric sinks (Rudolph 2000). KIEoH and koH are temperature 

dependant (Atkinson 2003). Temperature corrections factors were not applied 

because KIEoH temperature variability data is not presently available. 

The uncertainty of calculated photochemical ages depends on the variability of 

source composition relative to the magnitude of the KIEoH, the uncertainty in KIEoH 

and koH for the reaction of NMHC with the OH-radical as well as measurement error. 

The uncertainty in the mean photochemical age of NMHC derived from 

Equation 1.14 can be expressed by the following Gaussian error propagation 

(Rudolph 2003): 

A(t x [OH],) = {(A2%, - A2Sct2 )/WEOH x k0H l2 + 

Eq 4.1 2 2 112 (A2KTEoH 1 AYEoH + A2 koH 1 koH ) x (t x [OH], ) ) 

where A indicate the errors of the values. Gaussian error propagation is 

applied .to non linear functions containing multivariables when multivariables are 



uncorrelated with each other. For a list of errors used in photochemical age 

calculations, see Table 1.2 and Table 2.1. 

Equation 1.14, used for determining the photochemical age of an air mass, is 

valid only under the assumption that the stable carbon isotope ratio of emissions is 

known. Given the limited amount of information available on source composition, 

in calculations of photochemical age, the mean value of emissions for an individual 

compound, minus one o was used. For the determined photochemical age of mp- 

xylene, the 613c value is a mean measurement of both isomers, and p-xylene koH and 

K I E ~ H  values were used in calculations. Consequentially, error assignment according 

to equation 4.1 for these compounds does not include error contributions from NMHC 

sources other than traffic related emissions. 

The uncertainties in photochemical age smaller than 1% were observed for n- 

butane and toluene. The small error for these NMHC is primarily driven by the small 

relative error in KIEoH measurement for the compounds. Unfortunately, for all other 

compounds relative errors as high as 20% were observed. However, the average daily 

range in isotope ratio for NMHC measured at York University is 4.9%0. The large 

range in isotopic composition for NMHC with high relative measurement error, 

makes distinguishing between air parcels of different photochemical ages possible in 

diurnal cycles. 

The KIEoH used in the calculation of the photochemical age of a NHMC was 

determined at 298K using chamber experiment methods. Although KIEoH and k o ~  

are kinetic properties influenced by temperature, given the limited amount of 



available data, correction factor were ignored. However, changes in reaction rates 

over the entire temperature range are estimated to be less than 10% (Atkinson 1994). 
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Figure 4.13: Photochemical age of benzene and ethyne derived from the stable 
carbon isoto e ratios in Figure 4.8 and Figure 4.9. The calculations are based on 
measured o&E values for the reaction of M H C  with OH-radicals and the lower 
limits of source composition. The error bars indicate the uncertainty from OHKIE, OHk 
and measurement error contributions. For ethyne, uncertainty data is not available. 
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The true linear average photochemical ages of NMHC at York University are 

presented in Figures 4.13 and 4.14. Chemical processing of NMHC is observed over 

a considerable range. The highest amount of photochemical aging (1012 cm" s) is 

observed for compounds exhibiting similarly low reactivity towards OH-radicals: 

benzene, ethyne and propane. Assuming the global OH-radical concentration of lo6 

cm" s, the maximum observed photochemical age and the corresponding atmospheric 

age of NMHC are shown in Table 4.5. Photochemical ages of the magnitude 

observed in propane, ethyne and benzene (1012 cm-3 s) correspond to an atmospheric 

age greater than or equal to 12 h 2 days using a daily global average OH-radical 

abundance of lo6 molecules cm". In this case, error in atmospheric lifetimes is the 

error in photochemical age propagated as the squared relative standard deviation. 

Estimated local OH-radical average of (2 x lo6 molecules cm") for 40% in June 

corresponds to an atmospheric age of 5 h 1 days for the photochemical ages of 1012 

cm-3 s (Spivalovsky et al., 1990). 

The results provide additional evidence of the contention that NMHC with 

long residence times will exhibit the largest amount of chemical processing. The time 

necessary for an air parcel containing NMHC to cross over York University from the 

Toronto's downtown core is approximately two hours given wind average wind 

speeds of 15 km h-'. It is most likely that long range transport processes contribute to 

the NMHC mix of photochemically aged compounds in the suburban air sheds. The 

least amount of photochemical aging (10" ~ m - ~ s )  was observed for molecules with 

high OH-radical reactivity (e.g. m,p-xylene and toluene), reflecting chemical 

processing on an hourly time scale. 



Table 4.5: Highest degree of photochemical aging and maximum observed 
atmospheric age of NiWHC compounds measured at York University in Summer 2003. 

0 
~ m ' ~  s atmospheric age (days) 

toluene 1.1 * 0.2 1 * 0.2 

n-pentane 2.1 * 0.4 2 * 0.4 

iso-pentane 2.1 * 0.4 2 * 0.4 

n-butane 2.5 * 0.5 3 * 0.6 

ethyne 10 12 

propane 11 * 2.2 13 * 2.6 

benzene 14 * 2.8 16 i 3.2 

Assuming a global OH-radical concentration of lo6 molecules cm", the 

atmospheric lifetime in days was calculated from stable carbon isotope ratios derived 

photochemical ages (see Equation 1.14). Under average wind speed conditions (15 

km h-') at York University in Summer 2003, the limit of transport for each NMHC 

was estimated. Shown by the arrow in Figure 4.15 are transport distance limits for 

each compound based on the largest observed photochemical age. Considering the 

range in photochemical processing and the reactivity of NMHC with OH-radicals, 

information derived from isotopic composition of long-lived compounds such as 

benzene, ethyne and propane reflect regional conditions and possible trans-boundary 

transport. Toluene and other short-lived compounds are more reflective of local 



conditions. The mixing ratios of these compounds in urban air parcels are higher than 

the instrumental detection limits of 0.1 ppbv C (see Table 1.1) 

For all NMHC, the air samples with the most chemically processed 

compounds are observed in morning conditions when NMHC accumulation is 

greatest. If an average global OH-radical concentration of lo6 molecules cm" and an 

average NMHC photochemical age of 1011 cm4s are specified, then the mean age of 

NMHC in the suburban airshed is approximately 1 0.2 day. Considering this 

estimate, it is reasonable that the high photochemical ages observed for NMHC in 

morning samples result from the accumulation of chemically processed compounds 

in a nightime inversion layer. Changes in isotopic composition from reaction with 

ground level 0 3  at night may also contribute to the mix. However, these changes are 

anticipated to be small as reaction rates with O3 are on average a factor of six lower 

than with OH radicals (Iannone 2003). Daily maxima in photochemical age do not 

occur consistently in morning or evening hours over the sample period. The lack of a 

consistent daily asymptote associated with a Rayleigh curve in diurnal trends is 

indicative that samples showing the least amount of photochemical processing are the 

result of recent emissions events. 
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Figure 4: 15. NMHC atmospher,ic age and distance model derived from photochemical 
ages. 



4.3 Photochemical Aging and Dilution Processes 

Removal of NMHC from an air parcel in the lower troposphere is primarily 

governed by two mechanisms: the first is by dilution processes and the second is by 

photochemical loss through reactions with OH radicals (Rudolph 2000). The 

following section will address how stable carbon isotope ratios can be used in 

conjunction with ambient NMHC concentration measurements to quantify and 

differentiate proportions of these two NMHC removal processes in suburban and rural 

locations in the GTA. Assuming other atmospheric NMHC removal processes are 

insignificant, by conventional mass balance, the average daily NMHC loss from the 

urban GTA air parcel travelling to suburban and rural locations 30-75 km upwind is 

50 5 10%. Relative to the monthly average urban GTA air parcel, the air parcel gains 

2 k 8 % in NMHC through chemical emissions in the summer of 2003. 

4.3.1 Photochemical Processing 

The Raleigh equation (Eq. 1.13) first described in Section 1.4 becomes 

Equation 4.2 by simple rearrangement. 

By substituting measured 6 " ~  values and experimentally derived values into 

Equation 4.2, concentration loss due to photochemical oxidation is expressed as a 

ratio of the concentration of NMHC remaining at t2 to the concentration of NMHC at 

tl. 



A model calculation for atmospheric loss by photochemical oxidation by OH- 

radicals is shown in Figure 4.16 . For the model, the K I E ~ H  value of 8.13 for benzene 

was used. Shown in the figure is the average range in compound specific isotopic 

ratios for diurnal cycles in the GTA (4.6%0). Corresponding to this value, the 

maximum daily concentration loss ratio (0.56) caused by photochemical oxidation for 

benzene in Summer 2003 is shown. 

Figure 4: 16. Rayleigh fractionation curve for benzene. The maximum benzene loss 
corresponding to a &ily isotope ratio range of 4.6 %O at York University is indicated 
by the arrow. 



4.3.2 Air Parcel Mixing 

The Rayleigh curve described in Equation 4.2 accounts for atmospheric 

NMHC loss by photochemical removal processes only. However, if concentration 

measurements are made in ambient air, information on the loss processes due to air 

parcel mixing or dilution can be estimated. By conventional mass balance, if only 

dilution and chemical processing by OH-radicals contributed to a decrease in NMHC 

concentration since time tl, the observed NMHC mixing ratio can be expressed as 

follows: 

where ctl is the concentration at tl and ~2 is the concentration remaining in the 

measured air sample, or chemically processed and diluted air parcel. In applying 

Equation 4.3 in the following analysis, the concentration and isotopic composition at 

tl was taken to be the average concentration and isotopic composition of the urban air 

mass for the given month. Mixing ratios used are presented in Table 3.2 in Section 

3.1. Daily average carbon isotope ratios for NMHC in urban Toronto are reported in 

Table 3.6. NMHC changes in the air parcel therefore reflect processing relative to 

the urban Toronto. 

Analogous to calculating photochemical ages, the validity of Equation 4.3 

depends on the uncertainty in KIEoH, in stable carbon isotope ratios at tl and tz, and in 

concentration measurement at tl  and t2. Consequently variations in these 

measurements will contribute to the overall uncertainty in quantifying NMHC 

removal by chemical and dilution processes. From Equation 4.2, the daily average 



chemical gain as an urban air parcel travels upwind to suburban and rural locations is 

2 %. Assuming an experimental uncertainty of 0.5%0, by propagation of uncertainty, 

the associated error in this calculation is 8 %. From Equation 4.3, the daily average 

removal by dilution processes is 50 * 10% as an urban air parcel travels upwind to 

suburban and rural locations. 

The average impact of chemical removal derived from the isotopic data is 

compared to contributions from dilution derived from Equation 4.3 for diurnal studies 

in the GTA in the summer of 2003. Results from samples collected at York 

University are shown in Figure 4.17. RuralISuburban air sheds are represented in 

Figure 4.18. Open squares indicate the percent loss due to photochemical removal by 

OH-radicals, whereas dark squares are indicative of dilution processes. Error bars 

indicate the standard deviation of the mean. 

For dilution processes, negative values may reflect uncertainties in tl value 

assignment. However, given diurnal patterns, negative contributions most likely 

reflect addition of NMHC source material to the air parcel through air parcel mixing. 

The most negative values occurred during periods of low or cooling temperatures and 

anticipated high automotive activity, (6:OO-9:00 and 17:OO-20:OO LT). During these 

time periods, atmospheric concentrations double the average urban mixing ratios are 

observed. The maximum loss processes by dilution is observed near noon hours when 

horizontal convection processes associated with high temperatures are expected to be 

greatest (Singn and Zimmermann, 1992). Unfortunately, short sampling periods and 

low atmospheric NMHC concentrations in rurallsuburban samples make analysis of 

considerably aged air parcels difficult. With the exception of ethyne and isoprene 



atmospheric concentrations fall below the 0.1 ppbV C detection limit in rural and 

suburban samples. Unlike York University samples, concentration loss from dilution 

processes in rurallsuburban samples are not negative, reflecting small input from air 

parcel mixing processes. 

Because the chemical loss fraction is derived from the Rayleigh equation, 

negative values may be indicative of uncertainty in source emission assignment, 

whereas positive values are reflective of photochemically aged air parcels. The 

quantification of photochemical loss may be underestimated as concentrations in noon 

hour samples, when it is anticipated that OH radical concentrations are maximum, are 

often below instrumental detection limits. Nevertheless, it should be noted that 

values assigned for tl are averages of diurnal measurements made in urban GTA. As 

a result, negative values greater may be regarded as possible recent emission events 

relative to daily averages in the urban core. 

At York University, the air samples exhibiting a high degree of chemical 

processing (high positive values) occur near 15:OO LT in both June and July. As this 

time occurs near rush hour, the event occurs when NMHC are exposed to the 

anticipated largest integrated amount of OH-radicals. For both June and July, 

between 7:30-8:30 LT, large negative values for chemical loss processing are 

observed. Large negative value are also observed in afternoon hours in June between 

l5:4O-l7:45 LT, and in July between l4:3O-l5:OO LT. Though standard deviations of 

the mean, shown as error bars in Figure 4.17, indicate no significant difference for 

this time interval in June, the error bars show significant differences in July near rush 

hour. The values are reflective of a synoptic episode of high NMHC atmospheric 



emissions from traffic related sources. Given the small temporal increments for 

which input emissions are observed in diurnal patterns, concentration ratios derived 

from the Rayleigh equation can serve to distinguish recent emission events from more 

aged air parcels. 

