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ABSTRACT 

This study presents statistical land use regression models to characterize the spatial 

distribution of two air pollutants: nitrogen dioxide (N02) and sulphur dioxide (S02). 

While nitrogen dioxide (N02) is considered to be a marker of vehicular pollution, 

sulphur dioxide (S02) is a major industrial emission. The research uses mobile field

monitored pollution measurement data at over 2000 locations across the Hamilton 

Census Metropolitan area (CMA) during November 2005-March 2006. Various land use 

characteristics, transportation attributes and meteorological characteristics are used in 

the model to explain the spatial variations in the concentration of the pollutants. A key 

contribution of the paper is that it explicitly includes wind directions (i.e. north-east, 

north-west, south-west and south-east) into the models. 

The results reveal that proximity to the major roads and highways, total length of roads 

nearby, traffic volume, nearby park and commercial areas, distance to the lakeshore 

industries and wind speed have major impact on N02 concentration. While proximity to 

the roads and highways and higher total length of roads nearby increases the 

concentration of N02, higher amount of nearby park areas and wind speed decreases the 

level of concentration of the pollutant. For north-east direction distance to major roads 

and highways, lakeshore industries, and wind speed has significant impact on the 

concentration level. While for the north-west direction, commercial area within 350 

meter, distance to QEW and Centennial Parkway North intersection contribute 

significantly to the concentration of N02, total length of the roads within 50 meter from 

the observation points and distance to the railway are significantly associated with the 

concentration level in case of south-east wind direction model. Lastly, the significance of 

a dummy variable indicates that the upper city has lower concentration of N02 

compared to the lower city according to the south-west wind direction model. 

For the S02 models, the results suggest that proximity to downwind locations from the 

industries, proximity to commercial and park areas, and proximity to the Bay Front Area 

play a role to the concentration of the pollutant. While downwind location with 
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closeness to the industries increases the level of concentration of S021 higher wind speed 

and proximity to the Bay Front Area reduces the level of pollution in general. 

All models for N02 and S02 provide reasonable model fit in terms of coefficient of 

determination (R2) of the estimated land use regression models for different major wind 

directions. Almost all parameters are statistically significant at least at the 5 % level of 

significance. The estimated models are used to generate pollution surfaces for the 

Hamilton CMA. The resulting spatial distribution of pollution concentration can be 

useful for informing policy. 
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1. CHAPTER ONE: INTRODUCTION 

1.1 Background 

Since the 1950s air pollution has become an issue of major public concern in North 

America and has been linked to a wide variety of health effects (Fenger, 2004). As a 

matter of fact, air pollution creates problems in several dimensions, both short and 

long-term, and is continuously destabilizing environmental systems through 

complex chemical reactions that pose serious threat to both humans and wildlife. 

Given the significant impact of air quality on human health and environmental 

conditions, the importance of predicting concentration of different pollutants over 

space is well recognized (Ferdous and Kanaroglou, 2007). This study uses data 

collected from a mobile unit in a land use regression model to predict the spatial 

variability of pollutant concentrations in a particular urban area. 

The World Health Organisation (WHO) reports that air pollution alone causes three 

million deaths annually worldwide (Solaiman, 2007). Recently, the Canadian Medical 

Association (CMA) released a summary report (National Illness Costs of Air Pollution) 

that estimates as many as 21,000 Canadians will die prematurely from the effects of air 

pollution in the year 2008. Although most of these deaths will ()ccur due to chronic 

exposure to pollution, almost 3,000 will occur as a direct result of acute short-term 

exposure. The report predicts that air-pollution related deaths would rise over the next 

two decades, which will cost $1.3 billion annually in healthcare and loss in productivity. 

While the Provinces of Ontario and Quebec will bear the brunt, the number of premature 

deaths could double, from 1,200 a year to 2,200 by 2031 in these two provinces. In 

addition, the hospital admissions could jump by as much as 70%, and the annual 

healthcare and economic costs could rise by as much as 30%, from $570 million to $740 

million (The National Medical Association, 2008). Therefore, it is important to study 
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factors of pollution and level of pollution in relation to locations of human activities 

in order to reduce health risks. 

Hamilton, a city in the Province of Ontario, has many medium and large steel industries, 

and is well known as the "steel city" of Canada. Two large North American steel 

industries are located in the area along the shore of lake Ontario. The city also has other 

heavy industries in its northeastern part, and is bounded by some of the busiest 

highways in Ontario. In addition, other geographical features of the city, such as the 

Niagara Escarpment that runs through the middle of the city playa role in the pollution 

problem. In summary, longstanding stationary sources, steady mobile sources, and its 

geographical setting make Hamilton one of the most polluted cities in Canada. The 

popUlation of the city is exposed to detrimental air pollution and faces several health 

hazards. According to the Clean Air Hamilton (2007) nitrogen dioxide, sulphur dioxide, 

ground level ozone, fine particulate matter, and carbon monoxide are harmful pollutants 

that contribute to approximately 100 premature deaths and 620 hospital admissions 

annually in Hamilton. Therefore, analysis of concentration of air pollutants in the 

Hamilton Census Metropolitan Area (CMA) is important to help combat the pollution 

problem in the region. 

Recently, a significant body of research has investigated the spatial context of air 

pollution, and applied spatial analytical techniques to understand impacts of land use, 

transportation infrastructure, location of industries and other key activity centers (Su et 

al., 2007; Sahsuvaroglu et al., 2006; Gilbert et al., 2005; Ross et al., 2006; Wheeler et al., 

2008; Moore et aI., 2007 among others). Since several studies have demonstrated that 

land use regression models can generate reasonably accurate small-area estimates of 

concentrations of air pollutants without using computationally intensive dispersion 

modeling (Brauer et al., 2003; Briggs et al. 2000), this study employs land use regression 

models to characterize the concentration of air pollutants over the Hamilton CMA. The 

study looks into the spatial relationship between the air pollutants and surrounding land 

uses, transportation factors and major activity centers. Since nitrogen dioxide (N02) is 
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often called the marker of vehicular pollution and sulphur dioxide (S02) is a major 

industrial emission, this research focuses on these two pollutants, which are also major 

contributors to the health problems in Hamilton (Clean Air Hamilton, 2007). 

1.2 Objectives 

The key objective of the research is to explore underlying factors that contribute to the 

concentration of pollutants using the land use regression method. As level of pollution 

varies over space due to various land use characteristics, transportation attributes and 

meteorological conditions, this spatial analytic technique helps in understanding the 

influence of these spatial features to the ambient concentration of N02 and S02. This 

study uses mobile field-monitored pollution data to characterize the pollution 

concentration, and generates pollution surface that represents distribution of pollutants 

in the Hamilton CMA for four wind directions. 

The specific objectives of this research can be summarized as follows: 

1. To develop, estimate, and analyze relationships between the concentrations of 

N02 and S02, and various urban factors, including land use characteristics, 

transportation attributes and meteorological conditions using land use 

regression modeling techniques 

2. To develop models for four major wind directions for each pollutant in the 

Hamilton CMA. 

1.3 Contributions of the thesis 

This thesis contributes to the existing body of evidence of spatial relationships of 

pollution concentration. It explains spatial variability of the pollutants (N02 and S02) 

in relation to land use, transportation and other key locational factors for the 

Hamilton Census Metropolitan Area. It also characterizes concentration of pollution 
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level in terms of four major wind directions, which is often ignored in most of the 

existing literature. In addition, in earlier studies, land use regression models are 

applied to the daily/monthly/yearly averaged pollution data, whereas this study 

uses mobile field-observed data that are collected at a particular point in time. 

Finally, this study generates pollution surfaces for the Hamilton CMA, which might 

be useful for informed decision-making. 

1.4 Organization of the Study 

Chapter two reviews the literature on adverse effects of the pollutants (N02 and 502), 

and various approaches of land use regression models to explain the variability of air 

pollutants. Chapter three discusses the data sources such as pollutant concentrations, 

meteorology, land uses, transportation attributes, and demographic information. This 

chapter also describes the basic concepts of the land use regression models. Chapter 4 

estimates the spatial relationship between N02 concentration and various land uses, 

transportation and locational attributes for four different wind directions. Chapter 5 

analyzes the spatial relationship between 502 concentration and land uses, 

transportation and locational attributes for four different wind directions. Chapter 6 

concludes the research and presents recommendations for future research directions. 
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2. CHAPTER TWO: LITERATURE REVIEW 

Although technological advances and developments in different sectors have brought 

comfort and increased quality of life in modem societies, the progress has increased the 

emission footprint of each individual. These emissions cause a variety of health-hazards 

and threaten environmental sustainability. Air pollution is one of the major 

environmental concerns, which has received considerable attention in recent years. 

Rapid industrialization, continuous urbanization, population growth and automobile 

use play crucial roles in contributing to air pollution. In recent years, a substantial 

amount of research has investigated causes of air pollution, relationships between land 

use and emissions, environmental impacts and effects of pollution on human health. 

Consequently, spatial analysis of air pollution has become an important research stream 

that has helped in understanding the effects of air pollution in urban areas. Although 

there are many types of air pollutants that significantly affect human health, this 

research project focuses on two pollutants: (a) nitrogen dioxide (N02) and sulphur 

dioxide (S02). While nitrogen dioxide (N02) is one of the major vehicular emissions, 

sulphur dioxide (S02) is mainly an industrial emission. This chapter describes key 

characteristics of these two pollutants, their adverse health effects and spatial analysis 

techniques that are used to understand relationships between land use, transportation 

infrastructure-and the urban environment. It also discusses the application ofland use 

regression models in different parts of the world. 

2.1 Nitrogen dioxide (NOJJ 

N02 is an inorganic gas, which is reddish brown in colour with a pungent and irritating 

odour. It is formed by the oxidation of NO, which is emitted when fuel is burned at high 

temperature (Eq 2.1) 

(Eq 2.1) 

11 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

Primary sources of outdoor NO are motor vehicle exhaust, and industrial sources such 

as electric utilities and industrial boilers. The pollutant N02 is very reactive and may 

combine with other atmospheric components to form nitric acid (HN03) and nitrates, 

which contribute to acid rain and particulate matter in the atmosphere. It is highly 

corrosive to metals, and frequent and long-term exposure to the N02 may cause to lower 

resistance to respiratory infection. N02 is an important pre-cursor emission for the 

formation of ground-level ozone and stands as one of the principal components of smog 

(Srivastava, 2004). 

2.2 Adverse Effects ofN02 

With infrastructure development and advanced technology, cities are expanding daily 

with high capacity roads and highways. In addition, sub-urban living coupled with busy 

schedules and time constraints, people are becoming more and more auto-dependent. 

This ultimately results in more traffic emissions and further degradation of air quality in 

urban areas. Transportation contributes significantly to the emission of N02, which is 

often considered as a good indicator of traffic emissions (Rotko, 2002). It is one of the 

harmful pollutants that significantly deteriorate the urban air quality (Ross et al. 2006). 

Environment Canada reports that transportation sector alone emitted 1,263,145 tones 

NOx in 2Q05 cumually. 

Hoek et al. (2002) found that there is a high correlation between the mortality and the 

concentration of N02. In a recent study Shao, et al. (2002) found that children living 

within 200 meters of roads with heavy traffic density and heavy truck movements have 

higher risk of hospitalization due to asthma in New York. In addition, it is found that 

higher level of N02 causes to slower lung growth in Southern California. Children from 

highly polluted areas experienced slower development of lung compared to children 

who live in a less polluted environment. 
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In a recent study, specifically done for Hamilton by Finkelestein et aI., (2005) found a 

strong association between the mortality and the exposure to traffic pollution. According 

to the research, people living closer to the roads, particularly residents living within 50 

meters of the major roads and 100 meters of the highways, have higher risk of mortality. 

Another study for Hamilton-Burlington area shows that there is a positive relationship 

between the mortality rate and the level of the pollution (Finkelestein et aI., 2003). 

2.3 Sulphur dioxide (SO~ 

Sulphur dioxide is a colourless gaseous pollutant that smells like burnt matches. During 

the combustion of coal, sulphur bums in the presence of oxygen and forms sulphur 

dioxide. 

(Eq 2.2) 

The oxidation of S02 leads to the formation of sulphur trioxide (803) and sulphates 

particulate matter (S042-). S03 combines with water to create sulphuric acid (H2S04), a 

major contributor to acid rain. 

(Eq 2.3) 

These sulphates and S02 create several health issues including breathing problems, 

respiratory illness and cardiovascular diseases. Long term exposure to the S02 may 

cause to serious resporitory diseases. 

2.4 Adverse Effects of S02 

Durham (1974) found that bronchitis, tonsillitis, colds and sore throats were associated 

with S02 and N02. The study showed that high concentrations of S02 were associated 

with reduced respiratory capacity which ultimately became conducive to more severe 

respiratory diseases. Shy et aI. (1973) performed a study on school children aged beween 
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five to ten years in New York City and concluded that exposure to high concentrations 

of S02 resulted in prolonged decrement in ventilatory function. According to the Clean 

Air Hamiton's (2007) report, 62 deaths out of 714 happened due to the exposure to S02 

alone. 

The pollutants S02 and N02 significantly contribute to form acid rain. Acid rain has 

harmful effects on lakes, rivers, forestry, soils and buildings. It also affects the fish and 

wild life. In addition, these pollutants also form particulate matters that cause severe 

health complications such as respiratory illness, visibility reductions. Environment 

Canada reports that this problem is more pronounced in central and eastern Canada. 

2.5 Sources ofN02 and S02 in Hamilton 

Hamilton, which is known as a steel city in Canada, is a hub of two largest heavy metal

producing plants in Canada. These industries produce sixty percent of Canada's steel 

and stand as one of the top employers in Hamilton, contributing to the economy since 

1910 (Schneider, 2006). In addition to these top steel industries, there are other large and 

medium industries in the region. These industries on one hand act as employment 

generators, and on the other hand stand as the major industrial pollution sources in the 

city. Sulphur dioxide is one of the main harmful pollutants for which the heavy metal 

industries are primarily responsible. Heavy truck traffic for loading and unloading of the 

materials on the industrial sites is another source of such pollution. 

Additionally, several major roads and highways traverse the city, carrying enormous 

amount of vehicles daily. These vehicles emit significant quantities of pollution into the 

urban environment. Consequently, the city experiences higher air pollution near the 

highways and major roads (Wallace and Kanaroglou, 2008). Daily auto commute and 

frequent truck movements are the leading causes for increased N02. Hence, both the 

industrial and transportation sectors playa significant role in the degradation of the air 

quality in Hamilton. 

14 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

It is found that elevated levels of S02 and N02 are a persistent problem for the city. A 

study done by Clean Air Hamilton (2005-2006) shows there has been little or no change 

in the trends of N02 along the downtown and the industrial core of the city over the past 

decade. A comparison of N02 trends in Hamilton and in the surrounding urban centers 

indicated that Hamilton had the least improvement in the reduction of N02 (Clean Air 

Hamilton Progress Report, 2005-2006). Figure 2.1 shows the trend of nitrogen dioxide 

over the last decade. 

-------------------------------------------------------------~ 

i5-Year Trends in Nitrogen Oxides in (Four Cities) 

100 r-----------------------------~~~~~~~~~~ 
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Figure 2.1: Trend of N02 over the last decade in the city of Hamilton, Kitchener, Oakville 

and Toronto 

Source: Oean Air Hamilton Progress Report 2005-2006 
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Similar results have been documented in the case of S02. The level of the pollution of 

S02 compared to other cities in Ontario is very high. Although the city experienced the 

highest level of pollution of S02 during early 90's, level of S02 has reduced during late 

90's. However, the high concentration of the pollutant is still a major problem for the 

area. Figure 2.2 presents the distribution of annual average of S02 in Hamilton and the 

cities around Hamilton. 

