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Spatial monitoring campaigns of volatile organic compounds were carried out in two similarly sized
urban industrial cities, Windsor and Sarnia, ON, Canada. For Windsor, data were obtained for all
four seasons at approximately 50 sites in each season (winter, spring, summer, and fall) over a
three-year period (2004, 2005, and 2006) for a total of 12 sampling sessions. Sampling in Sarnia
took place at 37 monitoring sites in fall 2005. In both cities, passive sampling was done using 3M
3500 organic vapor samplers. This paper characterizes benzene, toluene, ethylbenzene, o, and
(m + p)-xylene (BTEX) concentrations and relationships among BTEX species in the two cities
during the fall sampling periods. BTEX concentration levels and rank order among the species
were similar between the two cities. In Sarnia, the relationships between the BTEX species varied
depending on location. Correlation analysis between land use and concentration ratios showed a
strong influence from local industries. Use one of the ratios between the BTEX species to diagnose
photochemical age may be biased due to point source emissions, for example, 53 tonnes of
benzene and 86 tonnes of toluene in Sarnia. However, considering multiple ratios leads to better
conclusions regarding photochemical aging. Ratios obtained in the sampling campaigns showed
significant deviation from those obtained at central monitoring stations, with less difference in the
(m + p)/E ratio but better overall agreement in Windsor than in Sarnia.
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1. INTRODUCTION

Volatile organic compounds (VOCs), specifically benzene, toluene, ethylbenzene, o-xylene, and (m + p)-
xylene (BTEX), have been the focus of several recent studies [1-4] due to the adverse health effects, in-
cluding cancer, associated with their exposure. Spatial monitoring campaigns were done in two similarly
sized urban industrial cities in southwestern ON, Canada: Windsor (42° 16’ N, 82° 58 W) and Sarnia (42°
58'N, 82° 23’ W). Windsor has an area of 147 km? and a population of 218,473, while Sarnia has an area of
165 km? and a population of 70,876 [5]. The two study areas are shown in Figure 1. The geography of both
cities is relatively flat, with elevations above sea level of 190 and 191 m, respectively. Sarnia is located ap-
proximately 100 km northwest of Windsor (Figure 1(a)) and is subject to similar weather conditions. In
2005, the annual average temperatures differed by 3% between the two cities and the relative humidity by
16% (with Sarnia experiencing higher humidity levels). The long-term (30 years) average wind speed is
16km/h in both cities. The wind is predominantly from the north and south for Sarnia and from the south
and southwest for Windsor [6]. This means the two cities are comparable in terms of land use, climate, and
geography.

Both study areas are known to experience poor air quality due in part to high VOC emissions. In
Windsor, VOC emissions are likely attributable to the large number of manufacturing facilities and the high
vehicle traffic emissions generated by the bridge crossing between Windsor, Ontario, and Detroit, Michigan.
Sarnia has been labelled “Chemical Valley” due to the large number of chemical companies that operate in
the area. Sarnia is also the location of a large sanitary landfill and has a major bridge crossing to the US
with high vehicle volumes. These industrial and transportation activities are emitters of VOCs, specifically
of BTEX.

To investigate how exposure to BTEX compounds can cause aberrant health effects, it is important
to capture local-scale spatial variability, which cannot be accomplished with central monitoring stations
such as those provided by the National Air Pollution Surveillance (NAPS) network [8]. Spatial variability
of VOCs has been observed in several previous studies [1, 7, 9-11], where some factors (e.g., proximity to
roads, industries, and wind direction) have been shown to influence their spatial distribution. In cities such
as Windsor and Sarnia, point sources can exert a significant impact on residential exposure, as their concen-
tration levels can show a strong spatial variability across the cities. For this reason, dense spatial networks
are better suited to provide data at a resolution that may be linked with exposure and, ultimately, illness or
disease. However, such dense networks are not always feasible due to the associated high cost of deployment
and analysis. High costs also prohibit long-term, year-round sampling. Therefore, often one or several
(across all seasons) short-term campaigns are used to estimate the spatial pattern of pollutants.