The application of Equation 4.3 is useful for assessing the loss contributions 

from air parcel mixing and photochemical oxidation by OH-radicals. The model does 

not however account for chemical loss by at night by ozone (Iannone 2003). 

However, as the rate constants for NMHC reaction with ozone are six orders of 

magnitude lower than with OH-radicals, the expected contributions to chemical 

processing are expected to be negligible. From averages in Summer 2003, the total 

input of emissions is 2 * 8% as the urban air parcel mixes with suburban and rural air. 

The average loss due to dilution processes in suburban and rural location is 50 * 10% 

that of the original urban concentration. 



Local Time Local Time 

Local Time 

Figure 4: 17. Diurnal variations in mean W H C  loss percentages for dilution (dark 
circles) and chemical (open squares) processing at York University. Values are 
derived from isotope ratios and mixing ratio measurements made in ambient air 
collected at York University in June, July andAugust 2003. Error bars indicate the 
standard deviation of the mean. 



Local Time Local Time 

Figure 4.18: Diurnal variations in the mean W H C  loss percentages for dilution 
(dark circles) and chemical (open squares) processing in Rural/Suburban GTA. 
Values are derived from isotope ratios and mixing ratio measurements made in 
ambient air collected in suburban and rural location in the GTA in June and August 
2003. Error bars indicate the standard deviation in the mean. 



5 Conclusions 

Average stable carbon isotope ratios of ambient alkane and aromatic 

nonmethane hydrocarbons from traffic related emissions are -27.1 * 2.3 %O in the 

Lower Fraser Valley and -26.5 * 1.7%0 in the Greater Toronto Area. The values fall 

in the same range as crude oils (-23.3 to -32.5%0) reported by Yeh and Epstein 

(1981). Although specific NMHC are heavier in the GTA, no significant spatial 

difference is observed between the average isotopic composition of traffic related 

emission of NMHC in the LFV and GTA. No systematic monthly variation in the 

NMHC isotope ratio in traffic related emissions was found. 613c information derived 

from the study of the isotopic composition of traffic related emission are usehl in 

providing additional parameters for photochemical aging models. 

In the GTA, the average isotope ratio of all ambient measurements of NMHC, 

including halogenate NMHC is -25.7 + 3.4 %o. The most 12c enriched compound is 

CH3Cl (-35.6 * 3.3 %o), followed by alkanes (-27.4 f 4.1 %o), isoprene (-27.1 f 

1.3 %o), aromatics (-25.1 f 3.0 %o), unsaturates (-25.1 f 3.0 %o) and ethyne (-1 1.6 

f 4.0 %o). 

In ambient air, atmospheric removal processes cause changes as small as 0.5 

%O (n-butane in June, Suburban1 Rural locations) and as large as 18.5 %O (ethyne, 

June, York University) in daily NMHC isotope ratios. The average range in 

compound specific isotopic ratio for diurnal cycles in the GTA is 4.6%0. The 

differences in carbon isotopic ratio between source composition and ambient 

observations rarely exceed 3%0 for alkane compounds. For unsaturated and aromatic 

compounds the changes are considerably larger and are sometimes as large as 10%0. 



The magnitude of the change in isotopic composition is dependant on both the 

reactivity of the compound with OH-radical and the kinetic isotope effect for the 

reaction with OH-radicals. Considerable uncertainty in 613c source values is possibly 

due the emission contributions from sources other than the transportation sector. 

Small changes in isotopic composition of most alkane compounds contribute 

to considerable uncertainty in derived photochemical ages. However, compounds for 

which the relative uncertainty in experimentally derived O H ~ ~ ~  values is small, 

relative errors in photochemical ages are lower than 1%. Given the large changes in 

isotopic composition in diurnal cycles, the changes in photochemical ages are 

sometimes a factor of ten greater than the uncertainty. 

Despite uncertainty in isotopic composition of source emission, given the 

relative changes in isotopic composition and atmospheric lifetimes, it is apparent that 

compounds with low OH reactivity (e.g. benzene) are appropriate for probing long- 

range atmospheric processes, whereas compounds with considerable OH reactivity 

(e.g. toluene) are appropriate for probing more local events. Furthermore, the 

analytical method allows for the simultaneous probing of atmospheric processes over 

a wide temporal range of hours to months. 

Detailed analysis of available data assists in understanding changes in 

concentration and 613c. Specifically, the daily average fraction due to photochemical 

aging accounts for 2 * 8% gain of NMHC in rural and suburban areas relative to 

urban areas located 30-75 km downwind. Given the analytical detection limits (0.1 

ppbv), the value measured are most likely directly impacted by local emissions and 

are not reflective of average background conditions. The average loss due to dilution 



processes in suburban and rural location is considerably larger. The loss fraction 

caused by dilution is, on average, 50 * 10% that of the original urban concentration. 

Although data on the carbon isotope ratios of NMHC are limited, the 

analytical method is appropriate for detecting isotopic composition of source 

emissions and diurnal variability in the photochemical ages. The use of stable isotope 

ratio measurements most likely will be of equal value for studying atmospheric 

processing of other trace gases such as halocarbons and NMHC oxidation products. 

As well, kinetic isotope effects for chemical processing other than OH-radical loss 

can be derived to advance the understanding of the atmospheric lifetimes of these 

compounds. 
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-28.09 -27.4 

C
F

C
-03-006 -16.2 -32.8 

L
O

D
 

L
O

D
 -31.6 

L
O

D
 

-29.7 -28.9 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-26.3 

C
F

C
-03-007 -15.6 -30.6 

-24.8 
-22.7 -28.8 

-22.45 
-29.6 -28.0 -28.95 -27.35 -27.62 -27.35 

L
O

D
 

L
O

D
 

-27.1 

C
F

C
-03-008 -12.6 -29.2 

-22.0 
-22.7 -29.3 

-25.06 
-30.1 -28.9 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-23.95 
L

O
D

 
-28.2 

-27.8 
-27.8 

-27.2 

-28.2 
-27.4 

-26.5 

L
O

D
 

L
O

D
 

L
O

D
 

-28.0 
L

O
D

 
-26.0 

-27.6 
-26.8 

-25.9 

-27.6 
-26.4 

-25.7 

-27.3 
-25.7 

-25.3 

L
O

D
 

-25.3 
-25.9 

C
F

C
-03-009 L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-22.56 

L
O

D
 

-27.6 
L

O
D

 
-24.9 

-27.3 

C
F

C
-03-010 -15.0 L

O
D

 
L

O
D

 
L

O
D

 L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-22.2 
L

O
D

 
-27.4 

-28.4 
-24.8 

-27.5 

C
F

C
-03-011 L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-28.0 
-28.0 

-25.4 
-25.8 

C
F

C
-03-012 L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 

C
F

C
-03-013 -14.8 -30.1 

-22.2 
-21.2 -28.8 

L
O

D
 

-28.9 -28.5 
L

O
D

 
L

O
D

 
L

O
D

 
-23.35 -23.51 

L
O

D
 

-26.3 
-28.3 

-22.2 
-25.5 

C
F

C
-03-014 -15.1 -30.2 

-24.3 
-25.4 -28.7 

L
O

D
 

L
O

D
 -28.7 -27.55 

-26.4 
-26.1 

-26.13 -24.15 -24.75 -27.2 
-28.5 

-25.3 
L

O
D

 

C
F

C
-03-015 -15.7 -31.4 

-26.1 
-25.2 -28.9 

-25.07 
-29.6 -27.2 -27.56 -26.94 -26.75 -26.59 -26.67 -26.67 -27.3 

-27.4 
-26.8 

-25.8 



T
able A

6: Sam
pling Inform

ation, Y
ork U

niversity, M
ay 2003. 

L
ab # 

site 
canister 

date 
tim

e -start 
tim

e-end 
tim

e [m
in] 

w
eather 

tem
p[oC

] 
hum

idity 
w

ind direct. 
sp.[km

/h] 
A

tm
os. P

re. 

T
S

03-001 
P

etrie roof 

T
S

03-002 
P

etrie roof 

T
S

03-003 
P

etrie roof 

T
S

03-004 
P

etrie roof 

T
S03-005 

P
etrie roof 

T
S03-006 

P
etrie roof 

T
S

03-007 
P

etrie roof 

T
S

03-008 
P

etrie roof 

T
S

03-009 
P

etrie roof 

T
S

03-010 
P

etrie roof 

T
S

03-011 
P

etrie roof 

T
S

03-012 
P

etrie roof 

T
S03-013 

P
etrie roof 

T
S

03-014 
P

etrie roof 

T
S03-015 

P
etrie roof 

T
S03-016 

P
etrie roof 

T
S03-017 

P
etrie roof 

T
S

03-018 
P

etrie roof 

T
S

03-019 
P

etrie roof 

T
S03-020 

P
etrie roof 

T
S

03-021 
P

etrie roof 

T
S

03-022 
P

etrie roof 

T
S03-023 

P
etrie roof 

T
S

03-024 
P

etrie roof 

T
S03-025 

P
etrie roof 

T
S03-026 

P
etrie roof 

T
S

03-027 
P

etrie roof 

T
S03-028 

P
etrie roof 

T
S

03-029 
P

etrie roof 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

m
ainly sunny 

m
ainly sunny 

m
ainly sunny 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

partly cloudy 

m
ainly sunny 

m
ainly sunny 

m
ainly sunny 

sunny 

sunny 

sunny 

sunny 

sunny 

sunny 

sunny 

sunny 

P
: 102.75 K

pa 

P:102.75K
pa 

P:102.75K
pa 

P:102.79K
pa 

P:102.79K
pa 

P
: 102.79K

pa 

P: 102.81K
pa 

P
: 102.81K

pa 

P
: 102.81K

pa 

P
: 102.76 K

pa 

P
: 102.76 K

pa 

P
: 102.76 K

pa 

P
: 102.66 K

pa 

P: 102.66 K
pa 

P
: 102.66 K

pa 

P: 102.58 K
pa 

P
: 102.58 K

pa 

P
: 102.58 K

pa 

P
: 102.54 K

pa 

P
: 102.54 K

pa 

P
: 102.54 K

pa 

P
: 102.49 K

pa 

P: 102.49 K
pa 

P
: 102.49 K

pa 

P: 102.48 K
pa 

P
: 102.48 K

pa 

P: 102.48 K
pa 

P
: 102.49 K

pa 

P
: 102.49 K

pa 

T
S

03-030 
P

etrieroof 
Y

254 
22/05/2003 

20:16 
20:19 

3.5 
sunny 

14 
40%

 
E

 
. 

P
: 102.49 K

pa 



100 

T
able A

7: N
M

H
C

 M
ixing R

atio (ppbv), Y
ork U

niversity, M
ay 2003. 