1S-Year Trends for Sulphur Dioxide (Four 
Cities) 

10 ?-------------------------------------------------------~ 

8 

;0 6 
c. 
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-Kitchener 
-Oakville 
-ioronto 

-------------Jf'\------------------

Figure 2.2 : Trend of S02 over the last decade in the city of Hamilton, Kitchener, Oakville 

and Toronto 

Source: Oean Air Hamilton Progress Report, 2005-2006 
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502 is usually found in higher concentrations near the source industries. The city's heavy 

industrial zone, which includes the two largest steel industries as well as other large and 

medium industries, is located in the north-east section of the city. This area is therefore 

exposed to higher industrial emissions. The spatial distribution of 502 reveals clusters of 

high concentrations in close proximity to and immediately downwind of this industrial 

sector. Concentrations dissipate with increasing distance away from and upwind of this 

zone. On the other hand, the spatial distribution of N02 is quite different as the source is 

primarily vehicular traffic with secondary contribution from industry. Therefore this 

study focuses on these two particular pollutants (N02 and 502), which might help in 

understanding impacts of both the industrial and transportation sector on urban air 

pollution, particularly in the Hamilton Census Metropolitan Area. 

2.6 Spatial analysis for air pollution 

Spatial analytical methods involve analyzing geographic data. These methods use 

statistical techniques to investigate the spatial or geographic component of a particular 

problem in question. Spatial models help to understand underlying relationships 

between a phenomenon, and the geographical features and/ or their locations. 

Air pollution is sometimes treated and analyzed as a temporal problem. Several 

extensive research projects and practical works have described air pollution from a 

temporal perspectives. Air pollution, however, has strong spatial ties. For instance, air 

pollution in built up areas is more acute compared to that in open spaces. Within the 

built up area, the level of pollution varies from pollutant to pollutant due to different 

land uses, transportation characteristics and human activities (McGregor, 1996). 

Therefore, spatial modeling is essential to characterize the problem from a spatial 

perspective. 
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2.7 Land use regression modeling 

Several authors used land use regression to understand spatial relationships of different 

pollutants (for example, Briggs et al. 2000, Gilbert et ai, 2005, Henderson et al. 2007, 

Sahsuvaroglu et al. 2006). Land use regression can be defined as "the stochastic, or 

regression modeling approach, which is based on statistics of land use, traffic counts, 

and other relevant input data to predict the spatial distribution of the pollutants in a 

specific region (Briggs et al., 2000; Brauer et al., 2002, 2003; Gilbert et aI., 2005). This 

modeling approach has received a significant amount of attention in air pollution 

estimation research in the last decade, as they are flexible and produce relatively 

accurate results. Hence many researchers around the world utilize this modeling 

technique (Ross et a1., 2006). Briggs et a1. (1997) first employed this model at the intra

urban scale to model small-scale variation in air pollution, and to map the traffic-related 

pollutant N02 in Amsterdam, Netherlands, Huddersfield, UK and the Prague, Czech 

Republic (Ross et a1. 2006). Later this modeling tecl111ique has been applied h"'1. numerous 

European countries, and has drawn significant interest in North America (Sahsuvaroglu 

et aI, 2006; Gilbert et aI., 2005; Jerrett et a1., 2007). 

Briggs et a1. (1997) examined a number of factors including traffic volume, land cover 

(area of built up land) within 300 meters, elevation and the height, access roads of 

different lengths for different sizes of residential areas, and estimated the distribution of 

N02 in Huddersfield, U.K, Amsterdam, Netherlands and Prague, Czech Republic. The 

authors used the measurements of the pollutant (i.e. N02) from 80 different sites. 

On the other hand, Brauer et a1. (2003) estimated multivariate regression models to 

predict the concentration of particulate matter (PM) 2.5. Using traffic related variables 

the estimated regression models explained 73 %, 56 % and 50 % of the variability in annual 

average fine particle concentrations for the Netherlands, Munich and Stockholm County, 

respectively. Hochadel (2006) applied a regression model to estimate the concentrations 

of N02 and PM 2.5 in the westerly end of the Ruhr-area in North-Rhine Westphalia, 
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Germany, and found that N02 concentration and PM 2.5 absorbance were strongly 

correlated with the traffic-based variables (such as daily traffic flow and maximum 

traffic intensity of buffers with radii from 50 to 1000 meters, distances to main roads and 

highways). 

Briggs et al (2000) tested different methodologies including dispersion modeling, spatial 

interpolation such as contouring, kriging and trend surface analysis and regression 

mapping to estimate the distribution of N02 in Hammersmith and Ealing, U.K., 

Northampton, U.K., and Sheffield, U.K. The authors compared the results and finally 

selected the regression mapping method for its reasonably accurate results (R-square 

values ranges from 0.8 to 0.9). 

2.8 L UR model in North America 

Gilbert et al. (2005) first applied the land use regression modeling technique in North 

America to explain the spatial distribution of N02. The study conducted in Montreal 

revealed that the distance to highway, traffic counts on the nearest highway, length of 

highway, major roads within 100 meters, length of minor roads within 500 meters, open 

land use within 100 meters, and dwelling density within two kilometers significantly 

contribute to the concentration of N02. The model explained 54% variability in the 

sample data. 

Sahsuvaroglu et al. (2006) utilized the land use regression technique to predict the 

concentration of N02 for the city of Hamilton. The study found that traffic density 

within 300 meters, distance highway within 50 meters, 1500 meters downwind to 

Highway 403, open land use within 500 meters, industrial land use within 200 meters, 

downtown industrial core within 1000 meters, and distance to lake have significant 

impact on the level of pollution. The study modeled the outcome of observed N02 

concentrations from 102 monitoring points. They were monitored for a two-week period 
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and average concentration for this period was used as the dependent variable in the land 

use regression model. 

Again, Jerrett et al. (2006) found that industrial land use, highways within 200 meters, 

major roads within 50 meters, industry within 750 meters, dwelling density within 2000 

meters, longitude, locations up to 1500 meters downwind of highways, and traffic 

density within 500 meters have a profound influence on the N02 levels in the city of 

Toronto. 

Moore et al (2007) attempted to predict the concentration of ambient particulate matter 

for Los Angeles, California using the same approach. They found that traffic within a 

300-meter buffer, and percentage of industrial and Government areas have a significant 

effect on N02. 

Ross et al. (2006) estimated the similar type of model to analyze the concentration of N02 

for Southern California. They found road length around 40 meters, traffic volumes a..1l.d 

distance to the coast to have a noticeable effect on concentration of N02. 

Ross et al (2007) also used land use regression analysis to predict the concentrations of 

PM2.5 for New York City Region. The predictors in the final model specification were 

traffic volume in the 500 meters buffer, popUlation in the 1000 meters buffer and the 

industrial land use within a 300 meter buffer. 

Rosenlund (2007) estimated a land use regression model to predict the concentration of 

N02 and compared the results with an emission model using information on the types of 

vehicles circulating, traffic counts and driving patterns. For the regression model the 

research utilize following characteristics of the area: geographic locations within the 

circular traffic zones (i.e. main ring road, green strip, inner ring road, and traffic-limited 

zone), distance from busy streets, distance from parks, distance from sea, size of the 

census block, population density and altitude. The study concludes that a land use 

regression model explains a substantial fraction of traffic related air pollution 
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concentration and that inclusion of emission data do not significantly improve the 

model. 

In a recent study, Arain et al. (2007) attempted to improve the predictive capabilities of 

land use regression models by adding the wind flow effects to display the temporal and 

spatial distribution of N02 along the Toronto-Hamilton urban air shed in Ontario, 

Canada. The authors used wind fields at different times of day in the models and 

demonstrated that N02 has diurnal and spatial variation in the study area where higher 

concentration in N02 is observed during the morning peak and evening peak. 

Henderson et al. (2007) modeled NO, N02, and PM 2.5 for Vancouver, Canada using 

land use regression method. The variables used in the model are length of highways and 

major roads, vehicle density, commercial and residential land use within 750 meters 

buffers, industrial land use within 300 meters buffer, population density and elevation. 

The study found that the method is sensitive to differences in spatial distribution 

between the poilutants and can be applied in different context. Table 2.1 shows 

summary of various studies that use land use regression modeling techniques for 

different pollutants at different places. 

Table 2.1 Su111lfiary of land use regression methods used in pollution concentration modeling 

Description (Study) Pollutant 

Briggs et al. (1997) N02 

Study area 
(Sample) 

Huddersfield, UK 
(80); Amsterdam, 
Netherlands (80), 
Prague, Czech 
Republic (80), 
Huddersfield(80) 

21 

Variables 

Amsterdam 
All access roads within the study 
area, dassification of road on basis of 
population served, Distance to 
nearest road serving >25 000 people, 
AIeaofbuiltupland 
Hudderfields 
All roads (stored as 10m grid), Mean 
18 hour traffic flow (vehicles/hour) 
for each road segment, Land cover 
class (20 classes, stored as 10m grid), 
Altitude 
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Gilbert et al (200S) N02 

Ross et al. (2006) N02 

Jerret et al. (2006) N02 

SahsuvarogIu et al. N02 
(2006) 

Ross et al. (2007) PM2.S 

Rosenlund et al. N02 
(2007) 

Moore et al. (2007) PM2.S 

McMaster University-School of Geography and Earth Sciences 

Montreal, Canada 
(67) 

San Diego County, 
Southern 
California (1300) 

Toronto, Canada 
(9S) 

Hamilton, Canada 
(102) 

New York 
(62) 

Rome, Italy 
(68) 

Los Angelas, CA 
(23) 

22 

Prague 
All traffic routes in study area, Mean 
daytime traffic flow (vehicles/hour), 
Land cover class, Altitude 
Distance from nearest highway, 
traffic count on nearest highway, 
length of highways within 100 m, 
Length of major roads within 100 m, 
Length of minor highways within 
SOOm, Area of open space within 100 
m, population density within 2000m 

Road length-40m, traffic volume 
within 40-300m, traffic volume within 
300-1000m, distance to coast 

Highways within 200m, major roads 
within SOm, industry within 7S0m, 
dwelling density within 2000m, 
longitude, downwind of all highways 
lS00m, traffic density within SOOm 
Traffic density at 300m, SO m from 
highway, lS00m downwind of 
highway 403, open land use within 
SOOm, industrial land use within 
200m, downtown industrial core 
within 1000m, distance to lake 

Traffic around SOOm, population 
around 1000m and industrial land use 
300m 

Circular traffic zone, distance to busy 
road: 1) >SOOm, lS0-S00m or <lS0m, 
size of the census block, inverse 
population density, and the altitude 

Traffic density at 300m, Industrial 
area within SOOOm and government 
land area within SOOOm 
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2.9 Summary 

Since N02 and S02 have significant heath impacts it is important to study distribution of 

pollutants for urban areas. Most of the studies reviewed in this research shows that the 

spatial distribution of the pollutants can reasonably be explained using land use 

regression techniques. Although these studies were conducted for different areas, many 

of them examine similar types of variables to explain the spatial distribution of the 

pollution. Notable common types of variables are amount of different types of land uses; 

proximity to roads, industries and other activity centers; traffic flow, road length etc; and 

population/ dwelling density, elevation etc. However, meteorological factors such as 

wind direction and wind speed are rarely considered for such kinds of studies. Since 

level of concentration may vary with respect to wind direction, wind speed etc., it is 

important to test hypothesis in relation to these meteorological elements. Since most 

existing literature ignores effects of wind direction and speed, it is possible that 

estimated values of pollution might have some biases. Therefore &1s research attempts 

to extend land use regression modeling approach by considering wind-related effects. It 

also tests hypotheses in relation to land use, transportation attributes and other 

locational factors in the context of Hamilton Census Metropolitan Area. 

Again, although many of these studies use the observed concentration level of the 

pollutants for regression application, mostly they are averaged over an extended period 

of time (for example Henderson et al., 2007; Wheeler et al., 2008, Ross et al., 2007 among 

others), which basically obscure the temporal dynamics in the models. However, this 

study uses mobile field-monitored pollution measurement data that provides 

instantaneous measurement of pollution at a given point in time in a given location. It 

provides a unique dataset to test hypotheses with respect to temporarily varying 

variables such as wind speed, wind direction etc. 

Finally, review of existing literature suggests that investigation of S02 in relation to 

spatial characteristics is rare. Since S02 pollution is a persistent problem in the Hamilton 

23 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

Metropolitan Area, this research attempts to model concentration of S02 applying land 

use regression techniques. The next chapter discusses the research design and 

methodology used in this research. 
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3. CHAPTER THREE: RESEARCH DESIGN AND 

METHODS 

As revealed by the literature review it was observed that the previous studies focus on 

the pollution data that shows the pollution concentration over a specific period of time 

whereas this research deals with the pollution concentration data that have been 

collected at a specific point in time, and estimates the spatial relationship between the 

pollution concentration and various urban characteristics. This chapter outlines the 

geographical settings of the study area, pollution data collection and preparation, basic 

concepts of the land use regression (LUR) modeling, LUR modeling procedure, and 

selection of various explanatory variables, including land uses, transportation and 

Iocational attributes etc. The research focuses on two pollutants: N02 and S02. One is 

mainly a traffic emission and the other is predominantly an industrial emission. The 

pollutants have different emission sources, possess different formation processes and 

show different spatial patterns in the study area. Hence, different model specifications 

were developed and tested to relate concentration of the pollutants with potential 

sources, land use characteristics, locational factors and meteorological conditions. 

3.1 The study area 

The study area of this research is Hamilton Census Metropolitan Area (CMA), which is 

situated in the southern central Ontario at the west-end of the Lake Ontario. Hamilton 

Harbor is the western tip of the lake that forms the northern boundary of the CMA. The 

Niagara Escarpment (approximately 100-120 meter high) divides the city into two parts. 

The segment which is located above the escarpment is known as the upper Hamilton or 

the Mountain area, and other portion that remains below the escarpment is generally 

termed as lower city that contains dowtown area. 
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The geography of the Hamilton itself plays a key role for the growth of the city and 

economic activities. The city is located at the focal point of the Greater Golden Horseshoe 

Area (GGHA) as well as within the Windsor-Quebec City Corridor, which is a major 

USA-Canada trade route. The city is bounded by two busy highways, Highway 403 and 

Queen Elizabeth Way (QEW). The northwest part of the city is linked with the Highway 

403 that connects Toronto, and eastern part of the city is linked with QEW, one of the 

oldest highways in North America that carries over 200,000 average daily trips 

(Solaiman, 2007). Current transportation routes and economic activities as well as being 

a trade hub make Hamilton one of the fastest growing cities in Canada. 

Figure 3.1: Geographic settings of the study area (Hamilton CMA) 

Source: Google map, 2008 
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In addition, Hamilton is often known as a U steel city" of Canada, which has many 

medium and large steel and other industries, including two largest North American steel 

mills - Stelco and Dofasco (see Figure 3.2). 
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Figure 3.2 Stelco and Dofaso- the major steel industries in Hamilton 

Source: Google map, 2008 

3.2 Pollution data collection 

The study employs a primary data set collected through a mobile field monitoring 

system operated by Rotek International. The survey used a truck (which was equipped 

with several pollution monitors) that traveled through different streets of the Hamilton 
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CMA to collect the pollution data. Measurements were taken at 2118 different locations 

across the city. The locations were mostly near the industrial areas, along the highways 

and at the intersections of major roads and highways. Measurements of the pollutant 

were also taken from the areas located near train lines and the train stations across the 

city. A GPS device was used to record the exact location of the monitored observation 

point. The data were mostly collected from 10.00 AM to 4.00 PM. They were collected in 

the months of November 2005, December 2005, January 2006 and March 2006. 