Recent studies have examined how the ratios between the BTEX species can provide insight into
source origination as well as the photochemical age of the air mass. A specific range of the toluene to
benzene ratio (T/B) has been used as an indicator of traffic emissions [11-14]. The values are in the range of
1.5-3.0 [3, 12, 13, 15, 16], with variations likely attributable to different vehicle types and fuel composition
in different regions. As pointed out by Gelencsér et al. [17], toluene and benzene concentrations are reduced
through their reaction with OH radicals with the rate constant of toluene being approximately 5 times larger
than that of benzene. Therefore, ambient T/B ratios that are significantly lower than vehicular emission
ratios are expected to have travelled and degraded, whereas higher T/B ratios may reflect relatively fresh
vehicular emission sources. For example, this ratio was used to identify predominant hydrocarbon sources
in 43 Chinese cities [13]. The B/T ratios of 10 cities were seen to be affected more by vehicular emissions as
the main source of hydrocarbons. This was further confirmed by correlations between some traffic markers
(benzene, toluene, and 1,3-butadiene) with ethyne and ethane, indicating the ability of T/B ratio to differ-
entiate traffic emission dominated areas [14].

Due to the known rates of chemical reaction removal, the (m + p)-xylene to ethylbenzene ((m + p)/E)
ratio can act as an indicator of the photochemical age of the air mass [18, 19]. A ratio of 3.6 : 1 for (m + p)/E
has been reported as the typical emission ratio for these species [18]. Studies have also identified a group
of ratios that can indicate photochemical age. In addition to T/B and (m + p)/E, (m + p)-xylene to benzene
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FIGURE 1: Maps of (a) study areas (http://ontournet.com/), (b) sampling locations and NAPS stations in
Windsor, and (c) sampling locations, NAPS station, and land use in Sarnia (taken from [7]).

((m + p)/B), and o-xylene to benzene (O/B) have also been used for such purpose [3, 12]. Higher values of
these ratios (those closer to their expected emission ratio) typically indicate fresh local emissions, whereas
lower values are associated with more photochemical degradation and therefore suggest that a sampling site
is being influenced by emissions originated some distance away. Values of ratios reported as “high” in a pre-
vious study are as follows: 2.45 (T/B), 1.61 (m + p)/B, 0.85 (O/B), and 3.28 (m + p)/E [3]. Furthermore,
B:T:E: X ratios are useful for comparing sites across a city to identify areas influenced more strongly by
one of the emission sources [3]. The degree to which the interspecies (I-S) ratios vary is also dependent on
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several factors including land use and climate, which are similar for the two cities that are the focus of this
study.

This paper discusses synchronized VOC datasets from two cities to identify the factors that influence
the BTEX concentrations and to characterize relationships between BTEX species. Additionally, this study
investigates the use of specific ratios to estimate photochemical age and to differentiate different areas
within a study area. Windsor and Sarnia were selected as they exhibit similar characteristics in terms of
geographic location, weather patterns, degree of industrialization, and traffic. Furthermore, both cities had
VOC data collected in the fall of 2005. The Sarnia BTEX data reported in this paper have previously been
evaluated as part of a larger VOC dataset (10 species). It was shown that concentrations levels and patterns
were strongly influenced by industrial sources [11]. In the current study, this analysis is expanded through
comparison to another city (Windsor), consideration of interspecies ratios, and the impact of land use on
these ratios.

2. METHODS
2.1. Data Collection

For Windsor, data were obtained for 27 VOCs for all four seasons (winter, spring, summer, and fall) over
a three-year period (2004, 2005, and 2006) for a total of 12 sampling sessions. Sampling in Sarnia took
place in the fall of 2005. In both cities, passive sampling was done using 3 M 3500 organic vapor samplers
(Guillevan, Montreal, Quebec, Canada) at approximately the same sampling density (1 passive sampler
per 5km?). However, the sampling design differed for the two cities. In Sarnia, the 37 sampling locations
(Figure 1) were selected to ensure that there was at least one site in or near every census tract and were
more focused in residential areas than in industrial areas. In Windsor, locations were selected based on
approximately even spatial distribution over the city, while also considering population density, with 52
sites in 2005 and 162 sites over the three years. Samplers were installed on light poles (in Windsor in
2004 and in Sarnia in 2005) or in residential backyards (Windsor 2005-2006) with shelters to protect
them from inclement weather. Each sampling campaign was a 2-week integrated period. The fall 2005
sampling took place from October 4 to 18 in Sarnia and from October 5 to 19 in Windsor. The laboratory
analysis of samples was conducted at the same facility (Airzone One, Mississauga, ON, Canada). Details
of laboratory analyses and data screening have been previously documented in [7, 20]. Benzene, toluene,
ethylbenzene, o-xylene, and (m + p)-xylene concentrations were used in this study. Samples with any of
the five concentrations below the method detection limit were excluded, since the I-S ratios would not be
representative.