L
ab # 

ppbV
 

ace 
nC

2 
propene 

nC
3 

iso-butene 
nC

4 
iC

4 
nC

5 
2M

C
4 B

enz 
M

C
Y

C
5 

nC
6 

2M
C

5 3M
C

5 
T

o1 
C

2B
enz 

oX
y1 

m
pX

yl 
nC

8 
C

H
3C

l 

T
S

03-001 ppbv 
0.969 2.286 

0.331 
0.773 

0.122 
0.655 

0.233 0.726 
0.701 

0.344 
0.086 

0.164 
0.186 

0.128 
1.034 

0.026 
0.017 

0.078 
0.017 

0.293 

T
S

03-002 ppbv 
1.015 

2.226 
0.425 

0.906 
0.133 

0.755 
0.237 0.446 

0.785 
0.279 

0.102 
0.175 

0.221 
0.148 

0.327 
0.004 

0.002 
0.014 

0.007 
0.483 

T
S

03-003 ppbv 
1.347 2.285 

0.321 
0.894 

0.097 
0.596 0.217 

1.044 
0.602 

0.202 
0.074 

0.135 
0.163 

0.110 
0.458 

0.003 
0.002 

0.009 
0.008 

0.409 

T
S

03-004 ppbv 
0.875 2.182 

0.243 
0.750 

0.095 
0.525 0.221 

0.494 
0.527 

0.137 
0.122 

0.338 
0.164 

0.155 
0.141 

0.001 
0.001 

0.004 
0.004 

0.355 

T
S

03-005 
ppbv 

0.730 
2.218 

0.241 
0.685 

0.076 
0.538 

0.220 0.405 
0.531 

0.199 
0.129 

0.366 
0.167 

0.161 
0.268 

0.003 
0.001 

0.006 
0.008 

0.309 

T
S

03-006 ppbv 
1.038 2.057 

0.213 
1.011 

0.066 
0.552 

0.204 0.286 
0.463 

0.201 
0.150 

0.492 
0.163 

0.176 
0.317 

0.005 
0.004 

0.017 
0.007 

0.271 

T
S

03-007 ppbv 
0.925 2.129 

0.244 
0.816 

0.088 
0.512 0.223 0.329 

0.475 
0.162 

0.241 
0.877 

0.203 
0.255 

0.187 
0.003 

0.001 
0.007 

0.004 
0.250 

T
S

03-008 ppbv 
0.837 

1.871 
0.209 

0.793 
0.065 

0.513 0.214 0.315 
0.463 

0.102 
0.298 

1.305 
0.197 

0.259 
0.068 

0.002 
L

D
L

 
0.005 

L
D

L
 

0.289 

T
S

03-009 ppbv 
0.771 2.023 

0.229 
0.889 

0.071 
0.620 

0.254 0.368 
0.529 

0.143 
0.254 

0.844 
0.211 

0.271 
0.150 

0.003 
L

D
L

 
0.005 

0.004 
0.266 

T
S

03-010 ppbv 
0.524 

1.766 
0.144 

0.699 
0.129 

1.686 0.473 0.782 
1.456 

0.133 
0.100 

0.237 
0.255 

0.179 
0.177 

0.004 
0.002 

0.012 
0.007 

0.295 

T
S

03-011 ppbv 
0.498 

1.713 
0.138 

0.789 
0.072 

1.194 0.411 0.367 
0.795 

0.107 
0.076 

0.177 
0.157 

0.113 
0.073 

0.003 
0.003 

0.010 
0.006 

0.278 

T
S

03-012 ppbv 
0.547 

1.781 
0.143 

0.597 
0.082 

1.705 0.480 0.831 
1.681 0.200 

0.102 
0.232 

0.271 
0.185 

0.620 
0.035 

0.024 
0.094 

0.017 
0.275 

T
S

03-013 ppbv 
0.489 

1.751 
0.128 

0.791 
0.095 

1.386 0.522 0.482 0.961 
0.143 

0.084 
0.223 

0.177 
0.130 

0.645 
0.068 

0.060 
0.192 

0.034 
0.298 

T
S

03-014 ppbv 
0.440 

1.700 
0.123 

0.741 
0.078 

1.383 0.578 0.450 
0.926 

0.178 
0.079 

0.201 
0.169 

0.121 
0.496 

0.071 
0.066 

0.216 
0.041 

0.014 

T
S

03-015 ppbv 
0.627 

1.728 
0.157 

0.977 
0.062 

1.119 0.345 0.433 0.826 
0.166 

0.139 
0.594 

0.262 
0.267 0.645 

0.066 
0.053 

0.187 
0.035 

0.436 

T
S

03-016 ppbv 
0.553 

1.764 
0.136 

0.796 
0.071 

0.593 0.210 0.255 
0.451 

0.137 
0.098 

0.442 
0.152 

0.151 
0.944 

0.119 
0.102 

0.363 
0.032 

0.373 

T
S

03-017 ppbv 
0.442 

1.793 
0.110 

0.552 
0.041 

0.413 0.159 0.204 
0.334 

0.158 
0.090 

0.339 
0.119 

0.117 
0.686 

0.045 
0.036 

0.130 
0.018 

0.333 

T
S

03-018 ppbv 
0.515 

1.743 
0.125 

0.723 
0.061 

1.119 0.447 0.416 
0.832 

0.175 
0.097 

0.340 
0.173 

0.131 0.587 
0.059 

0.049 
0.169 

0.023 
0.326 

T
S

03-019 ppbv 
0.579 

1.826 
0.214 

0.798 
0.132 

1.968 0.658 0.702 
1.386 

0.208 
0.127 

0.288 
0.284 

0.198 
0.646 

0.039 
0.030 

0.113 
0.038 

0.358 

T
S

03-020 ppbv 
0.531 

1.779 
0.168 

0.823 
0.119 

2.538 0.868 0.855 
1.700 0.232 

0.145 
0.315 

0.327 
0.226 

0.781 
0.071 

0.060 
0.195 

0.030 
0.392 

T
S

03-021 ppbv 
0.634 

1.756 
0.208 

0.564 
0.071 

0.795 
0.234 0.462 0.646 

0.230 
0.081 

0.189 
0.172 

0.123 
0.696 

0.068 
0.063 

0.198 
0.021 

0.366 

T
S

03-022 ppbv 
0.541 

1.726 
0.187 

0.583 
0.126 

2.456 0.588 1.086 
1.918 0.206 

0.114 
0.264 

0.321 
0.212 

0.620 
0.040 

0.030 
0.111 

0.019 
0.580 

T
S

03-023 ppbv 
0.499 

1.713 
0.153 

0.502 
0.098 

2.278 0.404 1.114 
1.856 0.195 

0.100 
0.265 

0.294 
0.199 

0.571 
0.045 

0.033 
0.124 

0.020 
0.514 

T
S

03-024 ppbv 
0.542 

1.841 
0.230 

0.940 
0.203 

4.983 
1.856 

1.448 
3.239 

0.259 
0.179 

0.300 
0.460 

0.296 
0.595 

0.047 
0.039 

0.133 
0.031 

0.452 

T
S

03-025 ppbv 
0.494 

1.733 
0.174 

0.686 
0.197 

3.952 
1.176 1.394 

2.839 
0.246 

0.162 
0.295 

0.416 
0.273 

0.697 
0.048 

0.046 
0.148 

0.022 
0.424 

T
S

03-026 
ppbv 

0.479 
1.718 

0.141 
0.541 

0.114 
2.360 0.615 0.859 

1.689 
0.187 

0.106 
0.199 

0.275 
0.182 

0.492 
0.032 

0.025 
0.090 

0.017 
0.389 

T
S

03-027 ppbv 
0.420 

1.658 
0.117 

0.488 
0.067 

1.342 0.401 0.622 
0.931 

0.169 
0.070 

0.141 
0.170 

0.115 
0.364 

0.022 
0.018 

0.064 
0.009 

0.364 

T
S

03-028 ppbv 
0.479 

1.828 
0.170 

0.779 
0.124 

2.674 0.861 0.774 
1.505 0.162 

0.099 
0.192 

0.247 
0.171 0.700 

0.105 
0.105 

0.333 
0.037 

0.425 

T
S

03-029 ppbv 
0.406 

1.739 
0.116 

0.691 
0.058 

0.997 
0.328 0.428 

0.664 
0.156 

0.054 
0.105 

0.130 
0.087 

0.703 
0.084 

0.082 
0.262 

0.027 
0.403 

T
S

03-030 ppbv 
0.531 

1.961 
0.204 

0.742 
0.099 

2.043 0.627 0.560 
1.181 0.218 

0.110 
0.242 

0.233 
0.166 

0.956 
0.059 

0.050 
0.183 

0.022 
0.406 



T
able A

8: N
M

H
C

 isotopic com
position (6

1
3

c
 %o), 

Y
ork U

niversity, M
ay 2003. 

O
C

I
 

O
L

 
O

L
 

O
L

 

Lab 
8 cI3 8 c

t3
 propyle 8 c

'
~

 
8 cI3 8 c

I3
 8 cl' i- 8 cI3 8 c

q
3

 8 c
1
3
 M

C
Y

C
 
6
 c

1
3
 8 c

1
3
 8 cI3 8 c

t3
 C2B

en 
m

,p
- 

8 cI3 
# 

ace 
n

C
3 

ne 
i-C

4 
n

-C
4 C

H
3C

I butene 
i-C

5 
n

-C
5 2M

C
5 

C
5 

3M
C

5 n
-C

6 
B

enz 
Tol 

z 
xyl 

o-xyl 
T

S
03 

-001 -15.1 -28.6 
L

O
D

 
L

O
D

 
-31.6 

-29.9 
T

S
03 

-002 -12.6 -28.4 
-24.5 

L
O

D
 

-32.0 
L

O
D

 
T

S
03 

-003 -18.4 -28.2 
L

O
D

 
L

O
D

 
-31.6 

-39.6 
T

S
03 

-004 
-13.0 -28.8 

-27.0 
-13.5 

-31.7 
L

O
D

 
T

S
03 

-007 -14.3 -28.5 
-26.9 

L
O

D
 

-28.9 
L

O
D

 
T

S
03 

-009 -11.8-29.4 
-21.9 

-11.1 -31.5 
L

O
D

 
T

S
03 

-010 
-5.9 

-28.8 
-21.9 

-16.9 
-32.1 

-36.6 
T

S
03 

-011 
-3.4 

-28.8 
-25.2 

-21.7 -32.0 
L

O
D

 
T

S
03 

-012 
-5.8 

-29.3 
L

O
D

 
-17.2 -31.6 

L
O

D
 

T
S

03 
-013 

-6.2 
-29.8 

L
O

D
 

L
O

D
 

-31.3 
L

O
D

 
T

S
03 

-015 
-10.2 -28.9 

L
O

D
 

-15.5 
-30.6 

L
O

D
 

T
S

03 
-016 

-4.1 
-28.1 

L
O

D
 

L
O

D
 

-32.5 
L

O
D

 
T

S
03 

-019 
-4.5 

-28.8 
L

O
D

 
-21.4 -31.2 

L
O

D
 

T
S

03 
-022 

-6.6 
-29.6 

L
O

D
 

-23.8 -32.4 
L

O
D

 
T

S
03 

-025 
-3.9 

-30.6 
L

O
D

 
-26.3 

-31.6 
L

O
D

 
T

S
03 

-028 
-4.9 

-30.3 
L

O
D

 
-24.1 

-31.2 
L

O
D

 
T

S
03 

-029 
L

O
D

 -27.9 
L

O
D

 
L

O
D

 
-31.5 

L
O

D
 

-25.9 
-29.3 -28.9 

L
O

D
 

-25.9 
-30.6 

-29.6 
L

O
D

 

L
O

D
 

-29.7 
L

O
D

 
L

O
D

 

-22.1 
-29.1 -29.0 

L
O

D
 

L
O

D
 

L
O

D
 

-30.4 
L

O
D

 

-24.9 
-28.6 -26.2 

-30.1 

-26.7 
-30.1 

-28.9 
-25.8 

-27.3 
-30.3 

-29.3 
-26.2 

-27.0 
-29.5 -29.2 

-26.0 

L
O

D
 

-30.5 -29.0 
L

O
D

 

-27.7 
-30.1 -29.9 

L
O

D
 

L
O

D
 

-28.6 
-28.1 

L
O

D
 

-27.4 
-29.8 -28.1 

-26.2 

-25.7 
-30.0 -29.0 

-26.0 

-26.5 
-30.1 -28.9 

-26.8 

-25.4 
-29.7 -28.6 

-26.5 

L
O

D
 

-29.3 -28.4 
L

O
D

 

-28.0 

L
O

D
 

L
O

D
 

-26.8 

L
O

D
 

-26.9 

-27.0 

L
O

D
 

L
O

D
 

L
O

D
 

-28.6 

L
O

D
 

-27.9 

-28.3 

-27.8 

-27.2 

L
O

D
 

P
 -27.1 

-26.4 
-24.2 -30.3 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-29.1 
L

O
D

 

L
O

D
 

L
O

D
 

L
O

D
 

-28.0 
L

O
D

 

L
O

D
 

L
O

D
 

-25.9 -28.5 
L

O
D

 

L
O

D
 

L
O

D
 

-24.7 -26.7 
L

O
D

 

-24.7 
-25.6 

L
O

D
 

-27.6 
L

O
D

 

-25.5 
-24.6 

-23.8 -28.3 
L

O
D

 

L
O

D
 

-25.7 
L

O
D

 
-28.0 

L
O

D
 

L
O

D
 

L
O

D
 

-24.6 
-27.6 

L
O

D
 

L
O

D
 

L
O

D
 

-22.8 
-27.7 

L
O

D
 

-26.6 
-29.1 

L
O

D
 

-26.5 
L

O
D

 

L
O

D
 

-27.2 
-21.5 -29.0 

L
O

D
 

-26.4 
-26.5 

-23.2 -27.4 
L

O
D

 

-27.8 
-27.9 

-20.1 
-29.9 

L
O

D
 

-26.9 
-26.7 

-20.1 -26.4 
L

O
D

 

-25.7 
-25.1 

-24.8 -29.2 
L

O
D

 

L
O

D
 

L
O

D
 

-24.7 -27.1 
L

O
D

 

-28.2 
LO

D
 

LO
D

 
LO

D
 

-28.5 
LO

D
 

-28.4 
LO

D
 

-27.2 
-27.7 

-28.8 
LO

D
 

-27.5 
-23.4 

-27.7 
LO

D
 

-27.2 
LO

D
 

-26.4 
LO

D
 

-26.9 
LO

D
 

-27.2 
-25.2 

-25.6 
LO

D
 

-25.2 
C

O
D

 

-26.5 
L

O
D

 

-26.7 
LO

D
 

-22.8 
LO

D
 

P
 



T
able A

9: N
M

H
C

 isotopic com
position (6

1
3

c
 %o), 

U
rban T

oronto, June 2003. 