3.3 Pollution data preparation 

At the beginning of the study, the data were divided into four wind quadrants beginning 

from the north and moving clockwise. The quadrants are as follows: 0 to 89 degrees, 90 

to 179 degrees, 180 to 269 degrees and 270 to 359 degrees. It should be noted that the 

quadrants represents the direction of the wind from which it is blowing. As such 0 to 89, 

90 to 179, 180 to 269 and 270 to 359 degrees indicate the winds are blowing from north

east (N-E), south-east (S-E), south-west (S-W) and north-west (N-W), respectively. Table 

3.1 presents summary statistics of the pollution data. In addition, while Figure 3.3, 3.4, 

3.5 and 3.6 show locations of the pollution measurement points for N02, Figure 3.7, 3.8, 

3.9 and 3.10 exhibit measurement locations for S02for four wind directions. 

Table 3.1 Summary statistics of the pollution measurements in the Hamilton CMA 

Pollutant Wind 
Direction 

Number of 
observations 
Min 

Mean 

Max 

Standard 
Deviation 

Number of 
observations 

Min 

Mean 

Max 

Standard 
Deviation 

North-east North-west South-east South-west 

384 454 230 861 

2 2 3 2 

28.57 20.91 28.61 23.59 

169 138 128 233 

20.7 17.1 18.21 19.21 

370 447 232 957 

1.4 1 2 2 

16.27 11.33 17.74 16.27 

123 62 40 109 

14.22 10.89 7.8 12.98 
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Figure 3.3 Locations of the N02 measurement points for north-east wind direction 

29 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

Legend 

• No2 observation points when wind direction is from north-west 

--Highway 

o 3.5 7 

N 

A 

14 Kilometers 
I 

Figure 3.4 Locations of the N02 measurement points for north-west wind direction 
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Figure 3.5 Locations of the N02 measurement points for south-east wind direction 
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Figure 3.6 Locations of the N02 measurement points for south-west wind direction 
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Legend 
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Figure 3.7 Locations of the S02 measurement points for north-east wind direction 
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Figure 3.8 Locations of the S02 measurement points for north-west wind direction 
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Legend 
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Figure 3.9 Locations of the S02 measurement points for south-east wind direction 
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Figure 3.10 Locations of the S02 measurement points for south-west wind direction 
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3.4 Land use regression modeling method 

According to Briggs et aI., 1997, the land use regression model (LUR) is defined as "the 

stochastic, or regression modeling approach, which is based on statistics of land use, 

traffic counts, and other relevant input data to predict the spatial distribution in a 

specific region". It follows the same principles of regression modeling techniques. 

The regression model is one of the most well-known and widely used statistical 

modeling techniques. The model is simple in its form, and explores the relationship 

between a dependent variable and independent variables. In a simple univariate linear 

regression model (i.e. the dependent variable is explained by one independent variable) 

takes the following form: 

y = a+bx+e (Eq.3.1) 

where y is the response variable, x is the explanatory variable and a is a constant 

(intercept). On the other hand, b is the slope of the regression line, which is called the 

regression coefficient or the parameter of the explanatory variable. It represents the 

average amount by which the dependent variable increases or decreases when the 

independent variable increases by one unit and other independents are held constant. e 

is the random error term, which represents unexplained portion of the model. 

In a multiple regression model, the response variable is explained by two or more 

variables. Similar to many applications of regression analysis that involve more than one 

explanatory variable, land use regression (LUR) model utilizes multiple regression 

method that takes the following form: 

(Eq.3.2) 

Here y is the dependent variable, which represents the measurements of pollution 

concentration for this study. The variables, Xl' x2 and xk represent the land use, 
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transportation, locational and other factors used in the study. Lastly, Po denotes the 

constant, and PI' P2 and Pk are the parameters to be estimated, which shows nature 

and magnitude of the relationship of the explanatory variables. 

Commonly Ordinary Least Square (OLS) method is used for the parameter estimation. It 

can be shown that linear regression generates best possible estimate of linear model 

parameters. However, the model specification should make sense from a behavioral or 

theoretical point of view as well as from a practical perspective. That means the variables 

included should have a causal influence on the dependent variable. This study used 

LIMDEP 8.0 statistical package (Greene, 2002) to estimate the regression models. 

Finally, the goodness of fit of the model is evaluated in terms of R2 statistics, which is 

defined as: 

R2 = [Explained variance/Total variance]=[l- (Unexplained variance/Total variance)] 

(Eq.3.3) 

where, Yi is an actual observation of the dependent variable (i = 1,2, ....... n,), j\ is the 

corresponding fitted value from the regression model and Yi is the average value of 

observations. The term, Li (Yi - YY is the error sum of squares and L/Yi - YY is the 

total variance to be explained. R2 values lie between 0 and 1 in value, the closer to 1 in 

value the R2 is, the better the model's fit. 

3.5 LUR modeling procedure 

3.5.1 Data pre-processing 

• Four databases for each pollutant were created, one for each wind direction 
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• Land use, transportation, meteorology and other locational variables were 

derived using GIS techniques (details in section 3.6). 

• Since frequency distribution plots of N02 concentration for four separate wind 

directions are right skewed (Figure 0.1, 0.2, 0.3 and 0.4 in Appendix A), the 

dependent variables (i.e. concentration level of N02) were transformed using a 

natural logarithm transformation. Figure 0.5, 0.6, 0.7 and 0.8 show the 

distribution of the data after natural log transformation (Appendix A). 

• Similarly, since the frequency distributions of 502 concentration for four wind 

directions are right skewed (Figure 0.9, 0.10, 0.11 and 0.12 in Appendix A), the 

dependent variables were log-transformed for 502 model development (Figure 

0.13, 0.14, 0.15 and 0.16 in Appendix A) 

• Extensive exploratory analysis and investigation of different sources of pollution 

were performed to formulate hypofrteses for the LUR modeling application. 

• Potential variables were identified and created, including interaction variables 

such as downwind to the source of pollution (for example, industry location). 

Table 1 in Appendix A shows a comprehensive list of variables tested in this 

research. 

3.5.2 Model development 

• A manual forward selection method was employed to identify the significant 

independent variables that describe the spatial relationship with the 

concentration of N02 and 502. 

• Each of the explanatory variables was first tested through bi-variate or simple 

univariate regression analysis. 

• Variables were added stepwise to test different hypotheses in the model. 
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• Numerous model specifications were used to select a final model with better 

model fit. The best fit was determined by the R2 value. 

• The residuals from the final regression models were analyzed using a frequency 

histogram as an approximate check of normality 

• Diagnosis tests for spatial autocorrelation were performed using GEODA 9.5i 

(Anselin et al.,2004) in terms of Moran's I statistics 

3.6 Selection of explanatory variables 

3.6.1 Land use variables 

Since land use generates various activities that contribute to air pollution, the study 

takes into account land use variables explicitly to build the relationship between the 

pollution concentration and land uses. 

Land use data were collected from Desktop Mapping Technologies Inc. (DMTI). The 

available land use data were categorized into seven broad categories: residential, 

commercial, government and institutional, resource and industriat water body, open 

area and parks and recreational. Concentric circle buffers of different radii (e.g. 50, 100, 

200,300, and 350 meters) were created around the observation points and overlaid on 

the land use map to calculate the area of different land uses within the buffer. The study 

used GIS operations of ArcGIS® 9.2 to perform this process. 

3.6.2 Transportation-related variables 

Road network data were collected from DMTI containing information on highways, 

major roads and local roads, train line etc. All transportation related variables were 

created from this street network file by using ArcGIS® 9.2. Proximity to highways, major 

roads, major intersections, train lines, rail station etc. were calculated using GIS 
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techniques. Several dummy variables were created to test different hypotheses during 

model development. Figure 3.11 shows major roads and highways in the Hamilton 

Metropolitan Area. 
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A 

Figure 3.11 Major roads and highways in the Hamilton CMA 
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Additionally, buffers of radii 50, 100, 200,300, 350,500, 750 and 1000 meters were created 

around the observation points. These buffers were then overlaid on the road network to 

calculate total length of different types of roads within the specified areas. 

In addition, the Integrated Model of Urban Land use and Transportation for 

Environmental Analysis (IMULATE) was used to simulate link-by-link traffic volume in 

the Hamilton CMA for the year 2006. Details of the model are documented elsewhere 

(Anderson et aI., 1996; Maoh and Behan, 2006). Circular buffers of different radii (50m, 

100m, 200m, 300m, 350m, 750m and 1000m) were overlaid on the road network to obtain 

the traffic volume around the observation points. 

3.6.3 Other loeational variables 

Several other location-specific variables were created, including distances to the major 

parks (for example, the Bay Front Park) and different emission sources (such as Stelco 

find Dofasco). Figure 3.11 shows the major steel industries in the Hamilton CMA. 

Since industries are a major source of S02, several point source-specific variables were 

considered for the investigation (for example, proximity to lakeshore industries and 

other metal-producing industries). 
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Figure 3.12 Major steel industries in the Hamilton CMA 
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In addition, since this study explicitly considered wind direction, several variables are 

created to identify downwind location from various industry and key activity locations. 

It also considered distance bands within different locations. Therefore several interaction 

variables are created to investigate during model development (for example, downwind 

from lakeshore industrial core and located within 1.5 kilometers; downwind and located 

within 2 km of the steel industry near city center etc.). 

Some other variables were also constructed to represent different commercial activities. 

Such variables include proximity to Hamilton Central Business District (CBD), regional 

shopping centers, other local services, and parking lots. 
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3.6.4 Demographic variables 

Demographic and other neighborhood characteristics were collected from the 2001 

Census tabulations of Statistics Canada, which were the latest available data at the time 

when this study was conducted. The census attribute data were then joined to the census 

tract geographic boundary GIS layer. Pollution observation points were spatially joined 

to the census tracts, and variables such as population density, dwelling density etc. were 

tested during model development. 

3.6.5 Meteorological variables 

Meteorological data were collected from a weather station (located at the intersection of 

Niagara Street and Land Street) that includes wind direction measurements and wind 

speed for each observation point. As discussed earlier, wind directions were divided into 

four quadrants that begins from the north and moves clockwise. The quadrants are: a to 

89 degrees (north-east), 90 to 179 degrees (south-east), 180 to 269 degrees (south-west) 

and 270 to 359 degrees (north-west). Other hourly meteorological data such as 

temperature, solar radiation and relative humidity data were taken from the 

Environment Canada to test different hypotheses during model development. 

3.7 Diagnosis tests for spatial autocorrelation 

While the land use regression model is useful in explaining pollution concentration with 

respect to land use and other characteristics, some portion of the concentration 

variability may remain unexplained, which might violate standard assumptions of the 

classical regression theory (Goodchild, 1993). For example, the unexplained portion of 

the regression model might be interdependent with a systematic pattern among 

observations in geographic space attributable to their relative location. Therefore, this 

study performed a spatial autocorrelation test for the residuals of the estimated model. It 
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used GEODA 9.5i (Anselin et aI., 2004) to estimate Moran's I statistics, which takes the 

following form: 

II m 

LLwij(xi -i)(x j -i) 
1= i~l j~I (Eq.3.4) 

where Xi and Xj are the value at point i and j respectively. n is the number of points 

and S2 is the variance of X values with a mean of i. wij is the weight for measuring 

spatial autocorrelation. 

Moran's I has a value between -1 and 1. The expected value of Moran's I is (-1)j(n-1), 

where n is the number of observations. If the Moran's I is equal to the expected value 

(which approximate to zero for large n), no spatial autocorrelation is present. On the 

other hand, if MOraii.'S I >(-l)j(n-l), positive spatial autocorrelation exist; and if Moran's 

1< (-1)j(n-1), negative spatial autocorrelation is present. However, the magnitude of the 

Moran's I does not indicate significance, which is determined by a p value. 

3.8 Generation of pollution surfaces 

Finally, the estimated models for both pollutants were used to generate pollution 

surfaces for the Hamilton CMA. First, the study area was divided into 50m X 50m grids. 

Then, separate surfaces were created for each variable. Lastly, The surfaces were 

multiplied by the coefficient values obtained from the estimated LUR models using the 

raster calculator function in ArcGIS® 9.2 to get the pollution surfaces for N02and 502. 
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4. CHAPTER FOUR: LAND USE REGRESSION MODELS 

OF NITROGEN DIOXIDE 

The primary task of the land use regression model is to characterize a spatial relation 

between the concentration of N02 and the different urban factors - land use, 

transportation, major activity centers, and meteorological factors. As discussed in the 

previous section, four models were estimated to predict the concentration of nitrogen 

dioxide (N02) in the Hamilton Census Metropolitan Area (CMA). The major wind 

directions considered in the study were north-east, north-west, south-east and south

west. 

4.1 North-East model 

The north-east model was estimated using 384 observation points for which 

measurements of N02 were taken when the direction of wind was north-east. The final 

model specification has six explanatory variables that explain 23.5% variability in the 

estimated model. The variable definition is shown in the Table 4.1. 

Table 4.1 Variable definition for NE model 

N arne of the variable~ 

WS567 
DTIND 

MJRD 
PARK100 
TV0L300 

RAILDN 

Description of the variable 

Wind speed 
Distance from lakeshore industries 
Distance from major roads and highways 
Park area within 100 meters from the observation points 
Traffic volume within 300 meters from the observation points 

1 if the observation points are downwind and within a 500 
meter buffer from the rail station, 0 otherwise 
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The model used explanatory variables that are not critically correlated with each other. 

The correlation matrix and the variables are shown below in Table 4.2. 

Table 4.2 Correlation matrix NE model 

LNMN02 WS567 DTIND MJRD RAILDN PARK100 

LNMN02 1.0000 -0.2887 -0.3172 -0.1851 0.0813 -0.1124 

WS567 -0.2887 1.0000 0.0470 0.1094 0.0561 0.1161 

DTIND -0.3172 0.0470 1.0000 0.0082 -0.0274 0.0034 

MJRD -0.1851 0.1094 0.0082 1.0000 0.2718 -0.1273 

RAILDN 0.0813 0.0561 -0.0274 0.2718 1.0000 0.0088 

PARKI00 -0.1124 0.1161 0.0034 -0.1273 0.0088 1.0000 

4.1.1 Variable analysis 

4.1.1.1 Wind speed: 

The first variable used in the model represents the meteorological afuibute, wind speed. 

It was assumed that higher wind speed would reduce the pollution level. Since the high 

wind speed accelerates the mixing and dispersion, concentration of the pollutant 

reduces. The model presents a similar result, a negative association between the wind 

speed and the concentration of N02, which means as the wind speed increases the 

concentration decreases. The results comply with the assumption made for the variable. 

4.1.1.2 Distance from Lakeshore industries: 

The model introduced another variable that captures the relationship between the 

concentration of N02 and heavy metal producing industries. The distance between the 

observation points and the lakeshore industrial area was calculated. It was presumed 
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that as the distance from the industries increases the concentration should decrease. This 

is because high- temperature fuel combustion in industrial and utility boiler is one of the 

major man-made sources of N02 emissions (Muzio and Quartucy, 1998). In the model 

results it has been found that higher N02 values are located near the lakeshore industrial 

core, which consists of heavy steel and metal industries. In other words, it can be said 

that locations near to the industrial areas experience a higher level of N02 concentration. 