2.2. Data Analysis

Statistical analyses were conducted in each city using Minitab Version 16. Pearson’s correlation coefficients
between benzene and TEX were obtained. The rank (i.e., highest to lowest) order of concentrations and
correlations was also determined. The I-S ratios relative to benzene, the B:T:E: X ratio, and (m + p)/E
ratio were calculated using fall 2005 data as well as three years of fall data from Windsor. These ratios were
further examined to determine if they could differentiate different areas within Sarnia. Furthermore, land use
variables, including distance to open and industrial areas as well as length of highway and dwelling counts,
were used to investigate any associations with the concentration ratios in Sarnia. The land use variables were
generated within circular buffers that extended from the sampling locations. The set of variables used in
correlation analysis were selected as the predictors having significant correlation with BTEX concentrations
and low collinearity with other predictor variables. More information on the generation and selection of
those variables can be found in [21]. Finally, the same sets of ratios were calculated based on emissions
reported to the National Pollutant Release Inventory (NPRI) [22], as well as based on the concentrations
reported by the NAPS stations [8].
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TABLE 1: Mean fall concentration values and standard deviation (in parenthesis) in Windsor and Sarnia
(ng/m?).

Benzene Toluene  Ethylbenzene (m + p)-xylene  o-xylene BTEX
Windsor 3 yrs fall (N = 144) 0.79 (0.38) 2.87(1.92)  0.49 (0.24) 1.54 (0.91) 0.53(0.31) 6.12(3.21)
Windsor fall 2005 (N =42) 0.76 (0.14) 2.87 (1.13)  0.47 (0.21) 1.33 (0.76) 0.47 (0.18) 5.89(1.93)
Sarnia fall 2005 (N = 37) 0.98 (0.54) 2.51(1.31) 0.48(0.22) 1.28 (0.59) 0.49 (0.24) 5.73 (2.78)

TABLE 2: Pearson’s correlation coefficients between benzene and TEX in Windsor and Sarnia (all signif-
icant at P < 0.05).

Toluene Ethylbenzene (m + p)-xylene o-xylene
Windsor 2004-2006 fall
average (N = 144) 0.75 0.67 0.63 0.68
Windsor fall 2005 (N = 42) 0.67 0.72 0.69 0.72
Sarnia fall 2005 (N = 37) 0.85 0.81 0.66 0.67

3. RESULTS AND DISCUSSION
3.1. Concentrations

Pollutant concentrations, including descriptive statistics, have been reported elsewhere (for Sarnia [7], and
will be reported elsewhere, for Windsor). The average fall concentrations for both cities are reported in
Table 1. The concentration ranking was the same for each city with toluene being the highest and ethylben-
zene the lowest, which is also consistent with a 2006 study in the nearby city of Detroit, MI, USA [23]. In
Windsor, the fall 2005 values were similar to the 3-year average fall values, indicating that fall 2005 was
representative of typical seasonal concentrations. The mean values for each species were similar between
the two cities, the differences varying from 22% (benzene) and 14% (toluene) to less than 5% for other
BTEX concentrations (ethylbenzene, xylenes, and total BTEX).

3.2. Interspecies Correlations

The I-S correlations with benzene for the fall season in both cities are presented in Table 2. Strong
correlations ranging from 0.63 to 0.85 were observed between benzene and TEX in both cities. This is
consistent with previous studies in urban areas [1, 3, 7, 11, 12, 24, 25]. The correlation coefficient observed
between benzene and toluene in Sarnia was slightly higher (0.85 versus 0.67 in Windsor), which indicates
that these pollutants likely originate from common sources. Investigation into which sources were high
emitters in each city revealed that the manufacturing and industrial activities differed. In Windsor, the major
VOC emitters were automotive manufacturing and supplier facilities, tool, mould, and metal stamping facil-
ities, and paint manufacturing. In Sarnia, oil refineries and large chemical companies were the major emit-
ters. Despite the different activities, both cities were highly industrialized at the time of sampling and the
types of VOCs being emitted were similar for their industries. Overall, the correlations support the conclu-
sion that, in both cities, the emissions from this group of VOCs can be attributed to their respective indus-
trial and mobile emissions.

3.3. Interspecies Ratios in Both Cities

The means and medians of four specific interspecies ratios, T/B, (m + p)/B, O/B, and (m + p)/E, averaged
over all sites for each city are presented in Table 3. Those ratios are commonly used as indicators of
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TABLE 3: Mean, median, and coefficient of variation (CV) of interspecies ratios in Windsor and Sarnia.