1
 

L
ab# 

ace 
nC

3 
propylene 

C
4 

C
4 

C
H

&
I 

butene 
C

5 
C

5 
2M

C
5 

M
C

Y
C

C
5 

3M
C

5 
C

6 
C

7 
B

enz 
Tol 

C
2B

enz m
,p-xyl 

xyl 
-12.1 
-10.2 
-10.2 
-10.3 
-8.0 
-10.8 
-11.2 
-12.7 
-7.7 
-7.8 
-7.9 
-12.7 
-7.6 
-13.6 
-13.0 
-13.7 
-12.0 
-13.8 
L

O
D

 
-15.6 
-12.6 
L

O
D

 
-6.8 
-13.8 
-14.3 
-13.8 
-12.3 
L

O
D

 
-14.7 

-24.6 
-2 1.6 
-25.4 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-23.4 
L

O
D

 
-24.6 
-26.9 
-21.1 
L

O
D

 
-24.0 
L

O
D

 
-24.2 
-23.4 
L

O
D

 
L

O
D

 
L

O
D

 
-22.9 
-23.4 
L

O
D

 
L

O
D

 
L

O
D

 

-14.5 
-7.4 
-0.2 
L

O
D

 
L

O
D

 
L

O
D

 
-6.4 
L

O
D

 
L

O
D

 
L

O
D

 
-9.8 
-17.8 
-19.0 
-10.8 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-3.2 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-19.2 

-30.9 
-29.5 
-31.4 
-31.5 
-29.5 
-31.4 
-29.4 
-30.9 
-30.3 
L

O
D

 
-30.9 
-30.8 
-31.8 
-31.0 
-31.2 
-31.6 
-32.0 
-31.6 
L

O
D

 
-30.7 
-31.6 
L

O
D

 
-31.3 
-29.7 
-30.9 
-30.6 
-30.6 
L

O
D

 
-31.1 

-37.3 
L

O
D

 
-34.0 
L

O
D

 
L

O
D

 
-37.9 
L

O
D

 
L

O
D

 
-40.5 
L

O
D

 
-40.4 
-37.5 
L

O
D

 
L

O
D

 
-35.9 
L

O
D

 
L

O
D

 
L

O
D

 
-36.8 
L

O
D

 
L

O
D

 
L

O
D

 
-36.3 
-29.1 
L

O
D

 
L

O
D

 
-36.0 
-33.6 
-38.7 

L
O

D
 

-24.3 
-24.8 
-22.4 
-27.4 
L

O
D

 
L

O
D

 
-26.4 
-26.3 
L

O
D

 
-24.6 
-25.1 
L

O
D

 
-23.6 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-24.0 
L

O
D

 
-23.4 
L

O
D

 
-28.6 
L

O
D

 
-23.2 
L

O
D

 
L

O
D

 
L

O
D

 
-28.5 

-30.0 
-27.9 
-28.6 
-29.2 
-28.7 
-28.4 
-27.7 
-28.1 
-28.3 
L

O
D

 
-28.3 
-29.3 
-30.1 
-29.0 
-29.1 
-29.4 
-29.3 
-28.9 
-28.3 
-29.8 
-29.4 
L

O
D

 
-28.7 
-28.9 
-28.9 
-29.1 
-28.9 
L

O
D

 
-30.0 

-29.0 
-27.3 
-27.7 
-29.0 
-27.6 
-27.2 
-26.3 
-27.2 
-28.0 
L

O
D

 
-27.0 
-28.3 
-28.1 
-28.4 
-28.0 
-27.8 
-27.6 
-27.4 
-29.4 
-28.2 
-28.0 
L

O
D

 
-28.9 
-27.7 
-27.7 
-28.3 
-28.7 
L

O
D

 
-28.7 

L
O

D
 

L
O

D
 

-26.1 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-28.6 
-19.8 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-25.8 
-26.1 
-27.4 
L

O
D

 
L

O
D

 
-26.3 
-26.1 
-25.0 
L

O
D

 
L

O
D

 
-25.0 

L
O

D
 

-26.3 
-27.5 
L

O
D

 
L

O
D

 
-31.3 
-25.5 
-30.6 
L

O
D

 
L

O
D

 
L

O
D

 
-26.5 
-27.1 
-27.0 
-27.0 
-26.6 
-27.0 
-27.2 
-27.5 
-27.0 
-26.8 
L

O
D

 
L

O
D

 
-26.5 
-26.8 
-27.3 
-28.7 
L

O
D

 
-27.4 

L
O

D
 

-25.8 
-26.4 
L

O
D

 
L

O
D

 
-27.5 
-24.7 
-28.5 
-23.5 
L

O
D

 
L

O
D

 
-25.3 
-26.0 
-25.5 
-25.7 
-25.5 
-25.4 
-25.7 
-26.1 
-25.5 
-25.6 
L

O
D

 
L

O
D

 
-25.9 
-25.3 
-25.5 
-27.4 
L

O
D

 
-26.4 

L
O

D
 

-25.1 
-25.8 
L

O
D

 
L

O
D

 
-27.4 
-25.1 
-28.7 
-24.9 
-25.6 
-26.0 
-24.7 
-25.6 
-24.9 
-25.4 
-25.6 
-24.6 
-25.7 
-26.6 
-25.0 
-24.7 
L

O
D

 
-24.7 
-27.0 
-25.1 
-26.5 
-26.5 
L

O
D

 
-25.6 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-21.3 
-18.1 
-21.0 
-24.6 
-24.0 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 

-22.4 
-28.5 

-22.3 
-29.7 

-21.8 
-28.1 

-22.9 
-27.2 

-22.9 
-28.1 

-23.1 
L

O
D

 
-21.7 

L
O

D
 

-23.5 
-28.9 

-22.6 
-28.7 

-22.8 
-27.0 

-23.9 
-27.1 

-23.6 
L

O
D

 
-19.7 

-29.4 
-19.4 

-27.8 
-22.3 

-27.5 
-23.0 

-25.5 
-21.0 

-27.1 
-21.2 

L
O

D
 

-23.4 
-27.9 

-22.2 
-27.3 

-21.1 
-27.4 

-20.1 
-25.9 

-23.1 
-26.8 

-22.4 
-26.3 

-20.6 
-25.4 

-18.6 
-26.9 

-21.3 
-27.8 

-23.8 
L

O
D

 
-21.1 

-28.5 

-28.9 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-25.4 
-25.9 
L

O
D

 
-26.2 
L

O
D

 
-27.5 
-27.6 
-27.1 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 

-27.4 
-32.5 
-28.1 
-27.8 
-28.2 
L

O
D

 
-28.3 
-28.1 
-28.5 
-27.9 
-28.0 
-27.1 
-28.3 
-27.0 
-27.2 
-25.6 
-25.6 
-27.1 
L

O
D

 
-26.8 
-26.5 
-26.6 
-26.8 
-25.6 
L

O
D

 
-25.8 
-26.9 
-27.9 
-26.0 

-27.8 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-24.1 
-23.3 
L

O
D

 
L

O
D

 
L

O
D

 
-23.8 
-22.6 
-24.8 
L

O
D

 
-23.9 
-23.1 
-25.7 
-24.8 
-24.9 
-24.1 
L

O
D

 
-2 1.2 
L

O
D

 
L

O
D

 
-27.6 
-24.2 
L

O
D

 
-24.5 

T
S

03-069 
-12.6 

-29.4 
L

O
D

 
L

O
D

 
-30.0 

L
O

D
 

-27.9 
-29.2 

-28.4 
L

O
D

 
-26.3 

L
O

D
 

-25.1 
L

O
D

 
L

O
D

 
-29.6 

L
O

D
 

-27.2 
L

O
D
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T
able A

10: S
am

pling Inform
ation, Y

ork U
niversity, June 2003. 

T
S03-070 

P
etrie roof 

T
S

03-071 
P

etrie roof 

T
S

03-072 
P

etrie roof 

T
S

03-073 
P

etrie roof 

T
S

03-074 
P

etrie roof 

T
S03-075 

P
etrie roof 

T
S03-076 

P
etrie roof 

T
S03-077 

P
etrie roof 

T
S

03-078 
P

etrie roof 

T
S03-079 

P
etrie roof 

T
S03-080 

P
etrie roof 

T
S03-08 1 

P
etrie roof 

T
S

03-082 
P

etrie roof 

T
S03-083 

P
etrie roof 

T
S03-084 

P
etrie roof 

T
S03-085 

P
etrie roof 

T
S03-086 

P
etrie roof 

T
S

03-087 
P

etrie roof 

T
S03-088 

P
etrie roof 

T
S

03-089 
P

etrie roof 

T
S03-090 

P
etrie roof 

T
S

03-091 
P

etrie roof 

T
S03-092 

P
etrie roof 

T
S

03-093 
P

etrie roof 

T
S03-094 

P
etrie roof 

T
S03-095 

P
etrie roof 

T
S03-096 

P
etrie roof 

T
S03-097 

P
etrie roof 

T
S03-098 

P
etrie roof 

sunny 
P

A
+

18 

sunny 
P

A
+

18 

sunny 
P

A
+

18 

sunny 
P

A
+

21 

sunny 
P

A
+

21 

sunny 
P

A
+

21 

sunny 
P

A
+

25 

sunny 
P

A
+

25 

sunny 
P

A
+

25 

sunny 
P

A
+

30 

sunny 
P

A
+

30 

sunny 
P

A
+

30 

m
ainly sunny 

P
A

+
3 1 

m
ainly sunny 

PA
+3 1 

m
ainly sunny 

P
A

+
3 1 

m
ainly sunny 

P
A

+
32 

m
ainly sunny 

P
A

+
32 

m
ainly sunny 

P
A

+
32 

m
ainly sunny 

P
A

+
33 

m
ainly sunny 

P
A

+
33 

m
ainly sunny 

P
A

+
33 

m
ainly sunny 

P
A

+
33 

m
ainly sunny 

P
A

+
33 

m
ainly sunny 

P
A

+
33 

sunny 
P

A
+

30 

sunny 
P

A
+

30 

sunny 
P

A
+

30 

sunny 
P

A
+

29 

sunny 
P

A
+

29 

101.72 kP
a and driving 

101.72 kPa and driving 

101.72 kPa and driving 

101.78 kP
a and driving 

101.78 kPa and driving 

101.78 kPa and driving 

101.77 kP
A

 and falling 

101.77 kP
A

 and falling 

101.77 kP
A

 and falling 

101.81 kP
A

 and driving 

101.81 kP
A

 and driving 

101.81 kP
A

 and driving 

101.79 kPa and steady 

101.79 kPa and steady 

101.79 kP
a and steady 

101.75 kPa and falling 

101.75 kPa and falling 

101.75 kPa and falling 

101.70 kPa and falling 

101.70 kPa and falling 

10 1.70 kPa and falling 

101.68 kPa and falling 

101.68 kPa and falling 

10 1.68 kPa and falling 

101.57 kPa and falling 

101.57 kPa and falling 

101.57 kPa and falling 

101.59 kPa and rising 

101.59 kPa and rising 

L
ab # 

site 
canister 

date 
tim

e-start 
tim

e-end 
tim

e [m
in] 

w
eather 

T
em

p[oC
] hum

idity 
w

ind direct. 
sp.[km

/h 

T
S03-099 

P
etrie roof 

Y
465 

06/24/03 
20:15 

20:20 
5
 

sunn 
P

A
+

29 
47%

 
SE

 
13 

101.59 kPa and risin 



104 

T
able A

1 1 : N
M

H
C

 M
ixing R

atio (ppbv), Y
ork U

niversity, June 2003. 