Therefore, the variable that calculates the distance from the observation points to the 

industrial downtown core is negatively related with the concentration of N02. The 

coefficient value of the variable is -0.00009 and is significant at a 99% confidence level. 

4.1.1.3 Distance from major roads and highways: 

To shed some light on the transportation characteristics and their effect on the 

concentration of N02, a variable that measures and describes the distance from the 

observation points to the nearest major road was created. It was hypothesized that as 

ihe distance from the major road increases, the pollution concentration should decrease. 

This is because the major roads accommodate high volumes of vehicular traffic, which is 

the principal source for N02 (Ross et a!., 2006). This transportation variable represents a 

negative relationship with the concentration of N02. It is found that as the distance from 

the major roads increases the concentration of N02 decreases. The result is confirmed at 

the 99% confidence level. 

4.1.1.4 Traffic volume within a 300 meters buffer from the observation points: 

As N02 is the marker of traffic emission, a variable that represents the traffic volume 

within 300 meters of the observation points was introduced. The a priori assumption for 

the variable is that locations, which are within 300 meters buffer of the observation 

points and experience high traffic volume are exposed to higher levels of N02. The 

model confirms the hypothesis showing the expected sign of a positive association 

between traffic volumes and N02 concentration. This means that increased traffic 

volume nearby contributes to the rise in the concentration level of N02. 
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4.1.1.5 Downwind to Hamilton rail station: 

It was expected that locations which are within 500 meters of the Hamilton rail station 

experience higher concentration of N02. Trains in the Hamilton region are generally 

used for freight transportation. When they stop at the train station they usually do not 

tum off the engine and N02 emission continues at that location. Therefore a dummy 

variable representing observation points that are downwind and within 500 meters from 

the rail station is created and tested during model development. The model results show 

a positive relationship between the variable and the level of N02, which means that 

locations within 500 meters and downwind to the Hamilton rail station are exposed to 

higher level of pollution. 

4.1.1.6 Park area within a 100 meter buffer from the observation points: 

The variable, parkl00 in the model represents the amount of park area within a 100 

meter buffer of the observation points. It was hypothesized that as the parks are not a 

source of N02 emissions, the values of N02 close to the park area will be lower. The 

model results comply with the expected assumption and exhibit that the variable 

parkl00 is negatively associated with the response variable. Hence, the higher the 

portion of the park area within a 100 meter buffer area of the monitoring points, the 

lower the N02 pollution concentration. 

Table 4.3 NE model results 

Variable Coefficient Tstat PValue VIF 
CONSTANT 3.7416900 36.46 0.0000 

WS567 -0.0559291 -4.50 0.0000 1.1 
DTIND -0.0000937 -6.50 0.0000 1.01 
MJRD -0.0006594 -3.63 0.0000 1.17 
PARK100 -0.0000241 -2.96 0.0030 1.08 
TVOL300 0.0000002 3.03 0.0030 1.24 
RAILDN 0.3727846 3.55 0.0000 1.11 

AdjustedR2 0.2356 
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Finally, all the variables included in the model have the expected sign for the Beta 

coefficient with significant t-statistic values. The variables are significant at least at a 5% 

level of significance. Final model results are shown in Table 4.3. 

4.1.2 Residual analysis 

Once the model was finalized the residuals were tested to see if any significant spatial 

autocorrelation existed within the residuals. One of the major assumptions of OlS 

method is that the residuals should be randomly distributed over the space and the 

residuals should not take any specific pattern. The diagnosis test for the residuals was 

performed using GEODA 0.9.5i (Anselin et al., 2004). The Moran's I statistics is 0.0035 

with a p value of 0.4. Since this statistic is not statistically significant it can be concluded 

that there is no spatial autocorrelation among the residuals (see Figure 0.21 for Moran's I 

scatter plot in Appendix B). Moreover, the distribution of the residuals shows that mean 

value of the residuals is close to zero (Figure 0.17 in Appendix B). 

4.1.3 Surface generation 

The final regression model was used to prepare a concentration of N02 surface for the 

Hamilton CMA. Figure 4.1 shows the distribution of N02 in the Hamilton CMA for 

north-east wind direction, and Figure 4.2 presents a detail map of some highly polluted 

areas according to the estimated model. 

Since N02 is basically a traffic emission, higher concentrations are usually found near the 

major roads and highways. As such, highest concentrations (20-54 ppb) of N02 are 

observed around the Skyway Bridge and central Hamilton. High values of pollution (20-

54 ppb) are seen at the intersection point of QEW and Centennial Parkway North as well. 

The Burlington Street and Industrial Drive area also show higher N02levels. This is due 

to industrial emissions from the lakeshore industries. Due to a downwind location from 

lakeshore industries, the areas north of Barton Street (see Figure 3.11), specifically 

around downtown, also experience higher pollution levels. 
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Figure 4.1 Nitrogen Dioxide distribution in the Hamilton CMA for NE wind direction 
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Figure 4.2 Nitrogen Dioxide distribution around downtown area (corresponds to observation 

points) for NE wind direction 
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4.2 North-Westmodel 

In total, 454 observations were used to estimate north-east wind direction model of N02 . 

The observed level of pollution has a minimum value of 2 ppb and maximum value of 

138 ppb with a mean 20.6 ppb. The significant variables used to estimate the model are 

described below in the Table 4.4 and their correlation matrix is shown in Table 4.5. 

Table 4.4 Variable definition for NW model 

N arne of the variables 

WS567 
COM350 

HIWY 
DTIND 
RDL50 
QEWCEN 

Description of the variable 

Wind speed 
Amount of commercial area within 350 meters of the 
observation points 
Distance from highways 
Distance from lakeshore industries 
Length of road within 50 meters of the observation points 
1 if the observation points are within 1 kilometer from the 
intersection of QEW and Centennial Parkway Nort.h, 0 
otherwise 

Table 4.5 Correlation matrix NW model 

LNMN02 WS567 COM350 RDL50 HIWY DTIND QEWCEN 

LNMN02 1.0000 -0.4040 0.1559 0.1639 -0.0811 0.0021 0.1764 

WS567 -0.4040 1.0000 -0.0922 -0.0262 -0.0101 -0.4120 -0.1746 

COM350 0.1559 -0.0922 1.0000 0.0627 0.1799 0.0760 -0.0657 

RDLSO 0.1639 -0.0262 0.0627 1.0000 -0.2111 -0.1264 -0.1066 

HIWY -0.0811 -0.0101 0.1799 -0.2111 1.0000 -0.1333 -0.1552 

DTlND 0.0021 -0.4120 0.0760 -0.1264 -0.1333 1.0000 0.1120 

QEWCEN 0.1764 -0.1746 -0.0657 -0.1066 -0.1552 0.1120 1.0000 
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4.2.1 Variable analysis 

4.2.1.1 Wind speed: 

As high wind speed facilitates the dispersion, it was assumed that the higher the wind 

speed, the lower the concentration of N02. The model results suggest that there is a 

negative correlation between wind speed and the concentration of N02. It shows that 

high wind speed reduces the pollution level. 

4.2.1.2 Commercial area within a 350 meter buffer from the observation points: 

The variable defines the commercial area within a 350 meters buffer of the monitoring 

points. It is expected that larger parcels of commercial area incur higher probabilities of 

vehicle movement. Moreover, designated commercial areas are usually located near 

roads, which again is an N02 emission-contributing factor. Commercial buildings also 

represent the built up area and attracts numerous activities. The results suggest that the 

higher the commercial area the higher the concentration of the pollutant as expected. 

4.2.1.3 Road length within a 50 meter buffer from the observation points: 

The variable measures the length of major roads and highways within circular buffered 

areas of 50 meter radius. The larger the total lengths of the roads around an observation 

point, the higher the possibility of traffic movements in that area. Therefore, it was 

hypothesized that high concentrations of N02 exist if the length of road is larger around 

the observation points. It is found that when the total length of the road increases, the 

concentration of N02rises. 

4.2.1.4 Distance from highways: 

The study used another transportation variable that calculates the distance from 

observation points to the nearest highway. Since highways experience higher frequency 

of motor vehicle movement, it is expected to get a higher concentration of N02 closer to 
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highways. The estimated land use regression model indicates a negative association 

with the distance from highway and concentration of N02. The result is confirmed at a 

95 % confidence level. 

4.2.1.5 Distance from lakeshore industries: 

DTIND, the variable for calculating the distance between the observation points and 

lakeshore industries is another continuous variable, which proved highly significant for 

the model. As the steel industries are significant source of N02, the assumption for the 

variable was that observation points close to lakeshore industries possess higher 

concentrations of N02. The model results show a similar result, determining a negative 

relation between distance from the lakeshore and the level of N02. It can be said that as 

the distance increases from the lakeshore industries the pollution decreases. This 

variable is significant at a 99%confidence level. 

4.2.1.6 Dummy indicating 1 kilometer from the intersection of QEW and Centennial 

Parkway North: 

This variable takes account of the points, which are within 1 kilometer of the intersection 

of two major highways, QEW and Centennial Parkway North. This major intersection 

point provides a connection between the city and Stoney Creek, Grimsby, and the 

Niagara Region. Heavy traffic flow is the common characteristic of that area. As the 

vehicular traffic is a major source of N02, it was assumed that the concentration of N02 

is high close to the intersection. Therefore, a categorical variable was created to consider 

the points within 1 kilometer of the intersection point. The variable assigns the value 1 if 

sample points are situated within 1 kilometer of the intersection and 0 otherwise. The 

model estimation shows that locations within a 1 kilometer buffer from the intersection 

of QEW and Centennial Parkway North experience higher concentration of N02. This 

variable is confirmed by a 95% confidence level. 
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The estimated model for the NW wind direction explained 24.37% variability. Table 4.6 

shows detail model results. 

Table 4.6 NW model results 

Variable Coefficient t stat PValue VIF 
Cons 3.43769 30.95 0.0000 
ws567 -0.03813 -9.85 0.0000 1.26 
Com350 0.00001 3.54 0.0000 1.06 
hiwy -0.00007 -2.21 0.0280 1.17 
dtind -0.00006 -4.51 0.0000 1.29 
rdl50 0.00081 2.52 0.0120 1.13 
qewcen 0.41770 2.99 0.0030 1.09 
AdjustedR2 0.2437 

4.2.2 Residual analysis 

After estimating the model the residuals were tested to determine if t.1-t.ey satisfy t.."l-te 

assumptions of no significant spatial autocorrelation within the residuals. Moran's I 

statistics is found to be 0.0312 with a p value of 0.15. The statistics is not statistically 

significant with a reasonable level of significant (see Figure 0.22 for scatter plot in 

Appendix B). In addition, the distribution of the residuals shows that the mean value of 

the residuals is dose to zero (Figurs 0.18 in Appendix B). 

4.2.3 Surface generation 

As discussed and explained earlier, a N02 concentration pollution surface is generated 

on a 50m X 50m grid. The surface shows the distribution of N02 within the Hamilton 

CMA when the wind blows from the north-west (Figure 4.3, detail map in 4.4). Higher 

pollution is mostly found near the highways and down wind locations of lakeshore 

industries. It has been observed that 20-57 ppb N02 concentration prevails around the 

exit point of Highway 403 and King Street West. The downtown part as well as north of 

Barton Street is also exposed to a higher (11-19 ppb) concentration of N02. Specifically, 
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Burlington Srreet East and Indusrrial Drive exhibit elevated values in level of N02. The 

intersection point of QEW and Centennial Parkway North and Queenston Road and 

Centennial Parkway North experience the highest (20-57 ppb) concenrration of N02. 

This is because the areas are close to major highways, downwind to lakeshore indusrries 

and also very close a commercial area, including East Gate Shopping Mall. All these 

activities invite a large amount of rraffic causing rise to N02 . 
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Figure 4.3 Nitrogen Dioxide distribution in the Hamilton CMA for NW wind direction 

58 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

N 

A 

of Nitrogen Dioxide 

Major roads and highways 

Figure 4.4 Nitrogen Dioxide distribution around downtown area (corresponds to observation 

points) for NW wind direction 
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4.3 South-East model 

This portion of the research estimates the concentration of N02 when the wind direction 

is from south-east. The model was estimated with 230 observation points. The land use 

regression model explained 26.96% variability in the concentration of N02. Table 4.7 and 

4.8 present the description of the variables used for modeling and the correlation matrix 

respectively. 

Table 4.7 Variable definition for SE model 

Name ofthe 
variables 

GOV100 

H403 

TRNLN 

POPDENSI 

RDL50 

Description of the variable 

Area of governmental area within 100 meter from the 
observation points 
Distance from highway 403 

Distance from train line 

Population Density of the census tract 

Length of road within 50 meter from the observation point 

Correlation matrix of the explanatory variables was also observed to identify if there is 

any critical correlation among the predictors or not. Table 4.8 shows that there is no 

significant correlation among the explanatory variables. 

Table 4.8 Correlation matrix SE model 

LNMN02 GOV100 H403 POPDENSI TRNLN RDL50 

LNMN02 1.0000 -0.1208 -0.1009 0.1952 -0.4104 0.2636 

GOV100 -0.1208 1.0000 -0.2462 0.0623 -0.1051 -0.0936 

H403 -0.1009 -0.2462 1.0000 -0.1558 0.1181 0.1318 

POPDENSI 0.1952 0.0623 -0.1558 1.0000 -0.0702 0.0410 

TRNLN -0.4104 -0.1051 0.1181 -0.0702 1.0000 -0.0482 

RDL50 0.2636 0.0936 0.1318 0.0410 -0.0482 1.0000 
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4.3.1 Variable analysis: 

4.3.1.1 Governmental and institutional land use within a 100 meter buffer of the 

observation points: 

A land use variable was introduced into the model to figure out the relation between the 

governmental land use and concentration of the pollutant N02. The variable computes 

the total area of governmental land use within 100 meter radius circular buffered area of 

the observation point. Governmental and institutional land use itself is not a source of 

N02• But this type of land use is considered as an activity center hence frequent vehicle 

movement and traffic circulation during peak hours are well expected from the 

mentioned land use. As the data shows non rush hour condition it was hypothesized 

that as the portion of governmental area gets larger, concentration of N02 reduces. 

Moreover the variable represents the built up environment of the urban area, which 

again helps to accelerate the concentration of the pollutant. The built up areas interrupt 

free flow of wind hence wind speed reduces and increases the concentration of the 

pollutant. The analysis and results confirm the previously made assumption and shows 

a negative association between the concentration of N02 and governmental land use 

within 100 buffers of the observation point. The variable is well significant above a 95% 

confidence level. 

4.3.1.2 Population density: 

Population density is another variable that was tested to see if any relation existed 

between the population density and the concentration of N02. The variable measures the 

population density of the census tracts dividing the total population by the total area. 

Population density indicates the amount of residential area. Higher population density 

means larger residential area and higher portion of built environment. As discussed 

earlier the built environment again helps to accelerate the concentration of pollutant. 

Hence, it was expected that the higher the population density the heavier the 
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concentration of N02. The model results provide a similar positive relationship between 

the population density and concentration of N02. 

4.3.1.3 Proximity to highway 403: 

The study used a transportation variable that calculates the distance from observation 

points to highway 403. It is a major highway that runs close to the city and connects 

Hamilton with other cities. On the other hand it is one of the busiest highways in 

Ontario and heavy motor vehicle traffic, especially during peak hours. Hence it is a 

prominent source of N02. As such, it was hypothesized that points close to highways 

will experience higher concentration of N02 than the distant ones. The analysis ends up 

with similar result showing a negative relationship between the concentration of N02 

and distance from highway 403. 