T/B E/B (m + p)/B O/B (m + p)/E

Mean 3.91 0.59 2.02 0.68 3.03

Windsor 3 years fall (N = 144) Median 3.42 0.60 1.90 0.61 2.86
CV (%) 30 22 25 28 22

Mean 3.72 0.58 1.60 0.59 2.76

Windsor fall 2005 (N = 42) Median 3.44 0.59 1.65 0.60 2.77
CV (%) 31 21 21 21 7

Mean 2.92 0.52 1.40 0.56 2.63

Sarnia fall 2005 (N = 37) Median 2.89 0.52 1.38 0.55 2.70
CV (%) 27 28 33 33 9

photochemical age or predominant emission sources. The intracity variability was low for all ratios in
Windsor and for all except T/B in Sarnia, with less than 25% of the sites falling outside of the range of the
mean value %1 standard deviation. For the T/B ratio in Sarnia, up to 38% of sites fell beyond the same range,
indicating the impact of numerous point sources of benzene and toluene (8 and 12 facilities, respectively,
[22]).

The mean ratios were similar in the two cities with the exception of T/B, which was significantly
higher in Windsor (3.72 versus 2.92 in Sarnia), indicating higher local emissions of toluene. The mean T/B
ratio in Sarnia was in the upper range of 1.5-3.0, which is indicative of strong contributions from mobile
sources [3, 12]. In Windsor, the mean T/B ratios were outside of this range (3.7 for fall 2005 and 3.9 for
fall 2004, 2005, and 2006), indicating that industrial activities were also large contributors to toluene. The
high T/B ratios observed in Windsor are consistent with results reported for fall 2008 [11]. The mean ratio
of 4.3 observed in 2008 was well outside of the traffic range (1.5-3.0) and higher than that observed in this
study (3.7), further confirming the influence of point sources of toluene in Windsor.

As with the concentrations, the rank order of the I-S ratios remained the same in both cities. The
citywide mean ratios were also similar for fall 2005, although less so for the T/B ratios which differed by
32%. The higher ratios in Windsor can be linked to higher reported emissions from the NPRI [22]. For
Windsor, 180 tonnes of toluene were emitted in 2005 with no reported benzene emissions, whereas, for
Sarnia, 86 tonnes of toluene were reported and 52 tonnes of benzene. This observation gives insight as to
why the T/B ratios were higher in Windsor, benzene was emitted by vehicular sources, and toluene was
released from both mobile and point sources. This also explains the lower correlation between benzene and
toluene in Windsor since different sources are emitting these species.

The emission ratios were not indicative of the concentration ratios. For example, in Windsor the T/B
ratio would be extremely high (estimated at 180/1) due to having zero reported point source emissions of
benzene, indicating that benzene is originating from sources other than industry in Windsor. In Sarnia, the
T/B emission ratio was much lower (1.65) than the mean concentration ratio (2.92). In the B: T: E: X ratios
for both cities (Table 4), toluene was in higher concentration ratios than would normally be attributable
to traffic emissions (3:4:1:4) [15]. However, toluene is not high in the B:T:E:X emission ratios
(0:2.3:1:1.3 for Windsor and 1.7:2.6:1:2.1 for Sarnia). Differences in emissions of the other species
such as higher ethylbenzene and xylenes in Windsor were not reflected in the concentrations (Table 1) or
ratios (Table 3). However, it is difficult to decipher since the NPRI reports all xylene isomers into one
category. Overall, low agreement was seen between the emission and concentration ratios, which can be
expected since the emission ratios did not account for photochemical age and did not include mobile source
emissions.

The four concentration ratios (T/B, (m + p)/B, O/B, and (m + p)/E) were in agreement with one
another in Sarnia. If one of these ratios was low (lowest quartile) or high (highest quartile), the chances of
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TABLE 4: B:T:E: X ratios in Windsor, Sarnia, and the previous literature.

Site B:T:E:X
Windsor N =42 1.80:6.47:1:3.77
Sarnia N =37 2.05:5.58:1:3.68
Site 1 (urban) 2.01:4.94:1:495
Greater Cairo [3] Site 2 (urban) 2.03:491:1:4.87
Site 3 (rural) 2.31:2.98:1:2.59
China [26] City of Guangzhou 29:43:1:4.6
Taiwan-vehicle exhaust [15] Tunnel 3:4:1:4

at least two of the other ratios being in the same quartile were 89% and 100%, respectively. The agreement
in Windsor between the ratios was not as high: 50% for low sites, and 40% for high sites, with the T/B ratio
being responsible for the majority of the discrepancies. This is likely due to the quantity or location of point
source emissions of toluene or influences from transboundary pollution.