1- 
iso- 

isopren 
23D

M
C

 
C

2B
en 

L
ab # 

ppbV
 

ace 
nC

2 propene nC
3 

butene 
butene 

nC
4 

iC
4 

e 
C

Y
C

5 nC
5 2M

C
4 B

enz 
C

Y
C

C
6 

M
C

Y
C

5 
nC

6 2M
C

5 3M
C

5 
4 

T
ol 

nC
7 

z 
oX

yl m
pX

yl nC
8 C

H
3C

I 

T
S

03-070 
ppbv 

1.7843.817 
0.980 

3.601 0.167 
0.344 

1.5780.505 
0.092 

0.428 1.162 1.955 0.668 
0.105 

0.251 
0.4920.539 0.365 

0.156 
2.331 0.154 0.205 

0.206 0.661 0.076 0.416 

T
S

03-071 
ppbv 

1.688 4.090 
1.065 

3.806 0.180 
0.316 

1.708 0.544 
0.159 

0.465 1.266 2.102 0.728 
0.119 

0.276 
0.536 0.586 0.393 

0.189 
2.526 0.168 0.265 

0.279 0.873 0.089 0.488 

T
S

03-072 
ppbv 

1.640 3.277 
1.112 

2.319 0.192 
0.338 

1.7070.548 
0.079 

0.348 1.204 2.081 0.750 
0.115 

0.284 
0.536 0.591 0.410 

0.173 
2.057 0.168 

0.253 
0.294 0.831 0.081 0.493 

T
S

03-073 
ppbv 

1.4242.758 
0.577 

2.325 
0.121 

0.225 
1.393 0.493 

0.154 
0.274 0.865 1.545 0.444 

0.083 
0.186 

0.368 0.398 0.276 
0.123 

1.587 0.155 
0.296 

0.370 1.267 0.100 0.444 

T
S

03-074 
ppbv 2.836 3.346 

0.722 
4.027 0.189 

1.041 
2.7880.801 

0.135 
0.383 1.605 2.976 0.662 

0.131 
0.304 

0.612 0.650 0.450 
0.198 

2.220 0.210 
0.425 

0.362 1.462 0.084 0.477 

T
S

03-075 
ppbv 0.938 2.481 

0.426 
1.667 0.077 

0.134 
0.818 0.339 

0.164 
0.208 0.534 0.929 0.337 

0.060 
0.125 

0.248 0.264 0.184 
0.081 

0.922 0.123 
0.169 

0.201 0.655 0.098 0.407 

T
S

03-076 
ppbv 

1.0372.494 
0.454 

1.876 0.088 
0.193 

1.025 0.428 
0.188 

0.236 0.639 1.126 0.358 
0.080 

0.154 
0.333 0.327 0.237 

0.097 
1.704 0.160 

0.330 
0.418 

1.462 0.121 0.407 

T
S

03-077 
ppbv 0.9792.662 

0.473 
1.874 0.086 

0.149 
1.016 0.505 

0.210 
0.246 0.635 1.124 0.394 

0.094 
0.155 

0.326 0.320 0.229 
0.093 

1.496 0.174 
0.396 

0.502 
1.769 0.142 0.488 

T
S

03-078 
ppbv 

1.2922.563 
0.521 

2.217 
0.100 

0.163 
1.2980.501 

0.272 
0.303 0.818 1.426 0.449 

0.093 
0.191 

0.437 0.456 0.324 
0.131 

2.1820.175 
0.269 

0.305 
1.040 0.119 0.563 

T
S

03-079 
ppbv 0.445 2.409 

0.106 
0.941 0.031 

0.089 
0.6080.215 

0.152 
0.177 0.271 0.497 0.147 

0.020 
0.042 

0.095 0.107 0.073 
0.035 

0.547 0.029 
0.118 

0.137 0.420 0.023 0.514 

T
S

03-080 
ppbv 0.386 1.756 0.028 

0.901 0.012 
0.024 

0.519 0.182 
0.073 

0.142 0.232 0.437 0.176 
0.014 

0.033 
0.072 0.085 0.056 

0.028 
0.288 0.021 

0.069 
0.061 0.215 0.012 0.399 

T
S

03-081 
ppbv 0.339 1.712 0.063 

0.666 
0.021 

0.047 
0.3990.138 

0.174 
0.234 0.180 0.328 0.170 

0.018 
0.053 

0.299 0.063 0.046 
0.022 

1.070 0.042 0.063 
0.069 0.211 0.011 0.373 

T
S

03-082 
ppbv 0.318 0.978 

0.072 
0.512 0.025 

0.061 
0.431 0.127 

0.127 
0.239 0.170 0.295 0.095 

0.009 
0.033 

0.141 0.051 0.037 
0.015 

0.219 0.016 0.033 
0.029 0.104 0.010 0.418 

T
S

03-083 
ppbv 0.313 1.520 

0.049 
0.482 

0.019 
0.076 

0.373 0.118 
0.133 

0.212 0.162 0.283 0.136 
0.009 

0.047 
0.217 0.053 0.037 

0.018 
0.200 0.015 0.029 

0.027 0.092 0.009 0.380 

T
S

03-084 
ppbv 0.2790.898 

0.041 
0.386 

0.015 
0.041 

0.2820.087 
0.079 

0.201 0.193 0.223 0.125 
0.007 

0.018 
0.070 0.038 0.026 

0.012 
0.222 0.012 0.019 

0.019 0.055 0.006 0.533 

T
S

03-085 
ppbv 0.383 1.576 0.083 

0.581 0.029 
0.077 

0.4380.140 
0.113 

0.333 0.204 0.343 0.106 
0.012 

0.029 
0.091 0.067 0.044 

0.024 
0.521 0.023 0.152 

0.122 0.465 0.023 0.019 

T
S

03-086 
ppbv 0.404 1.662 

0.165 
0.621 0.068 

0.088 
0.511 0.163 

0.230 
0.377 0.211 0.368 0.189 

0.013 
0.027 

0.086 0.080 0.048 
0.023 

0.767 0.029 
0.430 

0.153 1.263 0.031 0.547 

T
S

03-087 
ppbv 0.328 1.568 0.048 

0.549 
0.017 

0.045 
0.342 0.110 

0.112 
0.271 0.176 0.275 0.130 

0.012 
0.025 

0.079 0.051 0.035 
0.024 

0.208 0.016 
0.055 

0.053 0.171 0.011 0.425 

T
S

03-088 
ppbv 0.387 1.559 0.117 

0.583 0.031 
0.109 

0.483 0.153 
0.197 

0.364 0.290 0.420 0.170 
0.014 

0.047 
0.165 0.083 0.057 

0.031 
0.709 0.025 

0.074 
0.081 0.249 0.015 0.458 

T
S

03-089 
ppbv 0.364 1.479 0.082 

0.581 0.030 
0.126 

0.5520.165 
0.216 

0.427 0.284 0.447 0.165 
0.015 

0.041 
0.133 0.085 0.056 

0.029 
0.537 0.022 

0.079 
0.092 0.263 0.014 0.511 

T
S

03-090 ppbv 0.340 1.427 
0.081 

0.553 
0.022 

0.045 
0.4340.134 

0.111 
0.257 0.228 0.393 0.173 

0.012 
0.031 

0.076 0.077 0.050 
0.027 

0.457 0.020 
0.034 

0.026 0.097 0.011 0.425 

T
S

03-091 
ppbv 0.321 1.405 

0.080 
0.487 0.023 

0.085 
0.340 0.106 

0.173 
0.218 0.267 0.329 0.116 

0.010 
0.049 

0.201 0.064 0.043 
0.023 

0.260 0.015 
0.029 

0.027 0.096 0.009 0.399 

T
S

03-092 
ppbv 0.280 1.403 0.058 

0.450 
0.016 

0.037 
0.3070.094 

0.073 
0.173 0.148 0.267 0.141 

0.008 
0.051 

0.243 0.051 0.035 
0.019 

0.165 0.013 
0.011 

0.008 0.027 0.007 0.524 

T
S

03-093 
ppbv 0.348 1.474 

0.100 
0.495 

0.027 
0.055 

0.4570.152 
0.220 

0.243 0.242 0.458 0.169 
0.016 

0.037 
0.087 0.088 0.057 

0.030 
0.267 0.024 

0.032 
0.027 0.107 0.010 0.428 

T
S

03-094 
ppbv 0.505 1.692 0.193 

0.659 0.051 
0.151 

0.779 0.231 
0.337 

0.321 1.616 0.677 0.171 
0.027 

0.060 
0.147 0.137 0.088 

0.044 
0.882 0.051 0.159 

0.180 0.556 0.025 0.431 

T
S

03-095 ppbv 0.354 1.514 0.101 
0.499 

0.027 
0.058 

0.458 0.150 
0.216 

0.311 2.258 0.418 0.167 
0.015 

0.037 
0.118 0.084 0.054 

0.025 
0.346 0.025 

0.182 
0.124 0.641 0.010 0.327 

T
S

03-096 ppbv 0.7682.762 
0.175 

1.379 0.045 
0.066 

1.1920.441 
0.291 

0.270 0.613 1.047 0.308 
0.048 

0.098 
0.188 0.237 0.157 

0.071 
0.705 0.106 0.153 

0.171 0.504 0.076 0.022 

T
S

03-097 ppbv 0.820 2.438 
0.347 

1.673 0.074 
0.146 

1.659 0.470 
0.390 

0.287 0.728 1.218 0.310 
0.065 

0.131 
0.245 0.291 0.192 

0.089 
1.022 0.096 0.238 

0.301 0.810 0.040 0.404 

T
S

03-098 ppbv 0.967 1.714 0.390 
1.815 0.079 

0.141 
1.880 0.535 

0.387 
0.331 0.734 1.355 0.338 

0.070 
0.136 

0.246 0.307 0.202 
0.098 

0.821 0.098 0.250 
0.304 0.843 0.038 0.415 

1
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1

3
0
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L

ab # 
ace 

nC
3 

p
ro

p
ylen

e 
C

4 
C

4 
C

H
jC
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butene 

C
5 

C
5 

2M
C

5 
M

C
Y

C
C

5 
3M

C
5 

C
6 

B
enz 

Tol 
C

2B
enz 

xyl 
X

Y
 1 

070 
-15.6 

-28.9 
T

S
03- 

071 
-15.1 

-28.7 
T

S
03- 

073 
-18.7 

-29.0 
T

S
03- 

074 
-28.1 

-28.6 
T

S
03- 

075 
-13.3 

-27.8 
T

S
03- 

076 
-13.9 

-28.6 
T

S
03- 

077 
-12.6 

-29.0 
T

S
03- 

078 
-14.8 

-28.4 
T

S
03- 

079 
-8.3 

-29.6 
T

S
03- 

080 
L

O
D

 
-29.4 

T
S

03- 
082 

-5.2 
-29.1 

T
S

03- 
085 

-3.6 
-28.4 

T
S

03- 
088 

-5.9 
-27.8 

T
S

03- 
091 

-2.3 
-27.3 

T
S

03- 
094 

-7.3 
-29.5 

T
S

03- 
095 

-11.8 
-29.6 

T
S

03- 
096 

-8.4 
-28.8 

T
S

03- 
098 

-10.8 
-28.8 

T
S

03- 

-25.2 

-23.9 

-25.0 

-23.0 

L
O

D
 

-24.3 

-24.2 
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L
O

D
 

L
O

D
 

L
O

D
 

L
O
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L
O

D
 

L
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D
 

L
O

D
 

L
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L
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L
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O
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-11.1 
-33.2 

-33.2 

L
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-30.2 
L

O
D

 

L
O
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-29.2 
L

O
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-16.0 
-30.8 

-36.3 

-15.3 
-30.6 

L
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-9.6 
-29.7 

L
O
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-31.7 
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O
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-28.2 
L

O
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O
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L
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D
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D
 

-36.1 
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O
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-30.9 
-31.6 

L
O

D
 

-32.9 
-30.8 

-23.7 
-31.2 

-34.2 

L
O

D
 

-28.4 
-30.9 

-9.7 
-28.7 

L
O

D
 

-6.0 
-28.9 

L
O

D
 

-24.2 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O
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-24.3 

L
O
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-28.4 

-28.2 

-27.2 

-27.7 

L
O

D
 

-26.6 

L
O

D
 

L
O

D
 

-29.6 
-28.3 

-28.7 
-26.9 

-29.2 
-28.2 

L
O

D
 

-28.3 

-27.2 
-26.6 

-29.7 
-28.6 

-28.3 
26.1 

-28.6 
-27.0 

-28.6 
-27.5 

L
O

D
 

L
O

D
 

-28.4 
-26.6 

-28.1 
-28.4 

-29.3 
-28.7 

-28.5 
-27.2 

-28.5 
-27.2 

-30.1 
-28.9 

-27.5 
-26.6 

-29.2 
-27.5 

-27.9 

-29.5 

-29.3 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-28.1 

L
O

D
 

-29.6 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-27.1 

L
O

D
 

L
O

D
 

-26.0 

-25.8 

-27.9 

L
O

D
 

L
O
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L
O

D
 

L
O

D
 

-27.9 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-26.9 

-27.2 

L
O

D
 

L
O
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-26.4 

-23.8 

-26.8 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-25.0 

L
O

D
 

L
O
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L
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D
 

L
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D
 

L
O

D
 

L
O
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L
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L
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L
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L
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-22.1 

-27.2 
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L
O
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L
O

D
 

L
O

D
 

-24.0 

-27.8 

L
O

D
 

-28.0 

L
O

D
 

L
O
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L
O
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L
O

D
 

-27.4 

L
O
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L
O

D
 

-23.8 
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-23.6 
-28.0 

L
O
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-26.6 

-25.8 
L

O
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-22.3 
-25.3 

-22.5 
-27.9 

-26.2 
-25.2 

L
O

D
 

-27.9 

-22.7 
-25.8 

-24.2 
L

O
D

 

-25.6 
L

O
D

 

-25.2 
-27.1 

-25.2 
-29.9 

-18.3 
-26.8 

-22.4 
-28.5 

-21.9 
-29.6 

-22.8 
-28.0 

-20.7 
-27.8 

L
O

D
 

L
O

D
 

-27.8 

L
O

D
 

L
O

D
 

-27.5 

-27.1 

L
O

D
 

L
O

D
 

L
O

D
 

L
O
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L
O
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L
O

D
 

-26.1 

-24.3 
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L
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L
O

D
 

L
O

D
 

L
O

D
 

L
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O
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O

D
 

L
O

D
 

L
O

D
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L
O

D
 

L
O

D
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-10.7 

-29.1 
-20.0 

-5.2 
-28.8 

L
O

D
 

L
O

D
 

-29.6 
-27.1 

L
O

D
 

L
O

D
 

-27.1 
-26.7 

-23.1 
-28.6 

L
O

D
 

-27.4 
-25.3 
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L
ab # 

site 
canister 

date 
tim

e-start tim
e-end 

tim
e [m

in] 
w

eather 
tem

p['C
] 

hum
idity 

w
ind direct. 