4.3.1.4 Proximity to Rail line: 

Railways in Hamilton are usually used for freight transport. The inter city trains are 

significant source of N02. Furthermore, when they stop at the rail stations they generally 

do not tum off their engine and the emission of different pollutants, including N02, 

continues. Hence, it was assumed that the monitoring points close to train lines should 

be exposed to higher pollution. The variable also works as proxy for proximity to major 

roads and highways as well as for proximity to lakeshore industries. The regression 

analysis conforms to previously made hypothesis, by presenting a negative relation 

between the concentration of N02 and distance from train lines. The variable is highly 

significant at a 100% confidence level. 

4.3.1.5 Road Length within a 50 meter buffer of sample points: 

The variable again calculates the length of major roads and highways within a 50 meter 

buffer of the monitoring points. As discussed earlier, the major roads and highways are 

one of the significant sources of N02. Hence, it was thought that the larger the length of 
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the major roads and highways the heavier the concentration of N02. The estimated 

model suggests similar result. Model results are presented in Table 4.9. 

Table 4.9 SE model results 

Variable Coefficient t stat PValue VIF 

CONSTANT 3.303298 33.94 0.0000 
GOV100 -0.0000325 -2.99 0.0030 1.08 

H403 -0.0000218 -1.76 0.0800 1.11 

TRNLN -0.0002514 -6.89 0.0000 1.03 

POPDENSI 0.0000699 2.66 0.0080 1.03 
RDL50 0.0015487 4.11 0.0000 1.03 

AdjustedR2 0.2696 

4.3.2 Residual analysis 

After estimating the regression model, the residuals were tested to see if any specific 

pattern prevailed in the distribution or not. The global spatial autocorrelation test shows 

that Moran's I value is 0.0336 with a p value of 0.18, which suggest a statistically 

insignificant spatial autocorrelation. The scatter plot of Moran I is presented in Figure 

0.23 in Appendix B. In addition, The distribution of the residuals is presented in Figure 

0.19 in Appendix B. It shows that mean value of the residual is very close to zero. 

4.3.3 Surface generation 

The generated surfaces in Figure 4.5 and 4.6 show that south-east wind pushes the 

pollution to the north-west part of the city. Areas around Highway 403, west part of 

Hamilton city, exit point to highway 403 from Dundum Street, exit point from highway 

403 to Main street are highly ( 28-33 ppb) polluted. This is due to closeness of major 

roads as well as frequent movement of motor vehicles in that area. Lower north-east 

part of the city such as Sherman A venue, Gage Avenue and Kenilworth A venues and the 

Burlington Bay is exposed to moderate pollution level (14-22 ppb). 
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Figure 4.5 Nitrogen Dioxide distribution in the Hamilton CMA for SE wind direction 
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Figure 4.6 Nitrogen Dioxide distribution around downtown area (corresponds to observation 

points) for SE wind direction 
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4.4 South-West model 

South-west is the prevailing wind direction for the city of Hamilton. Most of the data in 

this study belongs to this wind direction. The current model was estimated with 861 

observation points. It has few distinguishable findings, which define the spatial 

relationship between the concentration of N02 and the different land use and 

transportation factors related to urban settings. The predictors used for the model 

estimation are shown in Table 4.10 with the correlation matrix in Table 4.11. 

Table 4.10 Variable definition for SW model 

Name of the variables 

WS567 
RDL50 

TRNLN 
COM350 

HIWY 

PARK50 

Description of the variable 

Wind Speed 
Length of road within 50 meter of the observation point 
Distance between train line and the observation points 
Area of commercial area within 350 meter of the 
observation points 
1 if the observation points are above the Niagara 
escarpment, 0 otherwise 
Distance between highway and observation points 
Area of park area within 50 meter of the observation 
points 

The correlation matrix indicated that no discernible collinearity exists among the 

explanatory -variables. 

Table 4.11 Correlation matrix SW model 

LNMN WS567 COM35 0 LOC_ESCT RDLSO HIWY TRNLN PARK50 
02 

LNMN02 1.0000 -0.1827 0.0499 -0.2636 0.1139 -0.1289 -0.2123 -0.0662 

WS567 -0.1827 1.0000 0.0882 -0.0352 0.1164 -0.0090 0.0701 0.0257 

COM350 0.0499 0.0882 1.0000 0.0670 0.1319 0.0599 0.0863 -0.0327 

LOC_ESCT -0.2636 -0.0352 0.0670 1.0000 -0.0712 0.1776 0.4511 -0.1002 

RDLSO 0.1139 0.1164 0.1319 -0.0712 1.0000 -0.2480 0.0572 0.0126 

HIWY -0.1289 -0.0090 0.0599 0.1776 -0.2480 1.0000 -0.1863 -0.1189 

TRNLN -0.2123 0.0701 0.0863 0.4511 0.0572 -0.1863 1.0000 0.2090 

PARK50 -0.0662 0.0257 -0.0327 -0.1002 0.0126 -0.1189 0.2090 1.0000 
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4.4.1 Variable analysis 

4.4.1.1 Wind speed: 

Wind speed is one of the major meteorological attributes that has significant control over 

the pollution concentration. It has been found from studies that as the wind speed 

increases, it facilitates the dispersion and ultimately reduces the concentration of 

pollution (similar to many previous studies for other pollutants, such as Degaetano and 

Doherty, 2004; Grivas et a!., 2004; Martuzevicius et al., 2004; Mestayer et al., 2003; Roosli 

et aI, 2001; Vecchi et al., 2004). The hypothesis for the variable is that higher wind speed 

would lower the concentration of the N02. The findings from the model result suggest a 

similar negative relation between the wind speed and concentration of pollutant, N02. It 

can be said that as the wind speed increases, the level of pollution decreases. 

4.4.1.2 Commercial land use within a 350 meters buffer from the observation points: 

Commercial land use is a center of human activity where through traffic and heavy 

vehicle movement takes place more often. Again, frequent motor vehicle movement 

means more emissions and higher concentration of N02. As such, it was assumed that if 

the portion of the commercial area gets larger, the level of N02 would get higher as well. 

The regression analysis confirms the previously made assumption and stands significant 

at a 95 % confidence level. The larger portions of commercial areas again represent the 

built up areas in urban settings. The built up areas interrupt the regular wind flow hence 

the speed reduces, local wind field develops and chances of occurring high concentration 

ofN02 rise. 

4.4.1.3 Observation points above the Niagara escarpment: 

As Hamilton has variation in its topography and the city is almost divided into two 

portions as lower and upper Hamilton, a variable was tested to check if there is any 

differences associated for the concentration of N02 in terms of its location or not. 
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Therefore, if the observation point is located above the mountain then it obtains the 

value of 1, or 0 otherwise. It has been found that higher concentration of N02 is found 

among the observation points that are located at the lower city. This is because major 

sources of N02 for the city are highway 403, lakeshore industries and QEW for the city. It 

was expected that monitoring points close to lakeshore industries and the highways will 

be exposed to higher pollution than the points which are situated away from the metal 

industries. Model result confirms the hypothesis with a 99% confidence level. 

4.4.1.4 Road Length within a 50 meter buffer from the observation points: 

The variable here calculates the length of the major roads and highways situated within 

a 50 meter buffer of the observation points. It is a continuous variable that determines 

how the lengths of the road influence on the concentration of N02. It was thought that 

longer roads provide higher possibility for traffic and motor vehicle movement. The 

higher amount of traffic will again facilitate the concentration of N02. The analysis from 

the regression model suggests the same, showing a positive relation with the 

concentration of N02. It reveals that the level of N02 gets higher as the length of the 

roads increase. The coefficient of the variable is 0.00061 and proves as highly significant. 

4.4.1.5 Proximity to highways: 

The study employed another transportation variable which determines the distance from 

the observation points to the nearest highway. This is a continuous variable and shows 

the relationship between the concentration of N02 and distance from the highway. The 

hypothesis for this variable was that points locating close to the highway have higher 

concentrations of N02. As N02 is the primary symbol of traffic emission and highway is 

one of the leading sources of N02 it is reasonable to show higher concentration of N02 

near the highways. The regression analysis arrives at the same conclusion showing a 

negative association between the level of N02 and the proximity to highway. More 

generally it can be said that as the distance from the highway increases, the level of 

pollution decreases. 
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4.4.1.6 Proximity to train lines: 

The research tested another continuous variable that calculates the distance from the 

observation points to the train lines. The train lines are mostly used for goods movement 

is a significant source of N02. So it has been tested whether the concentration of N02 and 

distance from train line has any significant relationship or not. The estimated model 

results show a negative relation between the concentration of N02 and proximity to train 

lines. The result has been confirmed by a 99% confidence level. 

4.4.1.7 Amount of park area within a 50 meter buffer of the observation points: 

This variable shows the total park area within a circular buffered area of 50 meter radius 

from the observation points. This variable has been introduced to capture the 

relationship between the park area and the N02 concentration. Since parks are not 

source of pollutants a negative association is hypothesized for this variable. The 

estimated model satisfies the previously made assumption and significantly shows that 

as the portion of park area increases, the level of N02 decreases. 

Table 4.12 SW model results 

Variable Coefficient TStat Pvalue VIF 

Constant 3.34252 61.34 0.0000 
WS567 -0.021137 -6.19 O.OOOC} 1.03 

RDL50 0.00062 2.80 0.0052 1.10 

TRNLN -0.00011 -3.28 0.0010 1.52 

COM350 0.000004 2.60 0.0093 1.04 

LOC_ESCT -0.35046 5.24 0.0000 1.45 

HIWY -0.00007 -3.13 0.0017 1.21 

PARK50 -0.00004 -1.98 0.0473 1.10 

AdjustedR2 0.14199 
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4.4.2 Residual analysis 

Spatial autocorrelation diagnosis test was performed to see whether there is any 

significant spatial autocorrelation among the residuals or not. The study generated 

Moran's I statistic using GEODA 9.5i. The Moran's I statistic appeared to be 0.025 (p 

value 0.12). Moran's I statistics is marginally significant. However, the value of the 

statistics 0.025 is very close to the expected value of Moran's 1. 

4.4.3 Surface generation 

Figure 4.7 and 4.8 presents the distribution of generated surface created using the 

estimated model. Generally higher concentration of N02 is found near the highway and 

the heavy metal producing industries, which are the primary source of N02. Similar 

spatial characterization has been found in the generated surface as well. The estimated 

surface shows higher values (21-32 ppb) of N02 near highway 403, close to lakeshore 

industrial core, around Burlington Street. Higher level (21-32 ppb) of N02 is also 

observed near QEW and the major intersection of QEW and Centennial Parkway North. 

The other highways also hold higher level of N02, notably at the exit point of highway 

403 from King Street West and the exit point of QEW from Burlington Street. Higher 

concentration (16-20 ppb) of N02 also prevails close the major roads. Higher level of N02 

is also found at north of Barton Street close to the lakeshore. The downtown is not 

exceptional in this regard. It also experience higher concentration of N02, approximately 

16-20 ppb. 
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Figure 4.7 Nitrogen Dioxide distribution in the Hamilton CMA for SW wind direction 
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Figure 4.8 Nitrogen Dioxide distribution around downtown area (corresponds to observation 

points) for SW wind direction 
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4.5 Summary and validation 

NO is a traffic emission that comes from motor vehicles and then oxidized to form N02. 

It is a highly reactive pollutant and causes several health problems for humans. In this 

study an effort has been made to observe the pollution condition of N02 in different 

wind directions. Mostly the areas close to highways and major roads are exposed to 

higher N02 level. When the wind blows from north-east the affected areas are mainly 

around QEW, Burlington Street, near the lakeshore industries and the south of 

Burlington Bay. Again when the wind comes from north-west higher concentration is 

observed around Centennial Parkway North, QEW and around Burlington Street. The 

southerly winds cause the higher pollution near highway 403, south part of Burlington 

Bay and along the QEW. 

For comparing these wind direction-specific models with a single model including all 

direction parameters, an estimated model is presented in Table 2, Appendix B. The 

results suggest that models with specific wind direction provide better explanatory 

power in terms of model fit and parameters estimates. 

Finally, the predicted values generated by the estimated land use regression models for 

four wind directions were assessed by evaluating observed level of concentration 

recorded by Ministry of Enviroiunent (MOE), Ontario at the downtown weather station 

(located at 43°15130" N, 79°51141"W). The historical hourly pollution data for November 

2005 to March 2006 were obtained from archived databases. In addition, Environment 

Canada weather station (located at the Hamilton Airport) records were used to match 

corresponding hourly wind directions. Table 4.13 shows observed and predicted average 

concentration of N02 at the downtown location. 
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Table 4.13 Comparison of the predicted and observed pollution concentration for N02 

N02 Concentration Averas:e Min. Max. 
North-east Observed Downtown location 24.95 4 61 

Predicted Downtown location 23.22 
Predicted Hamilton CMA (whole) 5.92 1 54 

North-west Observed Downtown location 13.8 3 54 

Predicted Downtown location 12.89 
Predicted Hamilton CMA (whole) 8.61 1.74 57.91 

South-east Observed Downtown location 26.17 4 63 

Predicted Downtown location 25.27 
Predicted Hamilton CMA (whole) 9.86 1 33.71 

South-west Observed Downtown location 17.79 4 53 

Predicted Downtown location 21.22 

Predicted Hamilton CMA ~whole~ 12.32 1.31 32.21 

The results reveal that the land use regression model predicts pollution concentration 

well since the observed and predicted values are very close. For all wind directions, 

except SW wind direction the model slightly underestimate pollution concentration, 

which could be an effect of using non-rush hour data in this study. 
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5. CHAPTER FIVE: LAND USE REGRESSION MODELS 

OF SULPHUR DIOXIDE 

Hamilton, which is often called a hub of steel industry in Canada, suffers from air 

pollution problems where the trend of S02 emission is always high compared to 

most Canadian cities. As discussed earlier, this study uses the land use regression 

method to explore the relationships between the concentration of S02 and land use 

factors, transportation characteristics and meteorological and other related attributes. 

This chapter discusses four land use regression models of S02 for four wind 

directions (north-east, north-west, south-east, south-west), in Hamilton CMA. 

5.1 North-East model 

The Hamilton CMA, which is located on the south shore of Burlington Bay and holds 

Canada's two largest steel mills, suffers most when t.1-te wind blows from the north-

east. The central business district (CBD) and downtown part of the city experience 

higher pollution levels than other areas. It is found that wind speed, the amount of 

park area within 100 meters and locations related to industries and highways are 

major determinants for the concentration of S02 when the wind blows from the 

north-east (NE)-direction. Table 5.1 show-s the definition of the variables used in the 

final model specification. The correlation matrix of the variable is presented in Table 

5.2. 