The mean B: T: E: X ratios were also calculated and compared with other studies (Table 4). Sarnia
compares well with the two urban sites in Greater Cairo and sites in China, although toluene is higher
for Sarnia and the xylenes are lower. For Windsor, toluene is even higher, although the other ratios are
comparable to the previous studies. Compared with the ratios obtained in Taiwan, which are indicative of
vehicle emissions, it is clear that there are other activities in Windsor and Sarnia contributing to the BTEX
emissions, particularly toluene.

Pearson’s correlations between the ratios in each city also shed light on how different emissions
affect the ratios. Although all ratios were significantly correlated (0.510 < r < 0.996, P < 0.05) in both
cities, the T/B, O/B, and (m + p)/B were more highly correlated in Sarnia (r > 0.943), indicating that
these are likely governed by benzene emissions. Low correlations between T/B and other ratios in Windsor
(0.510 < r < 0.585) suggest that toluene emissions govern the T/B ratios. Correlations between (m + p)/B,
O/B, and (m + p)/E were similar in both cities.

3.4. Intracity Variability of Relationships between the BTEX Species within Sarnia

Unlike Windsor, the majority of emitting facilities in Sarnia are located in a distinct industrial core
(Figure 1(c)) that is separated from residential areas. The sites that were commonly identified as having
high and low photochemical age ratios (T/B, (m + p)/B, O/B, (m + p)/E) in Sarnia are identified in Table 5.
As indicated in Figure 1, the high-ratio sites were within the residential area, whereas most of the low-ratio
sites were found in areas away from the residential area. This finding is consistent with that in [3] where
maximum T/B, (m + p)/B, and O/B ratios were observed in high traffic areas and lower ratios in areas less
influenced by traffic.

Further examination of these ratios in Sarnia illustrates the ability of these ratios to differentiate
areas within a city. There appear to be two areas where lower ratios were observed, within the industrial
core (Group A: industry) and in the area near Lake Huron (Group B: clean). The reasons for these two
low-ratio areas are different. Near the industrial core (sites 1, 2, 3), benzene concentrations were higher
(ranked 1, 4, and 5), and therefore the T/B, O/B, and (m + p)/B ratios were lower. In the area near Lake
Huron (sites 34, 35, 36, 37), the low ratios were due to low-concentration values of all species (less than half
of the mean values for TEX and approximately two-thirds the mean value for benzene). This is an impor-
tant finding with respect to how BTEX ratios can be used in cities with fresh industrial emissions. Although
both groups of sites were in areas less influenced by traffic, the reason for the low-ratio values is not the
same. This should be considered when attempting to group sites by photochemical age through reliance on
these ratios. One difference is in the (m + p)/E ratio, which is less consistent amongst the low ratios in the
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TABLE 5: High- and low-ratio sites in Sarnia and characterization of pollutant mixtures.

Site TB (m+p)B OB (m+p)E Characterization of BD T E X
pollutant mixtures

Lows Industry

Group A

1 1.65 0.58 0.23 2.20 382 632 1 3.06
2 1.43 0.58 0.22 1.67 . . 288 412 1 232
3 2.05 0.67 028  2.14 fiﬁhir‘;gﬁg;‘;i:?g:tgflB;“f;?ss 318 652 1 3.02
Mean 1.71 0.61 024 201 330 565 1 280
Relatively Lows Background (Open Area)

Group B

34 1.88 0.86 0.37 2.55 296 556 1 3.63
35 1.92 0.97 0.38 272 281 541 1 3.79
36 1.98 1.03 0.43 2.67 Low concentrations and 259 513 1 377
37 2.02 1.00 0.40 2.71 relatively low ratios 271 547 1 3.78
Mean 1.95 0.96 039  2.66 277 539 1 375
Highs Traffic

Group C

12 4.59 233 094 291 125 574 1 4.10
21 4.57 2.80 110 3.07 1.10 500 1 427
30 3.98 1.87 0.75 2.80  Higher T, E, X concentrations 1.50 5.97 1 3.92
31 4.03 1.96 0.78 2.79 and high ratios 142 575 1 3.90
Mean 4.29 2.24 0.89 290 132 562 1 405

industrial core but more consistent amongst the low ratios experienced near Lake Huron. This suggests that
the ratios at the sites near the lake were truly indicative of photochemical age—lower ratios due to dispersion
and degradation of pollutants as they reached this area. On the other hand, the ratios obtained at the sites
in the industrial core may not actually be related to photochemical age but more related to the quantities
of emissions at nearby point sources. Therefore, the simple use of these ratios to indicate photochemical
age may only be appropriate in areas away from point sources which may bias the ratios. In areas with
significant point sources, this analysis may become more complex and could be broken down into more
categories, for examples, low concentration/low ratios indicative of regional background influence and high
concentration/low ratios indicative of fresh sources.