sp.[km
lhl 

m
ainly clear 

m
ainly clear 

m
ainly clear 

m
ainly clear 

m
ainly clear 

m
ainly clear 

m
ostly cloudy 

m
ostly cloudy 

m
ostly cloudy 

m
ostly cloudy 

m
ostly cloudy 

m
ostly cloudy 

m
ainly clear 

m
ainly clear 

m
ainly clear 

m
ainly clear 

m
ainly clear 

T
S03-117 

#19 
Y

526 
14/07/2003 

20:O
O

 
20:04 

0:04 
m

ainly clear 
24.3 

49%
 

17 
13 
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H
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ixing R

atio (ppbv), SuburbanIR
ural (G

T
A
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L
ab # 

ppbV
 

ace 
nC

2 
propene 

nC
3 

1-butene iso-butene 
nC

4 
iC

4 
isoprene C

Y
C

5 
nC

5 
2M

C
4 B

enz 
nC

6 
2M

C
5 3M

C
5 23D

M
C

4 
To1 

nC
7 

C
2B

enz oX
y1 

m
pX

yl 
nC

8 
C

H
3C

1 
. . . . - - . . . . . . . . . . . . . . . . . . . . . . . - . . . . . - - . _. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . - . - . - . . . . . . . . . - . - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
T

S
03-100 ppbv 

0.357 1.563 
0.060 

0.515 
0.017 

0.086 
0.237 0.107 

0.513 
0.049 

0.125 
0.231 

0.111 0.042 
0.048 

0.031 
0.014 

0.393 0.015 
0.015 

0.011 
0.034 

0.010 
0.356 

T
S

03-101 ppbv 
0.304 1.342 

0.067 
0.511 

0.024 
0.121 

0.240 0.112 
0.752 

0.242 
0.128 

0.050 
0.127 0.044 0.049 

0.031 
0.015 

0.108 0.015 
0.009 

0.004 
0.016 

0.010 
0.548 

T
S

03-102 ppbv 
0.259 1.478 

0.052 
0.745 

0.026 
0.045 

0.215 0.096 
0.632 

0.209 
0.112 

0.046 
0.110 0.034 

0.041 
0.025 

0.012 
0.167 0.012 

0.012 
0.006 

0.022 
0.009 

0.460 

T
S

03-103 ppbv 
0.241 1.263 

0.040 
0.797 

0.015 
0.088 

0.180 0.074 
0.451 

0.049 
0.096 

0.173 
0.082 0.033 

0.036 
0.023 

0.012 
0.353 0.011 

0.014 
0.010 

0.028 
0.006 

0.377 

T
S

03-104 ppbv 
0.230 

1.392 
0.051 

0.954 
0.007 

0.032 
0.179 0.075 

0.485 
0.045 

0.095 
0.170 

0.079 0.028 
0.033 

0.021 
0.012 

0.239 0.009 
0.013 

0.011 
0.031 

0.006 
0.384 

T
S

03-105 ppbv 
0.259 1.418 

0.112 
0.864 

0.018 
0.035 

0.188 0.076 
1.006 

0.045 
0.105 

0.185 
0.088 0.031 

0.038 
0.023 

0.013 
0.108 0.010 

0.009 
0.004 

0.013 
0.007 

0.365 

T
S

03-106 ppbv 
0.269 1.398 

0.051 
0.595 

0.004 
0.043 

0.205 0.106 
1.098 

0.047 
0.113 

0.184 
0.081 0.036 

0.040 
0.025 

0.015 
0.287 0.012 

0.016 
0.010 

0.034 
0.007 

0.419 

T
S

03-107 ppbv 
0.207 1.327 

0.054 
0.474 

0.005 
0.025 

0.127 0.058 
0.914 

0.040 
0.061 

0.109 0.068 0.016 
0.021 

0.013 
0.008 

0.136 0.005 
0.006 

0.004 
0.011 

0.003 
0.350 

T
S

03-108 ppbv 
0.569 1.711 

0.127 
1.075 

0.018 
0.033 

0.599 0.361 
0.943 

0.084 
0.388 0.580 

0.184 0.139 0.138 
0.096 

0.039 
0.572 0.047 

0.062 
0.040 

0.116 
0.020 

0.344 

T
S

03-109 ppbv 
0.502 1.613 

0.170 
1.062 

0.014 
0.066 

0.610 0.326 
1.493 

0.126 
0.372 

0.632 
0.187 0.196 

0.162 
0.123 

0.060 
0.737 0.059 

0.087 
0.065 

0.236 
0.025 

0.384 

T
S

03-110 ppbv 
0.507 1.627 

0.173 
1.004 

0.014 
0.063 

0.599 0.309 
1.623 

0.113 
0.372 

0.647 
0.202 0.199 

0.169 
0.126 

0.057 
0.706 0.062 

0.084 
0.065 

0.240 
0.024 

0.348 

T
S

03-111 ppbv 
0.500 1.567 

0.139 
0.864 

0.026 
0.058 

0.600 0.279 
1.383 

0.123 
0.314 0.571 

0.187 0.143 
0.134 

0.095 
0.041 

0.537 0.051 
0.051 

0.033 
0.121 

0.024 
0.511 

T
S

03-112 ppbv 
0.316 

1.345 
0.082 

0.443 
0.021 

0.039 
0.418 0.144 

0.158 
0.071 

0.245 
0.452 

0.107 0.111 
0.104 

0.069 
0.031 

0.394 0.047 
0.038 

0.025 
0.089 

0.025 
0.537 

T
S

03-113 ppbv 
0.310 

1.397 
0.069 

0.455 
0.019 

0.041 
0.429 0.148 

0.162 
0.070 

0.248 0.468 
0.173 0.116 

0.104 
0.070 

0.031 
0.438 0.055 

0.029 
0.020 

0.069 
0.029 

0.442 

T
S

03-114 ppbv 
0.361 1.297 

0.085 
0.435 

0.019 
0.035 

0.376 0.127 
0.443 

0.064 
0.216 

0.414 0.125 0.116 
0.099 

0.066 
0.030 

0.424 0.037 
0.048 

0.038 
0.133 

0.015 
0.380 

T
S

03-115 ppbv 
0.290 1.320 

0.091 
0.400 

0.018 
0.067 

0.255 0.086 
2.048 

0.050 
0.144 0.256 

0.089 0.045 
0.058 

0.037 
0.017 

0.230 0.019 
0.017 

0.015 
0.149 

0.010 
0.378 

T
S

03-116 ppbv 
0.314 1.305 

0.153 
0.399 

0.029 
0.057 

0.249 0.082 
2.279 

0.052 
0.152 

0.264 
0.131 0.049 

0.064 
0.041 

0.021 
0.206 0.019 

0.016 
0.019 

0.181 
0.009 

0.361 
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L
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site 
canister 

date 
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e-end 
tim

e [m
in] 

w
eather 

tem
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] 
hum

idity 
w

ind direct. 
sp.[km

/h] 
A

tm
os. P

re. 

m
ainly sunny at P

A
 

partly cloudy at P
A

 

partly cloudy at P
A

 

m
ainly cloudy at P

A
 

cloudy at P
A

 

overcast at P
A

 

101.65 kP
a and falling 

101.5 1 kP
a and falling 

101.36 kP
a and falling 

101.26 kPa and falling 

101.20 kPa and falling 

SE
 

15 
100.96 kP

a and falling 
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-28.5 
L

O
D

 
-28.6 

L
O

D
 

L
O

D
 

-25.7 
L

O
D

 

T
S

03-199 
-13.5 

-29.1 
L

O
D

 
L

O
D

 
L

O
D

 
-33.3 

L
O

D
 

L
O

D
 

-25.2 
-27.3 

L
O

D
 

L
O

D
 

-26.8 
L

O
D

 

T
S

03-201 
L

O
D

 
-28.7 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-25.2 
-27.9 

-26.1 
L

O
D

 
-25.9 

L
O

D
 

T
S

03-202 
L

O
D

 
-28.2 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-29.6 
L

O
D

 
-28.3 

-26.5 
L

O
D

 
L

O
D

 
-25.9 

L
O

D
 

T
S

03-204 
L

O
D

 
-27.7 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-26.0 
-26.3 

L
O

D
 

L
O

D
 

-26.1 
L

O
D

 

T
S

03-205 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
L

O
D

 
-29.6 

-29.9 
L

O
D

 
L

O
D

 
-25.3 

L
O

D
 

L
O

D
 

-25.7 
L

O
D

 

T
S

03-207 
L

O
D

 
-27.5 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-27.6 
L

O
D

 
L

O
D

 
-27.4 

L
O

D
 

T
S

03-208 
-18.0 

-30.3 
L

O
D

 
-27.9 

L
O

D
 

-29.2 
-29.1 

-27.4 
-27.0 

-19.8 
-27.5 

L
O

D
 

-26.5 
L

O
D

 

T
S

03-209 
L

O
D

 
-29.5 

L
O

D
 

-31.0 
L

O
D

 
L

O
D

 
-27.9 

L
O

D
 

L
O

D
 

-27.0 
-27.5 

L
O

D
 

-27.0 
L

O
D

 

T
S

03-210 
-1

3
.4

 
-29.1 

L
O

D
 

-30.9 
L

O
D

 
L

O
D

 
-28.0 

-27.6 
L

O
D

 
-25.7 

-25.8 
L

O
D

 
-28.1 

-33.0 

T
S

03-211 
-14.3 

-29.0 
L

O
D

 
-30.0 

L
O

D
 

-26.2 
-28.2 

-26.7 
-28.6 

-22.6 
-26.7 

L
O

D
 

-26.6 
L

O
D

 

T
S

03-212 
-13.4 

-28.3 
L

O
D

 
-30.7 

L
O

D
 

L
O

D
 

-29.2 
-29.5 

L
O

D
 

-24.6 
-27.1 

L
O

D
 

-27.2 
L

O
D

 

T
S

03-213 
-15.6 

-29.0 
L

O
D

 
-30.1 

L
O

D
 

L
O

D
 

-28.6 
-27.9 

-28.4 
-24.8 

-28.5 
L

O
D

 
-26.9 

L
O

D
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T
able A

26: S
am

pling Inform
ation, U

rban T
oronto, A

ugust 2003. 

L
ab # 

site 
canister 

date 
tim

e-start 
tim

e-end 
tim

e [m
in] 

w
eather 

tem
p['C

] 
hum

idity 
w

ind direct. 
sp.[km

/h] 

T
S

03-214 
2 

Y
507 

08/21/03 
10:04 

10:50 
0:46 

m
aily clear 

28.5 
59%

 
26 

24 

T
S

03-215 
2 

Y
284 

08121103 
10:19 

10:23 
0:04 

m
aily clear 

27.8 
63%

 
24 

24 

T
S

03-216 
2 

Y
O

65 
08/21/03 

10:34 
10:38 

0:04 
m

aily clear 
27.8 

63%
 

24 
24 

T
S

03-217 
1 

Y
264 

08/21/03 
11:14 

12:O
O

 
0:46 

clear 
29.7 

50%
 

25 
26 

T
S

03-218 
1 

Y
O

99 
08/21/03 

11:31 
11:35 

0:04 
clear 

29.7 
50%

 
25 

26 

T
S

03-219 
1 

Y
O

68 
08/21/03 

11:44 
11:48 

0:04 
clear 

29.7 
50%

 
25 

26 

T
S

03-220 
3 

Y
361 

08/21/03 
12:37 

13:22 
0:45 

clear 
31 

49%
 

19 
20 

T
S

03-221 
3 

Y
O

91 
08/21/03 

12:52 
1

2
5

6
 

0:04 
clear 

31 
49%

 
19 

20 

T
S

03-222 
3 

Y
439 

08/21/03 
13:lO

 
13:14 

0:04 
clear 

31 
49%

 
19 

20 

T
S

03-223 
5 

Y
415 

08/21/03 
14:04 

14:50 
0:46 

m
aily clear 

31.7 
47%

 
21 

29 

T
S

03-224 
5 

Y
377 

08/21/03 
14:20 

14:25 
0:05 

m
aily clear 

31.7 
47%

 
2

1
 

29 

T
S

03-225 
5 

Y
505 

08/21/03 
14:36 

14:40 
0:04 

m
aily clear 

31.7 
47%

 
2

1
 

29 

T
S

03-226 
4 

Y
205 

08/21/03 
15:46 

16:31 
0:45 

m
aily clear 

31.7 
48%

 
2

1
 

28 

T
S

03-227 
4 

Y
115 

08/21/03 
16:O

l 
16:05 

0:04 
m

aily clear 
31.7 

48%
 

21 
28 

T
S

03-228 
4 

Y
llO

 
08/21/03 

16:17 
16:21 

0:04 
m

aily clear 
31.7 

48%
 

2 1 
2

8
 

T
S

03-229 
7 

Y
262 

08/21/03 
16:43 

17:30 
0:47 

m
aily clear 

30.4 
43%

 
2

1
 

30 

T
S

03-230 
7 

Y
210 

08/21/03 
17:O

O
 

17:04 
0:04 

m
aily clear 

30.4 
43%

 
2

1
 

30 

T
S

03-231 
7 

Y
O

24 
08121103 

17:17 
17:21 

0:04 
m

ailyclear 
30.4 

43%
 

2
1

 
3 0 

T
S

03-232 
12 

Y
391 

08/21/03 
18:23 

19:18 
0:55 

clear 
28.7 

46%
 

2
1

 
19 

T
S

O
3-233 

12 
Y

lO
l 

08/21/03 
18:38 

18:42 
0:04 

clear 
28.7 

46%
 

2 1 
19 

T
S

03-234 
12 

Y
306 

08/21/03 
19:05 

19:09 
0:04 

clear 
28.7 

46%
 

21 
19 
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T

able A
27: N

M
H

C
 M

ixing R
atio (ppbv), U

rban T
oronto, A

ugust 2003. 