Table 5.t Variable definition for NE model 

Variables 
WS567 
PARKtOO 
DNSTDF 

DNSPBR 

BURG 

lllWY 

Description of the variable 
Wind Speed 
Park area within 100m buffer from the observation points 
1 if downwind from lake shore industrial core and located within 1.5km, 0 
otherwise 
1 if downwind and located within 2 km of the steel industry near city center, 0 
otherwise 
Proximity to the intersection of QEW and Burlington Street 

Proximity to highway 
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Table 5.2 Correlation matrix NE model 

LNS02 WS567 PARK10 HIWY BURG DNSTDF DNLKBG 

LNS02 1.000 -0.264 -0.261 0.366 -0.106 0.301 0.182 

WS567 -0.264 1.000 0.087 -0.054 0.116 -0.007 -0.138 

PARK10 -0.261 0.087 1.000 -0.182 0.031 -0.178 -0.021 

HIWY 0.366 -0.054 -0.182 1.000 0.565 00402 0.347 

BURG -0.106 0.116 0.031 0.565 1.000 0.133 0.256 

DNSTDF 0.301 -0.007 -0.178 00402 0.133 1.000 -0.206 

DNSPBR 0.182 -0.138 -0.021 0.347 0.256 -0.206 1.000 

The final model explains 3404 % variability of the concentration of the S02. Table 5.3 

shows the results of the model. All the variables are statistically significant at the 99% 

confidence level. In the following subsection, each of the variables of the final model is 

discussed in detail. 

5.1.1 Variable Analysis 

5.1.1.1 Wind Speed: 

Wind speed is an important meteorological variable that has a significant effect on the 

concentration of the pollutants. The variable presented here is a continuous variable and 

is measured in kilometers per hour. The wind speed ranges from 0 to 15 km/hr for the 

sample data. The hypothesis for this variable is that the higher the wind speed the lower 

the pollution concentration. Since higher wind speed facilitates dispersion, pollutants are 

generally transported from the source to other wider areas mostly towards the 

downwind locations. The model estimation results comply with the hypothesis and 

reveals that wind speed is negatively associated with the concentration of S02. 

Therefore, it can be said that higher wind speeds reduce the pollution concentration. 
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5.1.1.2 Amount of park area within a 100m buffer: 

The land use variable, which defines the amount of park area within a 100 meter buffer 

of the observation points, appeared significant for our models. This is again a continuous 

variable and ranges between 0 and 30615m2 for the sample. The hypothesis for this 

variable is that the higher the amount of the park area near the observation points, the 

lower the concentration of 502. The results satisfy the hypothesis and show a negative 

association with the concentration of 502 meaning that larger parcels of park area 

around the observation points result in reduced pollution levels. 

5.1.1.3 Downwind and within 1.5 km from the lakeshore industries: 

5telco and Dofasco Inc., the two largest steel producing industries are the major sources 

of air pollution in Hamilton. These industries emitted 9572.167 tonnes of 502 in 2006 and 

pollute the urban environment regularly (NPRI, 2007). In addition, other metal 

industries have developed in close proximity to these heavy industries over time j and 

also emit enormous amounts of 502. This cluster of heavy industries is termed as the 

lakeshore industrial core. To test the significance of the industrial core on the 

concentration of 502, a categorical variable was introduced into the model that defines 

the observation points, which are at downwind locations from lakeshore industries and 

situated within a radius of 1.5 kilomeb~rg fwm the industries. That means, the dummy 

variable reflects the observation points (that assume a value 1) in the data set which are 

directly downwind from 5telco and Dofasco on Burlington 5treet. The hypothesis is that 

the concentration levels of the pollutant at these points (which are downwind from 

5telco and Dofasco within a distance of 1.5 kilometers) would be high compared to other 

locations in the region. The model confirms the result with more than 99% confidence 

and a high coefficient value (0.383). Hence it suggests that when the wind comes from 

north-east direction, it collects the pollution emitted from the industries and pushes 

them towards the lower city (that lies in the downwind direction). 
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5.1.1.4 Downwind and within 2 km from the industry near city center: 

Another categorical variable was created to capture the effect of industrial emissions 

near the city center. This variable defines the points, which are situated further south of 

Burlington Street, downwind from the steel producing industry, Hamilton Speciality Bar 

Inc., which is located near the CBD at Sherman Avenue and within a distance of 2 

kilometers of the industry. The points are generally on and around Barton Street and 

near the downtown area. The a priori expectation for the variable was that near to the 

steel industry (Hamilton Specialty Bar) the pollution would be higher. The steel industry 

emitted 18 tonnes of S02 in 2006 (NPRI, 2007). These points reflect the areas around the 

downtown part of the city. The variable obtained the value as 1 when it is down wind 

from the metal industry and within 2 kilometers from it, and 0 otherwise. The model 

result complies with the result with 99% confidence and a high coefficient value (0.457) 

demonstrating a positive relation with the concentration of S02. 

5.1.1.5 Distance from the intersection of Burlington Street and QEW: 

The continuous variable represents the distance from the intersection of Burlington 

Street and the QEW. This variable stands for the proximity to a major intersection (a 

major exit point for the city) and proximity to a major industry, Columbian Chemicals 

that generates huge amounts of SQ2 (acc01"ding to NPRIreport,2007 the industry 

emitted 1318 tonnes S02 in 2006) and is located close to the intersection. It is assumed 

that the observation points near to this area would have higher concentrations of S02 

because of the presence of this industry. The final model results also confirm the fact 

showing a negative relation with the distance from Burlington Street and the 

concentration of S02. Therefore it is found that the concentration of S02 increases as the 

distance from the intersection of Burlington Street and QEW decreases. 

5.1.1.6 Distance from highways: 
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This is another continuous variable that represents the distance from the observation 

points to the nearest highway. Since S02 is mainly an industrial emission, it is expected 

that there is no discernible negative relationship exists between the proximity to the 

highways and the concentration of S02. Rather, the level of pollution is dependent on the 

location of industries. Since generally industries are located relatively distant from the 

highways in the Hamilton area (with the exception of the QEW) and most highways are 

at the upwind location when wind blows from the north-east direction, the a priori 

hypothesis is that there is a positive relationship between the variable and the 

concentration level. The model results show the expected positive B coefficient and 

reveals that the higher the distance from the highways (hence closer and downwind to 

the industries) the higher the concentration of S02. 

Table 5.3 NE model results 

Variables Coefficient 

Constant 2.83191 

WS567 -0.05478 
PARK100 -0.00003 
DNSTDF 0.38301 
DNSPBR 0.45733 
BURG -0.00017 
HIWY 0.00036 
AdjustedR2 0.3443 

5.1.2 Residual analysis 

TStat 

24.438 

-3.77 
-2.755 
3.707 
2.946 
-7.308 
6.908 

PVaIue 

0.0000 

0.0002 
0.0062 
0.0002 
0.0034 
0.0000 
0.0000 

VIF 

1.06 
1.08 
1.45 
1.39 
1.58 
2.15 

The residuals of the models were tested to confirm that they are not spatially correlated 

and are distributed randomly. The study used GEODA 9.5i to carry out the diagnostic 

test and found the Moran's I statistic as 0.06 with a p value 0.12 which states that there is 

no statistically significant spatial correlation among the residuals. The Moran's I scatter 

plot is presented in Figure 0.29 in Appendix B. Also, the distribution of the residuals is 

shown in Figure 0.25 (Appendix B). It is evident from the figure that mean values of the 

residuals are zero or very close to zero. 
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5.1.3 Surface generation 

The surface of S02 distribution in Figure 5.1 clearly shows that the most affected area for 

S02 pollution is near the Burlington Street, Industrial Drive and north of Barton Street 

and near the downtown area. When the wind blows from north-east it collects the 

pollution from the lakeshore industries and pushes it towards the city center. These 

lakeshore industries which are mostly steel producing industries emit the bulk amount 

of S02 in the city. Close to the downtown area along Sherman Street North, the steel 

factory also contributes to S02 pollution. Therefore, higher pollution (approximately, 15 

ppb) takes place at the northern part of downtown between Wellington Street and Gage 

A venue. In general, the north-east wind affects mostly the residential area around the 

downtown area. In some cases strong wind driving the pollution towards the city center, 

is deflected by the Niagara Escarpment and circulates into the downtown residential 

areas. Mostly the north-east and the east part of the city are exposed to severe pollution 

levels due to this north-east wind. Figure 5.2 shows the affected areas of downtown 

Hamilton. 
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Figure 5.1 Sulphur Dioxide distribution in the Hamilton CMA for NE wind direction 
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Figure 5.2 Sulphur Dioxide dishibution around downtown area (corresponds to observation 

points) for NE wind direction 
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5.2 North-Westmodel 

When the wind flows from the north-west it pushes the pollution towards the south-east 

of the city. Major polluters are here again, the lake shore industrial core and a steel 

industry named Alcarb Resources which is close to the major intersection of Centennial 

Parkway North and QEW. Below is the analysis of the variables used for the model 

calibration. The coefficient of determination of the model is 35.5%. The variable 

definitions are shown in Table 5.4. Table 5.6 shows the correlation matrix. 

Table 5.4 Variable definition for NW model 

Variables 

WS567 

COM350 

DNSKYIND 

DNCENT 

Definition 

Wind Speed 

Commerciall'll'ea within 350m buffer from tr.e observation points 
1 if downwind from lakeshore industrial core and located within 2km, 0 
otherwise 
1 if located within 1 km from the steel industry (which is close to the 
intersection of QEW and Centennial Parkway North), 0 otherwise 

Table 5.5 Correlation matrix NW model 

LNS02 WS567 COM350 DNSKYIND DNCENT 

LNS02 1.0000 0.0180 0.0214 0.5500 0.0805 

WS567 0.0180 1.0000 -0.0552 0.3323 -0.1999 

COM350 0.0214 -0.0552 1.0000 -0.1515 0.0775 

DNSKYIND 0.5500 0.3323 -0.1515 1.0000 -0.1471 

DNCENT 0.0805 -0.1999 0.0775 -0.1471 1.0000 
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5.2.1 Variable analysis 

5.2.1.1 Wind speed: 

The meteorological variable, wind speed, seems to have a strong effect on the 

concentration of S02. It was hypothesized that as the wind speed increases the 

concentration decreases. This is because the higher wind speed facilitates the dispersion 

which in tum reduces the concentration of S02. We have found the same result in our 

model showing that concentrations of the pollutant decrease with higher wind speeds. 

The model confirms this result with more than 99% confidence (Table 5.5). 

5.2.1.2 Downwind from the lakeshore industries: 

This is a categorical variable. The variable defines the situation if the monitoring points 

are located down-wind from the lake shore industries and remains within 2 kilometers 

of the steel industries, thus obtain the value as 1 or 0 otherwise. This variable has been 

created to explain the high S02 values, specifically those that lie on or around the 

Skyway Bridge and Burlington Street. When the wind blows from the north-west, the 

lake shore industries (specifically the industries of Stelco and Dofasco) playa major role 

in S02 pollution. With moderate or the higher wind speeds the pollution emitted from 

the industries ~re moved toward the intersection of Burlin~on ?tre~t and the QEW as 

well as on the Skyway Bridge. It is hypothesized that when wind comes from the north

west it carries the pollution from the industries and pushes the pollution towards the 

southern side. The model results correspond to the assumption showing a positive 

relation between the pollution concentration and downwind location from lake shore 

industries. 

5.2.1.3 Downwind to the metal industry 

The model includes another categorical variable that describes the state of the 

observation points when located within a 1 kilometer buffer of the metal industry near 
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QEW and Centermial Parkway North. The points within the selected region are assigned 

a value of 1 or 0 otherwise. According to National Pollutant Release Inventory 2007 

report (NPRI) a large metal industry (Alcarb Resources) is located at Lanark Street, near 

the highway intersection of QEW and centermial Parkway North. This industry emits 

significant amounts of 502. It was expected that near the sources there will be a plume of 

high 502, so when the wind blows from north-west, the pollution towards the 

downwind location will also be high. Analysis of the variable from the regression model 

confirms this previously made assumption and places a positive relation with the 

concentration of 502. Thereby, it is evident that points within a 1kilometer buffer and 

downwind of the metal industry near the QEW and Centermial Parkway North 

experience elevated concentrations of 502 when the wind is blowing from the north

west. 

5.2.1.4 Commercial area within 350meters 

The variable defines the area of influence for the observation points. To create the 

variable, circular buffers with 350 meter radii were created around the monitoring points 

and intersected with the land use map to calculate the different areas of around the 

observation points. Then the commercial areas were separated to be used as a variable to 

see whether the commercial area has any profound effect on the 502 or not. It was 
- - - -

expeCtea -tftat as the commercial area gets larger the pollution of 502 should increase 

because the commercial area around the observation points are mostly located near the 

lake shore industries and commercial heating is also a source of 502 (Schmandt, 1988). 

The results complied with the hypothesis. It shows that higher portion of commercial 

area around the monitoring points results in higher 502 pollution. This variable is also a 

representation of built up area in urban environment. More commercial area represents 

more buildings. The built up area generally interrupts with the free flow of the wind. 

Obstruction of free wind flow works against the dispersion of pollutants which 

ultimately means high concentration of pollution. So the assumption stands as the more 
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the commercial area, the higher the concentration of 502. The result satisfies the 

assumption with 99% confidence and a high t statistics of 4.124 (see Table 5.6). 

Table 5.6 NW model results 

Variable Coefficient T Stat pvalue VIF 

Constant 1.866113 29.885 0.0000 

WS567 -0.016659 -3.965 0.0001 1.15 

DNSKYIND 1.380305 15.637 0.0000 1.15 

DNCENT 0.466482 3.448 0.0006 1.05 

COM350 0.000005 2.566 0.0106 1.03 

Adjusted R2 0.3555 

5.2.2 Residual Analysis 

Finally, the residuals were tested to determine the level of spatial autocorrelation. The 

study used Geoda 9.5i and found Moran's I statistic as .003 with p value of 0.42, which is 

not statistically significant at a reasonable level of significance. Scatter plot is shown in 
- - - - - - -- - - - - - - -

Figure 0.30 in Appendix B). Also, the distribution of the residuals shows that residual 

mean value is close to zero (Figure 0.26 in Appendix B). 

5.2.3 Surface generation 

Using the final model specification a surface was created to present the distribution of 

502 in Hamilton CMA. The surface for 502 distribution (Figure 5.3) exhibits that when 

the wind blows from the north-west, the east part of the city is generally affected. The 

intersection of Burlington Street and QEW experiences highest pollution (20-24 ppb) 
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concentration. The wind from the north-west accumulates the pollution from lakeshore 

industries (particularly from Dofasco Inc. VFT Canada Inc. and Columbian Chemicals) 

and pushes it towards the south-east part of the city. Areas close to Parkdale Avenue 

North, Woodward Avenue North and the intersection of Burlington Street and QEW 

experience high pollution. The situation also gets worse near Warrington Street due to 

Alcarb Resources, a metal service center and producer of steel and heavy metals. Hence 

the downwind locations, which are mostly east of Centennial Parkway North, are more 

polluted (16-19 ppb). A detailed map of Sulphur Dioxide distribution for NW wind 

directions is presented in Figure 5.4. 
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Figure 5.3 Sulphur Dioxide distribution in the Hamilton CMA for NW wind direction 
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Figure 5.4 Sulphur Dioxide distribution around downtown area (corresponds to observation 

points) for NW wind direction 
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5.3 South-East model 

Winds form the south-east mainly pollute the areas close to lake shore and Burlington 

Bay. The main sources of S02 are in the indusrrial zone. This research estimated a land 

use regression model, which explains 33.4% of the variability in the concenrration of S02. 

Table 5.7 presents the variable definitions. 

Table 5.7 Variable definition for SE model 

Variables Definition 

RES350 Residential areas within 350m buffer from the observation points 

DNDTIND 1 if downwind from lakeshore indusrrial core, 0 otherwise 
1 if downwind from other major steel industries and locates within lkm 

STLIND of the indusrries, 0 otherwise 

ESTPRT 1 if located witPin 750 meter from the East Port Industries, 0 ot1:-,envise 

BA YFRONT 1 if located within 500 m from the Bay Front Park, 0 otherwise 

The Pearson's Correlation marrix in Table 5.8 shows that there is no significant 

correlation between the explanatory variables. 