As for the high photochemical age ratios (Group C: traffic), these were all found in the residential
area and could be attributed to traffic. Sites 12, 21, 30, and 31 were high for all four ratios, whereas these,
plus sites 4, 5,7, 8, 12, 14, 22, 23, and 28, were high for the T/B, O/B, and (m + p)/B. Since these sites were
located near highways or major roads, the higher ratios were likely due to fresh traffic emissions. Even
though some distinct differences were seen in the ratios in the different areas (industrial, clean, traffic),
these differences were small. Higher variability in the ratios is likely when larger areas with different land
uses are considered, as was the case in Greater Cairo [3]. Significant differences were observed between the
high- and low-ratios relative to benzene, however, this difference was small for (m + p)/E. The differences
between the two low-ratio groups were small, especially for T/B, indicating the importance of considering
all ratios when making conclusions about their relevance. Looking at one ratio in isolation may lead to false
conclusions regarding photochemical age and emission source origins.
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TABLE 6: Pearson’s correlation coefficients between pollutant ratios and land use variables.

) Pollution ratios
Land use variables

B/E T/E (m+pVE O X/E /B  (m+pyB OB
gé’oeilArea within 0173 —0.089  0.108 0.014 0081  —0.064 0.048 0.021
11“6%‘63:;131 Areawithin o0 0017 —0.614"* —0.512%* —0.591"* —0210 —0.289*  —0.265
12‘;%%5::” Area within 140 0003 —0.453* —0.374% —0435" —0097  —0.128  —0.104
Iz'g(‘)s::al Areawithin 400 0080 —0.403% —0319° —0383 —0064 —0091  —0.064
Iv‘vfglgi;hgcgoljr‘lghway 0014  0.150  0.008 —0.057 —0012 —0.008 —0.030  —0.049
Length of Highway o 109 0126 0,030 —0.040  0.009 0.003 —0006  —0.027
within 900 m
Dwelling Counts —0.407%  0.000  0.341** 0383  0.358* 0265 0.261 0.284*
within 1200 m
Dwelling Counts —0.330% 0277 0273 0.329%  0.293*  0.281* 0.184 0.204

within 1400 m
***Significant at P < 0.01; **Significant at P < 0.05; *Significant at P < 0.10.

Table 5 also shows the B : T': E : X ratios at the low and high photochemical ratio sites. The T/E ratios
showed little variation amongst the three areas. The values were greater than 4, which was reported to be
indicative of traffic [15], suggesting toluene emissions from point sources. Furthermore, lower T/E ratio at
the rural site as reported in [3] was not observed at these sites, indicating once again toluene emissions from
non traffic sources. Higher X/E and E/B ratios were observed in the traffic area (Group C) and lower ratios
in the industrial area (Group B). The B/E pattern is consistent with [3]. The low X/E ratio in the industrial
area is due to low concentrations of xylenes, which may be predominantly emitted from vehicles and not
point sources in this city.

In summary, relatively low T/B, (m + p)/B, O/B, E/B, and (m + p)/E ratios were observed in the
clean areas, and the high ratios were observed in the traffic areas. However, low ratios were observed in the
industrial areas. When considering these ratios, concentration levels, proximity to known sources, and cor-
relations between species should be taken into consideration when determining whether the air pollutants
are aged or freshly emitted.

Land use variables were investigated to determine whether any of these were correlated with the
concentration ratios in Sarnia. The land use variables selected are listed in Table 6. Significant correlations
were observed between several of the B : T : E : X ratios and proximity to industry, specifically the xylenes to
ethylbenzene ratios. The negative correlations indicate more industrial land use leading to lower X/E ratios,
consistent with results presented in Table 5. The correlation becomes weaker with increasing buffer radian,
suggesting diminishing effects of industrial emissions on the observed concentration ratios. Furthermore,
positive correlation between the X/E ratio and dwelling counts indicates that this ratio is able to distinguish
between residential and industrial areas. The (m + p)/B ratio was also marginally negatively correlated with
industrial land use within 1600 m, but not so for greater distances.

Significant positive correlations were observed between the B:T:E: X ratios and dwelling counts
within 1200 and 1400 m, with the exception of B/E where negative correlations were observed. These
correlations are likely attributable to local traffic in these residential areas. Significant correlations were not
observed between any of the ratios and open areas or length of highway. This may be due to the small study
area used to obtain the ratios. There is not as much variability in the age of the air masses as would be
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expected in a larger city or region. Overall, the correlations with the land use variables confirms that these
ratios change depending on location within a city and can indeed be indicative of the activities or land use
types nearby. Future research in larger areas is needed to further explore the utility of these ratios and their
association with land use.