L
ab # 

ppbV
 

ace 
nC

2 
plopene 

nC
3 

1-butene 150-butene nC
4 

1C
4 

Isoprene C
Y

C
5 

nC
5 

2M
C

4 B
enz M

C
Y

C
5 

nC
6 

2M
C

5 3M
C

5 23D
M

C
4 

T
o1 

nC
7 

C
2B

enz oX
yl 

m
pX

y1 
nC

8 
C

H
3C

1 

T
S

03-214 
ppbv 

1.147 5.398 
0.652 

2.624 
0.075 

T
S

03-215 
ppbv 

0.976 4.459 
0.455 

2.045 
0.063 

T
SO

3-216 ppbv 
1.187 5.709 

0.673 
2.775 

0.073 

T
S

03-217 
ppbv 

1.6286.928 
0.933 

5.280 
0.118 

T
S

03-218 
ppbv 

1.939 6.848 
1.043 

5.260 
0.116 

T
S

03-219 ppbv 
1.907 6.990 

1.358 
4.911 

0.103 

T
S

03-220 
ppbv 

1.015 5.167 
0.281 

2.155 
0.052 

T
S

03-221 
ppbv 

0.998 5.144 
0.284 

2.051 
0.056 

T
S

03-222 
ppbv 

1.018 4.828 
0.241 

1.859 
0.050 

T
S

03-223 
ppbv 

0.687 5.691 
0.087 

1.688 
0.019 

T
S

03-224 
ppbv 

0.742 6.022 
0.058 

1.624 
0.015 

T
S

03-225 
ppbv 

0.521 4.948 
0.170 

1.464 
0.020 

T
S

03-226 
ppbv 

1.374 5.515 
0.827 

2.183 
0.125 

T
S

03-227 
ppbv 

1.558 5.479 
1.081 

2.115 
0.128 

T
S

03-228 
ppbv 

1.037 5.861 
0.909 

2.219 
0.160 

T
S

03-229 
ppbv 

1.107 6.684 
0.508 

2.379 
0.108 

T
S

03-230 
ppbv 

1.076 6.872 
0.477 

2.433 
0.063 

T
S

03-231 
ppbv 

1.053 6.655 
0.747 

2.563 
0.070 

T
S

03-232 
ppbv 

0.350 2.261 
0.233 

0.804 
0.044 

T
S

03-233 
ppbv 

0.383 2.154 
0.190 

0.766 
0.036 

T
S

03-234 
ppbv 

0.346 2.061 
0.219 

0.741 
0.035 

0.069 
0.380 0.166 

0.143 
0.279 0.238 0.410 0.171 

0.037 
0.092 0.114 

0.066 
0.027 

2.154 0.050 
0.014 

0.007 
0.018 

0.025 
0.350 
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T

able A
28: N

M
H

C
 isotopic com

position (
6

"
~

 
%o), 

U
rban T

oronto, A
ugust 2003. 

6 ci3
 

g ci3
 

8 c
q

3
 p

ro
p

yle
n

 
g ci3 i- 

6 c
~

~
~

-
 

6 ci3 
6 cIJ i- 

6 c
q

3
 

j- 
;j c

q
3

 n- 
g c

q
3

 
2
-
 

g
 ci3 3

- 
6 ci3

 
g
 ci3 

8 cI3
 

6 ci3
 

6 ci3
 6
 cI3

 m
,p- 6 C

q
3

 0-
 

L
ab # 

ace 
n

C
3

 
e

 
C

4
 

C
4

 
C

H
3C

I butene 
C

5
 

C
5

 
M

C
5

 
M

C
5

 
iso

p
re

n
e

 
nC

6 
B

e
n

z 
To1 

C
2B

enz 
xyl 

X
Y
~
 

T
S

03- 
214 

-6.0 
-30.0 

-21.6 
-15.2 

-30.9 
-40.8 

L
O

D
 

-29.5 
-27.9 

L
O

D
 

L
O

D
 

L
O

D
 

-26.7 
-19.4 

-28.4 
L

O
D

 
-26.4 

-25.7 
T

S
03- 

216 
-15.6 

-29.9 
-21.8 

-16.4 
-31.7 

L
O

D
 

L
O

D
 

-29.2 
-27.6 

L
O

D
 

L
O

D
 

L
O

D
 

-26.5 
-22.2 

-28.1 
L

O
D

 
-26.5 

-24.4 
T

S
03- 

218 
-17.8 

-29.9 
-22.1 

L
O

D
 

-32.7 
L

O
D

 
L

O
D

 
-29.5 

-28.5 
-28.4 

-28.3 
-26.1 

-27.2 
-21.7 

-27.1 
-27.3 

-24.3 
-22.5 

T
S

03- 
219 

-17.2 
-29.9 

-21.7 
-21.1 

-30.2 
L

O
D

 
L

O
D

 
-28.8 

-27.5 
L

O
D

 
-27.7 

-26.1 
-26.3 

-17.5 
-27.7 

L
O

D
 

-26.2 
-23.2 

T
S

03- 
225 

-15.3 
-30.5 

L
O

D
 

L
O

D
 

-28.7 
-28.6 

L
O

D
 

-27.6 
-21.8 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-23.0 
-25.2 

-27.7 
-26.9 

-23.0 
T

S
03- 

226 
-16.1 

-29.2 
-24.2 

-16.1 
-30.2 

-33.4 
L

O
D

 
-28.5 

-27.3 
L

O
D

 
-26.2 

-25.7 
-24.8 

-21.0 
-28.1 

L
O

D
 

-25.8 
L

O
D

 
T

S
03- 

227 
-14.4 

-29.1 
-23.5 

L
O

D
 

-31.2 
L

O
D

 
-25.1 

-29.0 
-27.9 

L
O

D
 

-26.6 
-25.7 

-25.5 
-19.8 

-27.7 
L

O
D

 
-26.1 

-24.4 
T

S
03- 

229 
-13.8 

-29.8 
-10.2 

L
O

D
 

-30.3 
L

O
D

 
L

O
D

 
-28.5 

-26.7 
L

O
D

 
L

O
D

 
L

O
D

 
-26.4 

-21.1 
-28.1 

L
O

D
 

-26.8 
-25.7 

T
S

03- 
231 

L
O

D
 

-29.3 
L

O
D

 
L

O
D

 
-29.1 

L
O

D
 

L
O

D
 

-28.8 
-27.8 

L
O

D
 

-27.2 
-25.8 

-25.7 
-22.2 

-27.6 
L

O
D

 
-25.9 

L
O

D
 

T
S

03- 
232 

-8.4 
-30.2 

L
O

D
 

L
O

D
 

-31.3 
-39.0 

L
O

D
 

-27.5 
-28.4 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-27.6 
L

O
D

 
-25.6 

L
O

D
 

T
S

03- 
233 

-9.0 
-29.8 

L
O

D
 

-32.5 
-30.7 

L
O

D
 

L
O

D
 

-28.6 
-26.1 

L
O

D
 

L
O

D
 

L
O

D
 

L
O

D
 

-22.6 
-27.3 

L
O

D
 

-25.8 
L

O
D
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Table A29: Sampling Information, Urban Toronto, June 2003. 

Lab # sitecanister date time-starttime-endtime [min] weather temp[•‹C]humiditywind direct.s~.[km/h] Atmos. Pre. . . . . . . . . . . . . - . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . - . . - . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . .-. . . . . . . . . . . . -. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 
TS03-031 8 Y217 06/17/03 10:33 11:30 57 sunny 22 65% SE 11 102.5 and falling 

TS03-032 8 Y227 06/17/03 10:50 10:54 4 20 

TS03-033 8 Y341 06/17/03 11:15 11:19 4 

TS03-034 9 Y318 06/17/03 12:34 13:30 56 sunny 24 63% S 7 101.96 and falling 

TS03-035 9 Y320 06/17/03 12:50 12:54 4 22 

TS03-036 9 Y528 06/17/03 13:16 13:20 4 

TS03-037 11 Y277 06/17/03 14:18 15:15 57 sunny (PAat 3 PM) 24 64% SE 17 101.84 and falling 

TS03-038 11 Y221 06/17/03 14:40 14:43 3.5 (DT) 25 

TS03-039 11 Y288 06/17/03 15:OO 15:04 4 

sunny (PA at 4 PM) 25 

(DT) 24 

partly cloudy (PA at 6 PM) 22 

(DT) 23 

mainly cloudy (PA at 7 PM) 20 

(DT) 21 

cloudy (PA at 8 AM) 18 

(DT) 

mainly cloudy (PA at 9 AM) 20 

(DT) 18 

partly cloudy (PA at 12 PM) 21 

(DT) 2 1 

sunny (PA at 1 PM) 22 

(DT) 2 1 

sunny (PA at 3 PM) 22 

(DT) 22 

sunny (PA at 4 PM) 23 

(DT) 23 

sunny (PA at 7 PM) 22 

(DT) 22 

63% SE 11 101.78 and falling 

66% SE 15 101.69 and falling 

71% SE 9 101.62 and falling 

81% S 7 101.39 and steady 

74% S 7 101.33 and falling 

69% W 6 101.28 and falling 

64% SE 15 101.22 and falling 

70% SE 15 101.15 and falling 

66 SE 22 101.10 and falling 

71 SE 19 100.90 



Table A30: NMHC Mixing Ratio (ppbv), Urban Toronto, June 2003. 

1- iso- 
Lab #ppbV ace NC2 propene nC3 butenebutene nC4 iC4 isopreneCYC5 nC5 2MC4BenzCYCC6MCYC5 nC6 2MC53MC523DMC4 Tol nC7 C2BenzoXylmpXyl nC8 CH3CI 
TS03- 

031 ppbv 1.2752.473 0.774 2.803 0.151 0.279 1.8500.571 0.104 
TS0?- 

~ ~ 0 3 -  
042 ppbv0.5792.801 0.118 1.430 0.033 0.068 0.8040.270 0.221 

TS03- 
043 ppbv3.4033.300 0.856 4.988 0.132 0.208 2.1900.682 0.125 

TS03- 
044 ppbv0.6102.747 0.200 1.194 0.079 0.117 1.8490.609 0.055 

TS03- 
045 ppbv2.0283.414 0.91 1 3.180 0.133 0.213 1.7780.51 6 0.227 

TS03- 
046 ppbv 1.3523.699 0.495 2.108 0.096 0.197 1.4630.531 0.1 14 

TS03- 
047 ppbv 1.2583.862 0.669 2.481 0.1 10 0.166 1.4960.545 0.099 

TS03- 
048 ppbv0.9403.664 0.347 1.815 0.074 0.1 11 1.2540.460 0.122 

1.604 0.123 0.167 0.180 0.521 0.055 0.404 

1.525 0.139 0.163 0.148 0.476 0.053 0.399 

1.339 0.115 0.136 0.1180.3840.0570.488 

0.379 0.035 0.045 0.042 0.130 0.017 0.430 

0.299 0.034 0.043 LDL 0.1 19 0.01 8 0.447 

0.266 0.031 0.039 0.034 0.094 0.018 0.436 

0.566 0.065 0.097 0.076 0.242 0.026 0.470 

0.500 0.061 0.098 0.090 0.252 0.026 0.454 

0.524 0.067 LDL 0.095 0.097 0.025 0 427 

0.546 0.052 0.133 0.089 0.347 0.023 0.485 

0.608 0.055 0.127 0.133 0.339 0.024 0.418 

0.831 0.052 0.213 0.157 0.607 0.027 0.390 

0.1160.009 0.008 0.0040.0090.0040.466 

0.105 0.008 0.009 0.004 0.008 0.004 0.488 

0.107 0.007 0.010 0.116 0.076 0.005 0.487 

1.375 0.068 0.156 0.150 0.499 0.040 0.381 

0.774 0.075 0.194 0.176 0.615 0.034 0.313 
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Table A3 1 : Sampling Information, York University, July 2003. 

Lab # site canister date time-start time-end time [min] weather temp['C] humidity wind direct. sp.[km/h] Atmos. Pre. 