Table 5.8 Correlation matrix SE model 

LNS02 RES350 DNDTIND STLIND ESTPRT BAYFRONT 

LNS02 1.0000 -0.2556 0.1799 0.2954 0.2254 -0.4044 

RES350 -0.2556 1.0000 0.1252 -0.2730 0.1536 0.3016 

DNDTIND 0.1799 0.1252 1.0000 -0.1467 -0.0474 -0.0521 

STLIND 0.2954 -0.2730 -0.1467 1.0000 -0.1395 -0.1535 

ESTPRT 0.2254 0.1536 -0.0474 -0.1395 1.0000 -0.0496 

BAYFRONT -0.4044 0.3016 -0.0521 -0.1535 -0.0496 1.0000 
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5.3.1 Variable Analysis 

5.3.1.1 Residential areas within 350m buffer: 

This variable defines the total residential area within the 350 meter buffer of the 

observation points. The hypothesis for this variable is that the pollution of 502 near the 

residential area will be lower in concentration. It has been found from the exploratory 

analysis that generally, there is a lower density of residential areas near to the heavy 

metal industries, particularly the steel mills which emit 502• As residential areas are not 

a significant source of 502, it is very likely that 502 pollution near that area will be lower. 

Similarly the estimated model produces a negative relation with the concentration of 502 

confirming that the higher the portions of residential area within 350 meter buffer, the 

lower the pollution level. 

5.3.1.2 Downwind from Lakeshore Industries: 

The observation points, which are downwind from the lakeshore industries, Stelco and 

Dofasco, are specified by this variable. When the wind blows from south-east, the most 

effected areas are the south shore of Burlington Bay and some areas which are located at 

the southern part of Waterdown. This is because when the wind blows from south-east it 

pushes the yolluticm towards the north-west, hence BllrlingtQI! Bay bgco:rnes_ !l1osJly 

polluted. The model presents the variable as a categorical one. The study put the value 

as 1 when the points are downwind location from Stelco and Dofasco, 0 otherwise. The 

variable is significant at a 99% confidence level and presents the positive association 

with the concentration of 502. It is found that points downwind from the lakeshore 

industrial core experience more pollution concentration than other areas. 

5.3.1.3 Downwind and within 1 km from all other steel-producing industries: 

The points, which are downwind from steel industries other than Stelco and Dofasco 

and within 1 kilometer, were defined by this variable. This variable only considered the 
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metal industries that emit substantial amounts of S02 according to the National Pollution 

Release Inventory (NPRI) 2007 data. The selected points are mainly on the Pier 24 

Access-Burlington Street and on Industrial Drive. The industries responsible for the 

pollution considered here are the Columbian Chemicals, VFT Canada Inc and Hamilton 

Specialty Bar. The hypothesis behind this variable is that when the wind blows from the 

south-east, generally points which are downwind to these industries and located within 

a distance of 1 kilometer are subject to more pollution of S02 than the others. The 

variable appears very significant at 99% and describes a positive relation with the 

concentration of S02. The model confirms this result at approximately 99 % confidence 

level. 

5.3.1.4 Points within 750m from East Port industries: 

The next variable for the model defines the points which are at distance of 750 meters 

from the industry at East Port Drive. The industry at East Port Drive (Bitumar Hamilton) 

produces bitumen and emits of S02 (according to NPRI report, 2007 the industry emitted 

35 tonnes of S02 in 2006). On the other hand the area around East Port Drive experience 

higher pollution almost all the time as two big metal industrial facilities (Dofasco, 

Colombian Chemicals) are located close to that area. A dummy variable was placed here 

assigning the value at 1 when it is situated within 750m of the industries, 0 otherwise. 
- -- - - - - - - - - -- -

The model shows a positive relation with the dependent variable and satisfying the 

assumption for the variable with a high coefficient value. 

5.3.1.5 locations within 500m from the Bay Front Park 

The model presents another categorical variable that captures the observation points, 

which are within 500m of the Bay Front Park. As there are no significant sources of S02 

near the Bay front it was expected that the areas near Bay Front Park will have less 

pollution exposure. To account for this fact a variable was introduced as the observation 

points located within 500m from the Bay Front Park will receive the value of 1, or 0 

otherwise. The model ended up with conclusion that there is a negative relation exists 

92 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

between the proximity of Bay Front Park and pollution concentration. It can be said from 

the analysis that points within 500m of Bay Front Park will have lower concentration of 

S02 than the points which are located further from the park and closer to the industrial 

core, when the wind flow is from south-east. 

Table 5.9 SE model results 

Variable Coefficient TStat Pvalue VIF 

Constant 2.732388 48.426 0.0000 

DNDTIND 0.629998 4.381 0.0000 1.05 

STLIND 0.340831 4.955 0.0000 1.12 

ESTPRT 0.786884 5.214 0.0000 1.06 

BAYFRONT -0.71196 -4.964 0.0000 1.14 

RES350 -0.000001 -2.832 0.0050 1.21 

AdjustedR2 0.3346 

5.3.2 Residual analysis 

Finally the distribution of residuals was observed to determine the difference between 

the observed values and the predicted values. The distribution shows that most of the 

residual values are close to zero (Figure 0.27 in Appendix B). The Moran's I statistic is 

0.0313 with a p value of 0.2. The Moran's I scatter plot is shown in Figure 0.31 in 

AppendixB. 

5.3.3 Surface generation 

The final surface is presented in Figure 5.5. As the lakeshore heavy metal producing 

industries are the major sources of S02 emission, the north-west side of city experience 
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higher pollution when the wind flows from south-east. At this time of wind direction 

Burlington Bay and north of Plains Road and Highway 403 are exposed to a significant 

amount of pollution (22-31 ppb) particularly. Some high values of S02 are also observed 

along the skyway bridge. The core downtown portion and the upper city have less 

pollution (1-6 ppb). Figure 5.6 shows a detail map of the surface of S02 pollution in the 

Hamilton CMA. 
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Figure 5.5 Sulphur Dioxide distribution in the Hamilton CMA for SE wind direction 
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Figure 5.6 Sulphur Dioxide distribution around downtown area (corresponds to observation 

points) for SE wind direction 
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5.4 South-West model 

South west is the prevailing wind direction for Hamilton. When the wind blows from 

the South-West, the pollutants are usually moved towards the outer city around the 

Skyway Bridge. Here again, the wind speed and other land use factors play a crucial 

role. Our model explains the 33.3% variability in the concentration of S02. The next 

section of this research explains the variables used in the modet their validity and finally 

the model results. 

Table 5.10 Variable definition for SW model 

Variables 

WS567 

ESTPRT 

DNBAY 

QEWCEN 

DNDTIND 

Definition 

Wind Speed 

1 if located within 750 meter from the East Port Industries 

1 if located within 1500 m from the Bay Front Park, 0 otherwise 

1 if upwind from steel industries around QEW and Centennial Parkway 
North and locates within 1.5 km, 0 otherwise 
1 if downwind from lake shore industries, 0 otherwise 

The correlation matrix is presented in the Table 5.11 

Table 5.11 Correlation matrix SW model 

LNS02 WS567 ESTPRT DNBAY QEWCEN DNDTIND 

LNS02 1.0000 -0.0625 0.4164 -0.1908 -0.2138 0.4813 

WS567 -0.0625 1.0000 0.1147 -0.0684 0.1008 0.1151 

ESTPRT 0.4164 0.1147 1.0000 -0.0572 -0.1012 0.4116 

DNBAY -0.1908 -0.0684 -0.0572 1.0000 -0.0652 -0.1389 

QEWCEN -0.2138 0.1008 -0.1012 -0.0652 1.0000 -0.2459 

DNDTIND 0.4813 0.1151 0.4116 -0.1389 -0.2459 1.0000 
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5.4.1 Variable analysis 

5.4.1.1 Wind speed: 

Wind speed is one of the important factors that describe the variability in the 

concentration of S02. As higher wind speed facilitates the dispersion a negative 

relationship between the dependent variable, level of S02 and the explanatory variable, 

wind speed was expected. The result found from the model estimation confirmed the a 

prioi hypothesis, that the strong wind speed facilitates the dispersion and lowers the 

concentration of the pollutant. 

5.4.1.2 Downwind from Lake shore Industries: 

The variable down wind from steel industries is the second and one of the important 

variables for this model estimation when the wind comes from south-west. It is a 

categorical variable and has two values, either 1 or O. The value 1 denotes the points 

which are downwind from the lakeshore industrial core, Stelco and Dofasco. The points 

are mostly located around the intersection of Burlington Street and QEW, on the Skyway 

Bridge and on North Shore Boulevard East. These are the locations which are primarily 

affected due to industrial pollution from Stelco and Dofasco when the wind blows from 

South-Wes!. T~e a priori expec~tion fo~ this varia1Jle was !hatw_h~n tlle w!nc!J:lI~'Ys f!om. 

south-west, the most affected area for S02 will be the downwind location from Stelco 

and Dofasco, mainly Burlington Bay and areas around it. The model result confirms the 

hypothesis with 99.9% confidence with a It' statistics of 11.22. 

5.4.1.3 Locations within 750m from the East Port Drive Industries: 

This is another dummy variable that has been introduced to point out the hot spots of 

the air pollution of S02. The hypothesis behind this variable is to identify and specify the 

location points which are around the skyway bridge, on East Port Drive and which lie 

within 750m of the industry (Bitumar Hamilton) on the East Port Drive. The industry 
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produces liquid bitumen and asphalt and emits S02. Also, this area is approximately 

within 1.5 kilometers of Dofasco and Columbian Chemicals, hence in general, is exposed 

to higher pollution levels. Thus, the analysis reveals that the points, which are located on 

the East Port Drive and within 750m of the industries, have higher concentrations of S02 

confirming the previously made hypothesis. 

5.4.1.4 Upwind from the metal producing industry (near QEW): 

The study introduced this variable by specifying the points which are at upwind wind 

locations and within 1500m of a steel producing industry. The selected points are 

assigned a value 1, the rest of the data points get the value 0 otherwise. The hypothesis 

behind this variable is that the upwind location points from the industries will 

experience lower pollution compared to the downwind locations. The results suggest the 

same, identifying a negative relation with the concentration of S02. Hence, it can be said 

that the points which are at upwind locations from A1carb Resources and remain within 

the 1500m buffer are exposed to lower pollution than the other downwind location 

points. 

5.4.1.5 Locations within 1500m of Bay Front Park 

This variable specifies the location points which are within 1500m of the Harbor Front 

Park. Accordingly, points within that defined area were given the value 1, or 0 

otherwise. The assumption for this variable is that as there is no major metal industry 

located at the south side of Bay Front Park, thus the possibility of S02 pollution near this 

area is very low. That is why the points near the Bay Front park show very low values. 

Model results conclude that areas close to Bay Front Park have low levels of S02 when 

the wind comes from the south-west. The variable is negatively related with a coefficient 

value of -.5449 and a 't' statistics of -5.334. 

All parameters are statistically significant at least at the 5% level of significance. Table 

5.12 shows the final model results. 
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Table 5.12 SW model results 

Variables Coefficient TStat PVaIue VIF 

Constant 2.5574 54.87 0.0000 

WS567 -0.0172 -4.926 0.0000 1.04 

ESTPRT 0.7033 9.397 0.0000 1.21 

DNDTIND 0.5033 11.228 0.0000 1.31 

QEWCEN -0.2275 -3.559 0.0004 1.09 

DNBAY -0.5449 -5.334 0.0000 1.03 

Adjusted R2 0.3307 

5.4.2 Residual analysis 

The residuals of the model were tested to confirm the random distribution of the 

residuals. The study performed a spatial autocorrelation test using Geoda 9.5i. The 

Moran's I statistics is found to be 0.05 with a p value of 0.4. The scatter plot of the test is 

shown in Figure 0.32 in Appendix B. In addition, the distributions of the residuals are 

shown in Figure 0.28 in Appendix B. 

5.4.3 Surface generation 

Figure 5.7 shows the land use regressed surface of S02 pollution in the Hamilton CMA 

when-the-wind-directionis-souili'-west;which-isa the aommant arretn6ii 6fwin-a lrithe 

area. When the wind blows from south-west, it normally transports the pollution from 

the lakeshore industries to the outer part of region. Although the residential area in the 

lower city is not affected when wind blows south-west, the Burlington Bay and areas 

around the Skyway Bridge are greatly exposed to the high S02 pollution (24-37 ppb). On 

the other hand, the upper city which is often called the Mountain area experience fairly 

lower S02 pollution levels. Figure 5.8 shows a detail map of Sulphur Dioxide 

distribution for SW wind direction. 
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Figure 5.7 Sulphur Dioxide distribution in the Hamilton CMA for SW wind direction 
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Figure 5.8 Sulphur Dioxide distribution around downtown area (corresponds to observation 

points) for SW wind direction 
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5.5 Summary and validation 

The S02 pollution intensity and the distribution change with the wind direction. When 

the wind direction is from north-east it has been found that the lower city and central 

business district suffer most in comparison to the upper city. For north-west wind 

direction, the south-east part of the city, particularly areas around Burlington Street and 

QEW, and Centennial Parkway North and QEW are highly affected. However, the 

pollution concentration at Hamilton downtown is fairly low. With south-west prevailing 

winds the pollution is moved out from the city center. Burlington Bay, Skyway Bridge 

and southern part of the Lake Ontario are mostly affected for this wind direction. Lastly, 

for the south-east wind direction, the Burlington Bay and areas near Waterdown are the 

most affected regions. In general, the S02 pollution is profound near the east and north

east part of the lower city compared to west part and the upper city. 

In addition to four wind direction-specific models a single model with all direction 

inclusive were estimated and presented in Table 3, Appendix B. It shows that the four 

wind direction-based model perform better than the aggregated model in terms of 

goodness-of-fit and variability to be explained. 

The research also validated the results with the observed pollution concentration 

oommea. ffomtfie-Mlffisrry of Erivrro:ru:nent (MOE), Dntano. Table- 5.13 snows obserVed 

and predicted concentration of S02 in the downtown area. 
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Table 5.13 Comparison of the predicted and observed pollution concentration for S02 

S02 Concentration Avera~e Min. Max. 

North-east Observed Downtown location 3.90 0 76 
Predicted Downtown location 4.97 
Predicted Hamilton CMA (whole) 1.14 1 14.84 

North-west Observed Downtown location 3.17 0 71 
Predicted Downtown location 6.31 
Predicted Hamilton CMA (whole) 5.94 4 24 

South-east Observed Downtown location 4.92 0 49 
Predicted Downtown location 7.17 
Predicted Hamilton CMA (whole) 14.53 5.37 31.14 

South-west Observed Downtown location 4.23 0 73 
Predicted Downtown location 6.47 
Predicted Hamilton CMA ~wholel 11.17 5.81 37.31 

Although the predicted values are close to the observed pollution concentration for the 

MOE downtown weather station for four major wind directions, it slightly overestimates 

ievei of concentration for all wind directions. Since this study mostly used observation 

data that are close to the sources (for example, steel industries), the estimated values are 

higher than the observed values. But the models provides a general sense of accuracy for 

all four wind directions. 
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6. CHAPTER SIX: CONCLUSIONS AND 

RECOMMENDATIONS 

6.1 Conclusion 

The research employs land use regression models to characterize the concentration of 

two air pollutants, N02 and S02, in the Hamilton CMA. It looks into the spatial 

relationship between urban air pollutants (N02 and S02) and surrounding land uses, 

transportation factors and major activities, with a special consideration of wind 

parameters, wind direction and wind speed. The research uses a land use regression 

approach and generates pollution surfaces that show the spatial patterns of N02 (which 

is marker of traffic related pollution) and S02 (which is a major industrial pollutants) for 

different wind directions. 