3.5. Interspecies Ratios at the NAPS Stations

In both cities there is one NAPS station (NAPS 1 for Windsor, shown in Figure 1(b)) to sample VOCs ap-
proximately once every six days [8]. Previously, NAPS concentrations have been reported to be repre-
sentative of concentrations averaged across citywide monitors in Sarnia [7]. However, small differences
in concentrations could lead to large differences in ratios. Therefore, the NAPS station may not represent
city-wide average ratios well. Furthermore, there could be significant differences in ratios between each site
and the NAPS station.

In Sarnia, there were four dates when sampling data was available around the same time as the
monitoring campaign in this study: October 1, 7, 19, and 25, 2005. Ratios from concentrations reported
on these individual dates, as well as those averaged over all four dates, are provided in Table 7. Among
the five ratios, the three ratios involving benzene were significantly different than the average ratios from
the 37 monitors across the city. On the contrary, the (m + p)/E and B:T:E:X ratios were similar to
that of the city-wide averages. In addition, the median percent differences between the four-day NAPS
average photochemical ratios and those obtained at each of the sites across the monitoring campaign ranged
from 22% ((m + p)/E) to 139% (O/B), with the positive values indicating that the NAPS ratios were lower
than most ratios obtained from the spatial campaign. The percent differences indicate significant variability
between the two sets of ratios, but more for some ratios than others. This is also evidenced by the percent
differences up to 377% (O/B). The ratios on the four separate dates were fairly consistent, suggesting
that the monitoring site does a reasonable job of determining the relationship between the species in that
one specific area. However, it is not applicable across the city. Further investigation examined the three
sites (Sites 15-17, Figure 1(c)) that were closest to the NAPS station. The ratios from these sites were
significantly different from those obtained at the NAPS site, with percent differences ranging from 15 to
117%, suggesting that differing sampling methodology and frequency of measurements were likely some
of the causes for the discrepancy. The ratios from these nearby sites fell in between the high- and low-ratio
groups (Table 5) and were very similar to the city-wide means (Tables 3 and 5), differing by less than 13%
for all ratios. The reason for these ratios falling in between the high and low ratios was likely due to this
area being influenced by traffic and, to a lesser degree, by industry as well as their locations along the St.
Clair River.

In Windsor, data from the NAPS station was available for only one sampling date around the time
of the monitoring campaign: October 25, 2005. With the exception of T/B, these were similar to those
mean values obtained from the spatial monitoring campaign. In both cities, the (m + p)/E ratios exhibited
the least deviation from the single NAPS station, indicating relatively uniform photochemical aging across
each city. T/B ratios observed at NAPS were poor indicators in both cities due to point source emissions.
Large differences were observed between NAPS and the spatial network (m + p)/B and O/B ratios in Sarnia,
with relatively small differences observed in Windsor. This is due to the presence of numerous stationary
benzene sources in Sarnia, whereas there are no point sources in Windsor. The maximum percent differences
between the NAPS T/B, (m + p)/B, O/B, (m + p)/E ratios and those obtained from the 42 Winsor sites ranged
from —57% (O/B) to 163% (T/B). These differences are less than those observed in Sarnia. For Sarnia, the
one central station was located in a residential area near the international bridge, which did not capture the
high and low ratios due to being some distance away from the industrial and open areas. In Windsor, it
seems that the central station did a better job representing the concentration ratios across the city, possibly
due to the fact that the industrial sites were spread across the city rather than situated in a concentrated area.
Due to the limitation of having only one day of NAPS data for the sampling period in Windsor, future work
should consider these comparisons over a longer timeframe.

2545



TheScientificWorldJOURNAL (2011) 11, 2536—-2549

TABLE 7: Ratios calculated using three nearby monitoring sites in Sarnia and NAPS data in Sarnia and
Windsor.