TS03-136 Petrie roof YO09 07/29/03 6:36 7:30 56 sunny 17 70% W 11 101.46 and rising 

TS03-137 Petrie roof YO62 07/29/03 6:51 6:58 7 sunny 17 70% W 11 101.46 and rising 

TS03-138 Petrie roof YO59 07/29/03 7:18 7:28 10 sunny 17 70% W 11 101.46 and rising 

TS03-139 Petrie roof YO45 07/29/03 7:30 8:30 60 sunny 19 64 W 11 101.50 and rising 

TS03-140 Petrie roof YO34 07/29/03 7:46 7:56 10 sunny 19 64 W 11 101.50andrising 

TS03-141 Petrie roof YO70 07/29/03 8:16 8:26 10 sunny 19 64 W 11 101.50 and rising 

TS03-142 Petrie roof Y121 07/29/03 8:30 9:30 60 sunny 21 60% NW 13 101.52 and rising 

TS03-143 Petrie roof YO48 07/29/03 8:45 8:55 10 sunny 21 60% NW 13 101.52 and rising 

TS03-144 Petrie roof YO94 07/29/03 9:16 9:20 10 sunny 21 60% NW 13 101.52 and rising 

TS03-145 Petrie roof YO22 07/29/03 10:30 11:30 60 sunny 24 49% W 9 101.58 and rising 

TS03-146 Petrie roof YO02 07/29/03 10:46 10:53 7 sunny 24 49% W 9 101.58 and rising 

TS03-147 Petrie roof Y119 07/29/03 11:15 11:22 7 sunny 24 49% W 9 101.58 and rising 

TS03-148 Petrie roof YO75 07/29/03 12:31 13:30 59 partly cloudy 26 39% W 11 101.55andfalling 

TS03-149 Petrie roof YO46 07/29/03 12:45 12:52 7 partly cloudy 26 39% W 11 101.55 and falling 

TS03-150 Petrie roof YO33 07/29/03 13:15 13:22 7 partly cloudy 26 39% W 11 101.55 and falling 

TS03-151 Petrie roof YO60 07/29/03 14:30 15:30 60 mainly cloudy 27 44% N 13 101.50 and falling 

TS03-152 Petrie roof YO90 07/29/03 14:45 14:52 7 mainly cloudy 27 44% N 13 101.50andfalling 

TS03-153 Petrie roof YO61 07/29/03 15:15 15:18 3 mainly cloudy 27 44% N 13 101.50 and falling 

TS03-154 Petrie roof YO92 07/29/03 15:30 16:30 60 partly cloudy 28 38% W 20 101.49 and falling 

TS03-155 Petrie roof YO96 07/29/03 15:45 15:49 4 partly cloudy 28 38% W 20 101.49 and falling 

TS03-156 Petrie roof YO28 07/29/03 16:15 16:18 3 partly cloudy 28 38% W 20 101.49 and falling 

TS03-157 Petrie roof YO15 07/29/03 16:30 17:35 65 mainly cloudy 28 38% W 19 101.49 and steady 

TS03-158 Petrie roof YO13 07/29/03 16:45 16:49 4 mainly cloudy 28 38% W 19 101.49 and steady 

TS03-159 Petrie roof Y 103 07/29/03 17: 15 17: 18 3 mainly cloudy 28 38% W 19 101.49 and steady 

TS03-160 Petrie roof Y272 07/29/03 17:35 18:30 55 cloudy 27 39% W 22 101.50 and rising 

TS03-161 Petrie roof Y303 07/29/03 1747  17:50 3.5 cloudy 27 39% W 22 101.50 and rising 

TS03-162 Petrie roof YO79 07/29/03 18:15 18:18 3 cloudy 27 39% W 22 101.50 and rising 

TS03-163 Petrie roof Y310 07/29/03 19:30 20:30 60 mainly sunny 25 43% W 19 101.53 and rising 

TS03-164 Petrie roof Y486 07/29/03 19:45 19:48 3 mainly sunny 25 43% W 19 101.53 and rising 

19 101.53 and rising 
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Table A32: Sampling Information, Suburban/Rural (GTA), August 2003. 

time- time- time wind 
Lab # site canister date # 

mainly clear 

mainly clear 

mainly clear 

mostly cloudy 

mostly cloudy 

mostly cloudy 

mostly cloudy 

mostly cloudy 

mostly cloudy 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly cloudy 

mainly cloudy 

mainly cloudy 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 

mainly clear 
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Table A33 : NMHC Mixing Ratio (ppbv), SuburbanIRural (GTA), August 2003. 

P=oPe 1- iso- isopre 23D C2Be mpXy CH3 
Lab # ppbV ace nC2 ne nC3 buten buten nC4 iC4 ne nC5 2MC4 Benz nC6 2MC53MC5 MC4 Tol nC7 nz oXy1 1 nC8 I .....-.............. . ............................................... - ........................*...-.-...................................--..-............................................-.--..............*............................................. .................................... 

TS03-178 ppbv 0.225 1.191 0.089 0.265 0.024 0.060 0.130 0.067 0.669 0.073 0.159 0.076 0.029 0.036 0.020 0.011 0.231 0.014 0.011 0.005 0.016 0.007 0.51 

TS03-179 ppbv 0.213 1.149 0.156 0.325 0.042 0.055 0.137 0.066 1.070 0.085 0.175 0.115 0.034 0.038 0.021 0.011 0.200 0.019 0.013 0.006 0.020 0.018 0.50 

TS03-180 ppbv 0.278 1.248 0.114 0.351 0.024 0.076 0.149 0.085 0.521 0.084 0.163 0.091 0.033 0.041 0.021 0.011 0.231 0.055 0.014 0.008 0.020 0.109 0.44 

TS03-181 ppbv 0.145 1.132 0.060 0.347 0.018 0.077 0.140 0.076 1.246 0.076 0.150 0.067 0.025 0.032 0.018 0.009 0.267 0.017 0.010 0.007 0.020 0.006 0.38 

TS03-182 ppbv 0.205 1.025 0.073 0.340 0.027 0.070 0.158 0.088 1.805 0.105 0.177 0.097 0.037 0.046 0.025 0.010 0.353 0.060 0.017 0.017 0.055 0.088 0.35 

TS03-183 ppbv 0.164 1.265 0.071 0.351 0.006 0.034 0.139 0.073 1.411 0.076 0.119 0.079 0.027 0.034 0.019 0.010 0.269 0.035 0.006 0.002 0.007 0.040 0.73 

TS03-184 ppbv 0.002 1.376 0.738 0.468 0.232 0.125 0.160 0.079 0.319 0.079 0.129 0.084 0.025 0.026 0.013 0.010 0.114 0.011 LDL LDL LDL 0.007 0.57 

TS03-185 ppbv 0.204 1.406 0.067 0.489 0.013 0.037 0.167 0.093 0.173 0.069 0.133 0.087 0.025 0.028 0.014 0.009 0.263 0.023 0.006 0.004 0.009 0.046 0.34 

TS03-186 ppbv 0.201 1.328 0.099 0.449 0.024 0.061 0.166 0.085 0.964 0.077 0.163 0.086 0.030 0.031 0.017 0.009 0.226 0.018 0.009 0.006 0.015 0.021 0.32 

TS03-187 ppbv 0.229 1.450 0.077 0.496 0.008 0.046 0.167 0.097 0.168 0.063 0.136 0.069 0.030 0.026 0.015 0.007 0.114 0.009 0.006 0.003 0.006 0.005 0.31 

TS03-188 ppbv 0.204 1.475 0.045 0.491 0.013 0.028 0.166 0.096 0.128 0.066 0.111 0.097 0.029 0.028 0.015 0.008 0.323 0.020 0.010 0.004 0.009 0.046 0.32 

TS03-189 ppbv 0.193 1.390 0.042 0.452 0.014 0.041 0.145 0.095 0.190 0.057 0.117 0.086 0.023 0.022 0.012 0.007 0.166 0.011 0.005 0.002 0.005 0.018 0.35 

TS03-190 ppbv 0.241 1.206 0.087 0.473 0.021 0.050 0.228 0.101 0.197 0.129 0.259 0.099 0.043 0.061 0.034 0.015 0.109 0.016 0.015 0.012 0.020 0.008 0.42 

TS03-191 ppbv 0.237 1.284 0.190 0.491 0.095 0.049 0.201 0.096 0.115 0.092 0.187 0.240 0.033 0.039 0.021 0.011 0.381 0.019 0.227 0.155 0.456 0.037 0.45 

TS03-192 ppbv 0.235 1.283 0.058 0.492 0.015 0.035 0.200 0.097 0.274 0.104 0.206 0.073 0.035 0.048 0.027 0.013 0.204 0.017 0.020 0.011 0.022 0.020 0.40 

TS03-193 ppbv 0.152 1.154 0.045 0.398 0.010 0.050 0.148 0.073 0.873 0.064 0.135 0.075 0.023 0.027 0.015 0.008 0.090 0.011 0.012 0.006 0.012 0.007 0.31 

TS03-194 ppbv 0.201 1.286 0.076 0.465 0.009 0.036 0.166 0.086 1.054 0.074 0.153 0.094 0.024 0.031 0.017 0.008 0.170 0.015 0.011 0.002 0.007 0.018 0.31 

TS03-195 ppbv 0.204 1.491 0.113 0.483 0.023 0.081 0.184 0.093 0.865 0.079 0.167 0.088 0.027 0.034 0.019 0.009 0.255 0.017 0.015 0.007 0.013 0.016 0.37 

TS03-196 ppbv 0.310 1.180 0.171 0.400 0.035 0.103 0.257 0.098 0.409 0.162 0.339 0.113 0.066 0.079 0.046 0.019 0.292 0.041 0.028 0.019 0.048 0.017 0.28 

TS03-197 ppbv 0.252 1.008 0.062 0.363 0.022 0.032 0.306 0.101 0.252 0.259 0.437 0.124 0.108 0.146 0.089 0.032 0.304 0.059 0.031 0.024 0.061 0.031 0.36 

TS03-198 ppbv 0.308 1.466 0.243 0.549 0.078 0.057 0.275 0.103 0.326 0.154 0.243 0.142 0.066 0.072 0.044 0.016 0.337 0.043 0.021 0.013 0.031 0.023 0.45 

TS03-199 ppbv 0.229 1.006 1.887 0.366 0.629 0.454 0.208 0.090 0.656 0.134 0.205 0.206 0.046 0.054 0.031 0.012 0.216 0.012 0.011 0.007 0.018 0.030 0.43 

TS03-200 ppbv 0.213 1.051 0.072 0.332 0.020 0.028 0.148 0.065 0.882 0.084 0.170 0.078 0.028 0.036 0.020 0.010 0.196 0.014 0.005 0.002 0.006 0.013 0.39 

TS03-201 ppbv 0.275 1.138 0.081 0.427 0.018 0.040 0.178 0.082 0.832 0.108 0.212 0.114 0.049 0.052 0.032 0.014 0.345 0.026 0.014 0.006 0.019 0.018 0.34 

TS03-202 ppbv 0.338 1.362 0.074 0.461 0.017 0.070 0.211 0.094 0.710 0.104 0.237 0.144 0.037 0.048 0.027 0.012 0.162 0.015 0.010 0.003 0.007 0.005 0.38 

TS03-203 ppbv 0.321 1.362 0.140 0.463 0.033 0.061 0.206 0.092 0.642 0.100 0.231 0.159 0.036 0.045 0.027 0.011 0.304 0.016 0.014 0.006 0.014 0.017 0.36 

TS03-204 ppbv 0.326 1.330 0.060 0.453 0.012 0.029 0.200 0.091 1.011 0.098 0.222 0.135 0.035 0.045 0.026 0.011 0.210 0.014 0.006 0.001 0.004 0.009 0.30 

TS03-205 ppbv 0.234 1.203 0.043 0.369 0.014 0.052 0.209 0.105 0.108 0.116 0.284 0.120 0.031 0.050 0.028 0.014 0.124 0.016 0.005 0.003 0.005 0.005 0.35 

TS03-206 ppbv 0.282 1.281 0.076 0.385 0.017 0.038 0.248 0.131 0.086 0.152 0.363 0.128 0.039 0.065 0.037 0.016 0.281 0.022 0.022 0.014 0.033 0.015 0.35 

TS03-207 ppbv 0.199 0.989 0.057 0.297 0.013 0.034 0.124 0.062 0.082 0.052 0.095 0.087 0.019 0.022 0.012 0.007 0.147 0.009 0.009 0.004 0.008 0.013 0.40 

TS03-208 ppbv 0.417 1.392 0.056 0.710 0.010 0.044 0.357 0.212 0.553 0.218 0.401 0.142 0.092 0.093 0.058 0.023 0.301 0.029 0.033 0.008 0.021 0.012 0.44 

TS03-209 ppbv 0.371 1.131 0.094 0.589 0.024 0.056 0.291 0.181 0.386 0.182 0.288 0.127 0.080 0.075 0.047 0.019 0.313 0.028 0.038 0.017 0.029 0.020 0.39 

TS03-210 ppbv 0.577 1.452 0.133 0.884 0.029 0.067 0.460 0.258 0.708 0.298 0.452 0.205 0.141 0.121 0.076 0.029 0.504 0.064 0.168 0.116 0.451 0.075 0.42 

TS03-211 ppbv 0.714 1.576 0.143 1,152 0.020 0.062 0.778 0.375 1.714 0.411 0.692 0.199 0.185 0.188 0.117 0.044 0.566 0.057 0.087 0.039 0.080 0.024 0.38 

TS03-212 ppbv 0.598 1.454 0.090 1.091 0.015 0.029 0.747 0.366 1.781 0.392 0.725 0.186 0.176 0.179 0.112 0.040 0.542 0.055 0.057 0.023 0.043 0.031 0.49 