Since these air pollutants have significant impact on human health, it is very important 

to understand distribution of pollution over space. Although many studies used land 

use regression model to derive spatial distribution of pollutants, most of them ignored 

the effect of wind direction that might generate biases in the estimated pollution 

concentration. A key contribution of this research is that it explicitly incorporates wind 

-alrecnonsmto The· ihoclelshl addition tocommonifui5tifes us-ed in prevIous stuaTes. 

Four wind directions considered in this research are north-east, north-west, south-east 

and south-west for both pollutants. Separate models were run for each wind direction. 

The models were significant and the parameters of the variables used for model 

estimation are statistically significant at least at the 5% level of significance. 

The research also uses a unique dataset collected though a mobile field monitoring 

system, which represents pollution measurements at the one point in time at a given 

location as opposed averaged pollution concentrations used in many earlier studies. It 

provides a unique opportunity to include temporally varying explanatory variables 
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(such as wind speed and direction) into the models. In addition, spatial investigations of 

502 are rare in literature. This study attempts to characterize spatial distribution of this 

pollutant, which is a major problem in the Hamilton CMA. 

The results for N02 models suggest that proximity to the major roads and highways, 

total length of roads nearby, traffic volume, nearby park and commercial areas, distance 

to the lakeshore industries and wind speed have significant contribution to the 

concentration of the pollutants. The four N02 models for north-east, north-west, south

east and south-west wind directions explain 23.5%, 24.35%, 26.96% and 14.19% of the 

variability in the concentration level respectively, with statistically significant regression 

coefficients. The models reveal that there are variations in the concentration of the 

pollutant, depending on the location. In general, while proximity to the roads and 

highways and higher total length of roads nearby increases the concentration of N02, 

higher amount of nearby park areas and wind speed decreases the level of concentration 

of the pollutant. In terms of wind directions, for north-east wind, distance to major roads 

and highways, lakeshore industries, and wind speed has significant impact on the 

concentration level. While for the north-west direction, commercial area within 350 

meter, distance to QEW and Centennial Parkway North intersection contribute 

significantly to the concentration of N02, total length of the roads within 50 meter from 

t!te ob~eryaHon poin~_aIl(Ldisj:ance tQjh~ railwa-J[al'~significantl¥.asSQciated withlhe. 

concentration level in case of south-east wind direction model. In south-west wind 

direction model, the significance of a dummy variable indicates that the upper city has 

lower concentration of N02 compared to the lower city. 

In addition to proximity to the traffic-related attributes and other locational factors, the 

level of concentration is also varied by the prevailing direction of the wind. It is found 

that locations that are downwind to the potential sources are exposed to higher pollution 

compared to the upwind location points. As such, it is found that when the wind blows 

from the north-east, the lower city or areas around the CBD is mostly affected, whereas 

when the wind flows from south-west, the outer city is mainly affected. While south-east 
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wind carries the pollution to the Lake Ontario, the north-west wind pushes the pollution 

to the south-east part of the city. While the predicted average concentration of N02 for 

the Hamilton CMA is 5.92 ppb with a minimum 1ppb and maximum 54 ppb for the 

north-east wind direction, average concentration is 8.61 ppb for the north-west wind 

direction (min, 1.74 ppb and max, 57.91 ppb). On the other hand, average concentration 

of the pollutant is 9.86 ppb (min, 1 ppb and max, 33.71 ppb) for the south-east wind, and 

12.32 ppb for the south-west wind direction with minimum of 1.31 ppb and maximum of 

32.21 (see Table 4.13). 

The results are validated against observed pollution data at the downtown area. Since 

most of the observation points that are used in this study are near downtown and/ or 

lakeshore industries, it is expected that a downtown weather station monitoring data 

will provide a valid test for prediction accuracy. It is found that the models generate 

very close estimate of the pollution concentration at the downtown location in 

comparison to observed concentration. 

Since it is observed that distance from highway, distance from lakeshore industries, 

traffic volume, park area around the observation points and wind speed play an 

important role in increasing the concentration levels of N02, introducing the carpool 

policy, improving transit system and by encouraging the use of transit system as well as 

preserving the green areas might b-e useful tools to reduce the N02 pollution level. 

This research also investigates concentration level of S02, which is primarily an 

industrial emission and causes severe problems for the Hamilton CMA. Similar to N02, 

four regression models were estimated to observe the spatial pattern of the pollutant 

over Hamilton. The estimated models explains 34.43%, 35.55%, 33.46% and 33.07% 

variability for north-east, north-west, south-east and south-west wind directions 

respectively. 

Overall the results suggest that proximity to downwind locations from the industries, 

proximity to commercial and park areas, and proximity to the Bay Front Area playa role 
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to the concenrration of the pollutant. While downwind location with closeness to the 

indusmes increases the level of concenrration of 502, higher wind speed and proximity 

to the Bay Front Area reduces the level of pollution in general. All models provide a 

good model fit in terms of coefficient of determination (R2 ). Almost all parameters 

included in the models are statistically significant at least at the 5% level of significance. 

The estimated models are used to generate pollution surfaces for the Hamilton CMA. 

The spatial disrribution of 502 is mostly influenced by the location of steel and other 

indusrries. Particularly downwind locations from the lakeshore indusrrial core are 

exposed to high pollution levels. The results also reveal that the disrribution of 

concenrration is very much source-dependent for the pollutant 502 . Surfaces suggest 

that for south-west winds, the higher pollution occurs at the outer city compared to the 

inner city. On the other hand, when the wind direction is from south-east, the higher 

pollution is found near Lake Ontario and lakeshore areas. In generaC northern wind 

carries the pollution towards the city. If the wind blows from north-east, the lakeshore 

indusrries play crucial roles in this regard. Under such conditions mostly the downtown 

part of the city experiences heavier 502 pollution. When the wind flows from north-west, 

the south-east part, specifically the areas close to lakeshore indusrries, face intense 

pollution of 502. Overall, the models predicts that average concenrrations of 502 are 1.17 

ppp,S-,94 ppp, 14.53 a~d 11.17pPQJQcnQl'th-~fl~t _nQrth-w~_sj:~so_uth-east and south-west 

wind directions respectively for the Hamilton CMA. 

The predicted concenrrations are validated using Minisrry of Environment, Ontario data 

for a downtown weather station. The results show a reasonable accuracy for all four 

wind directions. Since distance from the steel indusrries, lakeshore indusrrial core, 

amount of park areas mostly influence the concenrration of 502, it might be useful to 

take mitigation measures, including reducing the use of coal-fired plants to reduce 502 

pollution problem. 
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6.2 Recommendations for future work: 

This research investigates concentration of two major pollutants N02 and S02. 

Particularly, it examines relationships between these pollutants with the land uses, 

transportation and other locational factors and meteorological conditions using a land 

use regression method. Following are the recommendations, which might be worth 

considering for future research: 

1. In addition to testing other explanatory variables (such as observed traffic count), 

this research can also be extended using rush-hour data and compare with these 

non-rush hour based estimated models. 

2. This research mostly used observations points near or around downtown areas 

and lakeshore industries, it will be better to estimate models using data that 

covers entire Hamilton CMA. 

3. Other methods of investigating spatial and temporal distribution of pollution 

concentration should be investigated, including dispersion modeling 

4. Finally, the results obtained from this study could be used for exposure studies 

and health impact assessments. 
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Table 1: A comprehensive list of variables tested in the regression analysis 

VARIABLE TYPE 

WSS67 Num 
STN29567WD1 Num 
COM50 Num 

GOV50 Num 

OPEN50 Num 
PARK50 Num 
RESSO Num 

IND50 Num 

WATER50 Num 
COMlOO Num 

GOVlOO Num 

OPENlOO Num 

PARKlO Num 

RESlOO Num 

INDI00 Num 

WATERlOO Num 
COM200 Num 

--- -

GOV200 Num 

OPEN200 Num 

PARK200 Num 

RES200 Num 

IND200 Num 

WATER200 Num 
COM300 Num 

GOV300 Num 

DEFINITION 

Wind Speed kmjhr 
Wind Direction 
Commercial land use area within 50 m buffer from the monitoring 
station (m2) 
Governmental land use area within 50 m buffer from the monitoring 
station (m2) 
Open land use area within 50 m buffer from the monitoring station (m2 ) 
Parks land use area within 50 m buffer from the monitoring station (m2) 
Residential land use area within 50 m buffer from the monitoring 
station. (m2) 
Industrial land use area within 50 m buffer from the monitoring station. 
(m2) 
Waterbody area within 50 m buffer from the monitoring station. (m2) 
Commercial land use area within 100 m buffer from the monitoring 
station. (m2) 
Governmental land use area within 100 m buffer from the monitoring 
station. (m2) 
Open land use area within 100 m buffer from the monitoring station. 
(m2) 

Parks land use area within 100 m buffer from the monitoring station 
(m2) 
Residential land use area within 100 m buffer from the monitoring 
station (m2) 
Industrial land use area within 100 m buffer from the monitoring station 
(m2) 
Waterbody area within 100 m buffer from the monitoring station 
~o~erciallan_<!~ls~ Cl1"~a withi,tll~Q m b1.lffer fr~Dl the mplutoring 
station (m2) 
Governmental land use area within 200 m buffer from the monitoring 
station (m2) 
Open land use area within 200 m buffer from the monitoring station 
(m2) 
Parks land use area within 200 m buffer from the monitoring station 
(m2) 
Residential land use area within 200 m buffer from the monitoring 
station. (m2) 
Industrial land use area within 200 m buffer from the monitoring station 
(m2) 
Waterbody area within 200 m buffer from the monitoring station (m2) 
Commercial land use area within 300 m buffer from the monitoring 
station (m2) 
Governmental land use area within 300 m buffer from the monitoring 
station (m2) 
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OPEN300 Num 

PARK300 Num 

RES300 Num 

IND300 Num 

WATER300 Num 
COM350 Num 

GOV350 Num 

OPEN350 Num 

PARK350 Num 

RES350 Num 

IND350 Num 

WATER350 Num 
I-llWY Num 
MJRD Num 
TRNLN Num 
ABDN Num 
PARK Num 
IND Num 
CBDHAM Num 
GASSTN Num 

-REGSHOP Num 
OLOCSHOP Num 
OSERV Num 
PARKING Num 
POPDENSITY Num 
HQEW Num 
H403 Num 
HLAP Num 
DTIND Num 
RDLSO Num 

RDLlOO Num 

RDL200 Num 

McMaster University-School of Geography and Earth Sciences 

Open land use area within 300 m buffer from the monitoring station 
(m2) 
Parks land use area within 300 m buffer from the monitoring station 
(m2) 
Residential land use area within 300 m buffer from the monitoring 
station. (m2) 
Industrial land use area within 300 m buffer from the monitoring station 
(m2) 
Waterbody area within 300 m buffer from the monitoring station (m2) 
Commercial land use area within 350 m buffer from the monitoring 
station (m2) 
Governmental land use area within 350 m buffer from the monitoring 
station (m2) 
Open land use area within 350 m buffer from the monitoring station 
(m2) 
Parks land use area within 350 m buffer from the monitoring station 
(m2) 
Residential land use area within 350 m buffer from the monitoring 
station (m2) 
Industrial land use area within 350 m buffer from the monitoring station 
(m2) 
Waterbody area within 350 m buffer from the monitoring station (m2) 
Proximity to highway (m) 
Proximity to major roads (m) 
Proximity to train line (m) 
Proximity to the Aberdeen rail station (m) 
Proximity to park (m) 
Proximity to industries (m) 
Proximity to CBD (m) 
Proximity to gas station (m) 

. Proxmuty 10 RegionarSnoji(m) . 
Proximity to other local shop (m) 
Proximity to other services (m) 
Proximity to parking lot (m) 
Population density 
Proximity to QEW (m) 
Proximity to Highway 403 (m) 
Proximity to Lincoln Alexander highway (m) 
Proximity to Downtown industrial core (m) 
Total lengths of the roads within 50 m buffer from the observation 
points (m) 
Total lengths of the roads within 100 m buffer from the observation 
points (m) 
Total lengths of the roads within 200 m buffer from the observation 
points (m) 
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Appendix B 

Table 2: Results of all wind-direction inclusive model for N02 

Variable Coefficient t statistics Pvalue 

Constant 3.60286 64.19 0.00 
WS567 -0.03439 -13.93 0.00 
DTIND -0.00005 -9.26 0.00 
RDL50 0.00091 5.82 0.00 
HIWY -0.00003 -2.36 0.02 
TRNLN -0.00008 -3.13 0.00 
DNE -0.13782 -2.65 0.01 
DNW -0.19661 -3.65 0.00 
DSW 0.00070 0.01 0.99 
AdjustedR2 0.187 

Table 2: Results of all wind-direction inclusive model for S02 

Variable Coefficient t-statistic Pvalue 

Constant 2.79885 50.118 0 

WS567 
-----

~3.714 0.0002 -0.01119 

DNW -0.85348 -9.748 0 

DSW -0.25009 -3.341 0.0008 

DNE 0.33616 3.538 0.0004 

INDDNE -0.00035 -3.078 0.0021 

INDDSW 0.00037 8.736 0 

INDDNW 0.00049 5.064 0 

CBDDNE -0.0001 -8.838 0 

HIWYDSW -0.00014 -4.97 0 

HIWYDNW -0.00017 -4.142 0 

PARK50 -0.00006 -3.271 0.0011 

AdjustedR2 0.2159 
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Figure 0.17: Distribution of the Residuals N02 (NE) 
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Figure 0.18: Distribution of the residuals of N02 (NW) 
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Figure: 0.19: Distribution of the Residuals of N02 (SE) 

-2.57 -2.09 -1.62 -1.14 -0.66 -0.18 0.29 0.77 1.25 1.73 2.20 

Residuals 

Figure 0.20: Distribution of the residuals N02 (SW) 
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Moran's 1= 0.0035 
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Figure 0.21: Moran's I Scatter plot, residual vs. spatial lag (N02, NE model) 
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Moran's 1= 0.0312 
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Figure 0.22: Moran's I Scatter plot, residual vs. spatial lag (N02, NW model) 
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Figure 0.23: Moran's I Scatter plot, residual vs. spatial lag (N02, SE model) 
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Moran's I= 0.0250 
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Figure 0.24: Moran's I Scatter plot, residual vs. spatial lag (N02, SW model) 
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Figure: 0.25 Distribution of residuals of S02 (NE) 
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Figure 0.26: Distribution of residuals of S02 (NW) 
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Figure 0.27 : Distribution of residuals of 502 (5E) 
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Figure 0.28 : Distribution of residuals of S02 (SW) 

135 



M.A. Thesis-F. Ferdous McMaster University-School of Geography and Earth Sciences 

Moran's 1= 0.0600 
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Figure 0.29 Moran's I Scatter plot, residual vs. spatial lag (S02, NE model) 
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Moran's 1= -0.0036 
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Figure 0.30: Moran's I Scatter plot, residual vs. spatial lag (S02, NW model) 
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Figure 0.31: Moran's I Scatter plot, residual vs. spatial lag (S02, SE model) 
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Moran's I= 0.0501 
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Figure 0.32: Moran's I Scatter plot, residual vs. spatial lag (S02, SW model) 
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