T/B (m+ p)/B O/B (m+ p)/E B:T:E: X
Sarnia

NAPS October 1 1.92 0.78 0.23 2.22 2.86:5.50:1:2.88
NAPS October 7 1.82 0.76 0.29 2.60 3.40:6.20:1:3.6
NAPS October 19 1.80 0.45 0.15 1.40 3.11:559:1:1.88
NAPS October 25 1.67 0.74 0.26 2.63 3.55:594:1:3.54
gl‘;(;ber L7, &19,25 1.80 0.68 0.23 221 3.23:5.81:1:2.98
Site 15 3.21 1.43 0.57 2.59 1.87:5.83:1:3.62
Site 16 2.53 1.00 0.41 2.42 242:6.11:1:3.42
Site 17 2.74 1.30 0.53 2.62 2.01:551:1:3.68
3 nearby sites mean 2.83 1.24 0.50 2.54 2.10:5.82:1:3.57
% Difference between
NAPS and 37 sites

Median 60.4 102 139 22.0

Min —20.7 —15.2 —2.56 —24.5

Max 154 312 377 39.0

Windsor

NAPS October 25 2.60 1.88 0.53 3.00 1.59:4.15:1:3.85
% Difference between
NAPS and 42 sites

Median 324 —0.26 12.5 —7.64

Min —453 —1.50 —-56.9 —40.2

Max 163 0.82 78.4 3.07

4. CONCLUSIONS

The overall rank order and values of the BTEX concentrations, correlations, and ratios were found to be
similar in two southwestern Ontario cities, Windsor and Sarnia. However, some significant differences
were noted, leading to the determination of predominant sources in each city. With the exception of
vehicular emissions, the sources of BTEX differed between the two cities. Windsor was highly influenced
by automotive manufacturing activities while Sarnia was mainly exposed to emissions from petroleum
processing sources. Since Windsor borders Detroit and Sarnia borders Port Huron, both cities may have
been influenced by transboundary pollution. Despite these differences, the I-S ratios relative to benzene
and ethylbenzene were found to be similar for both cities, suggesting that BTEX species were emitted in
relatively set ratios, regardless of the nature of industrial activities. Whether this is true in other regions with
different industries should be explored in future studies.

The interspecies ratios suggest fresh mobile sources as in previous urban studies, although both cities
had significant nonvehicular air emissions of BTEX. This study led to new findings. First, the interspecies
concentration ratios were successfully used to identify contributions of point source emissions in both cities.
The B: T: E: X ratios indicate higher toluene emissions in Sarnia and Windsor. In Sarnia, large variability
was observed in the T/B ratios, indicating large contributions of these two compounds from point sources.
The four photochemical age ratios (T/B, (m + p)/B, O/B, and (m + p)/E) were found to be in better agreement
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with each other in Sarnia than in Windsor. In Windsor, the T/B ratio did not agree as well with the other
ratios. Also, the mean T/B ratio was found to be higher and outside the range normally indicative of traffic.
Furthermore, lower correlations between T/B and the other photochemical age ratios and between toluene
concentrations and other species were observed in Windsor. All of these results suggest that there were
significant emissions of toluene and benzene from nonvehicular sources in Windsor and Sarnia, respectively,
which was confirmed by consulting the NPRI reporting.

Second, the quantity of point source air emissions, that means, higher benzene in Sarnia and more
toluene in Windsor, was consistent with the higher benzene concentrations in Sarnia and higher toluene
concentrations in Windsor. However, the emission ratios were not in agreement with the concentration
ratios found in either city nor indicative of the difference in concentration ratios between the two cities.
Future studies could make accurate estimates of BTEX emissions from vehicular sources in these areas,
thus making it possible to compare emission profiles of, and properly apportion of, the relative contributions
from mobile and point sources, respectively.

Third, it was observed that specific ratios representing photochemical age varied significantly for
the different areas in Sarnia. These ratios could differentiate between clean, traffic, and industrial areas in
Sarnia (however, the differences were small due to the relatively small study area). When using these ratios,
caution is needed to ensure that they are not being biased by nearby point source emissions. Considering all
ratios together leads to better conclusions regarding photochemical aging of these pollutants within the city.
In addition, these ratios can be low or high for different reasons, either due to true photochemical aging or
due to close proximity of emissions. In Sarnia, proximity to industry was the most significant influence on
the X/E ratios, whereas B : T: E : X was also associated with dwelling counts.

Last, the reliance on central monitoring stations likely leads to misclassification of exposure assess-
ment and emission source identification and more where there is a greater number of point sources concen-
trated in one area far removed from a central monitoring station. This was evidenced by less agreement be-
tween the NAPS ratios and the spatial monitoring campaign ratios in Sarnia than those in Windsor. Also, in
Sarnia the NAPS ratios were not able to differentiate areas of the city by land use in the way that the sam-
pling campaign ratios might.

The insights gained may benefit future air quality spatial analyses and epidemiological studies.
Despite the challenges, the use of ratios to identify photochemical aging and potential source origination is
promising. However, the applications of these ratios may not be as simple as claimed in previous studies.
These ratios will work differently depending on their area of application and consideration must be given
to nearby sources.
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