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ABSTRACT 

Long-range transport of ozone across geopolitical borders is a growing concern for 

attainment of ozone standards in North America and the world over. Accurate 

knowledge of the extent of long-range transport plays an important role in design of 

successful air pollution control strategies. This work is focused on quantification of 

transport of ozone and its precursors across the US-Canada border and establishment 

of source-receptor relationships for this region during the Summer of 2007. Different 

analytical methods implemented in a widely used air quality model allow 

comprehensive evaluation of contribution from various sources, local or regional, to 

the ozone metrics over the US-Canada border. Various sensitivity analyses are 

particularly useful for quantification of source-receptor impact matrices. It was 

consistently found in this study that during the summer 2007 American emissions had 

a significantly larger contribution to the surface ozone air pollution in Canadian 

border area than Canadian emissions to the US border area. We concluded that for 

certain areas of Canada contributions from American emissions were as high (peaking 

at 72 ppb at southern Ontario) as those from domestic sources, whereas Canadian 

emissions had smaller impact on the US ozone pollution (peaking at 42 ppb in 

northeast). Southern Ontario and northeast US were areas the most affected by cross-

border transport in Canada and the US during the episode, respectively. Urban centers 

particularly close to the border in each country had the largest contribution to the 

average ozone in US-Canada border area. And finally great deal of temporal 

variations was found in mass export of pollution in the border area during the episode. 

ii 



ACKNOWLEDGEMENT 

This work would not have been possible without support and encouragement of many 

people. I would like to express my deep and sincere gratitude to my supervisor, 

Professor Amir Hakami, for his guidance, support, and constructive comments 

throughout this work. I would specially like to thank him for his advices and 

motivations at crucial times. 

I am also grateful to Dr. Yongtao Hu (Georgia Institute of Technology) for his 

collaboration in data generation of this research. I warmly thank Dr. Shunliu Zhao, for 

his help. I would like to thank Susan Logie from linguistic department and Audrey 

Murray for their help in editing of this thesis. I would also like to acknowledge my 

colleagues, in our research team, Matthew Russell, Morteza Mesbah, and Farid Amid 

who have been tremendously helpful in various aspects of this work. 

I wish to extend my warmest thanks to all my friends at Civil and Environmental 

department for their help and to my family for their wonderful support along the way. 

And, of course, it would have been impossible for me to finish this work without their 

encouragements at my difficult moments. Finally, this research was financially 

supported by the Canadian Foundation for Climate and Atmospheric Science 

(CFCAS) and the National Science and Engineering Research Council (NSERC) of 

Canada. 

iii 



TABLE OF CONTENT 

LIST OF TABLES vn 

LIST OF FIGURES vm 

LIST OF ABBREVIATIONS xi 

LIST OF SYMBOLS xiv 

CHAPTER1: INTRODUCTION 1 

1.1 OVERVIEW l 

1.2 SCOPE OF THE WORK 3 

CHAPTER 2: OZONE AND ITS LONG-RANGE TRANSPORT 6 

2.1 OZONE GENERATION 6 

2.2 LONG-RANGE TRANSPORT 9 

2.3 LITERATURE REVIEW OF INTERCONTINENTAL TRANSPORT (ICT) 11 

2.3.1 INTERCONTINENTAL TRANSPORT FROM ASIA TO NORTH AMERICA 12 

2.3.2 INTERCONTINENTAL TRANSPORT FROM NORTH AMERICA TO EUROPE 14 

2.3.3 INTERCONTINENTAL TRANSPORT FROM EUROPE TO ASIA 15 

2.4 REGIONAL LONG-RANGE TRANSPORT OF OZONE 17 

2.5 INTERNATIONAL CONVENTIONS ON LONG-RANGE TRANSPORT OF OZONE 21 

2.5.1 UNECE's FIRST INTERNATIONAL AGREEMENT 21 

2.5.2 CANADA-UNITED STATES AIR QUALITY AGREEMENT 24 

2.6 US INTERSTATE AGREEMENTS 25 

2.6.1 CLEAN AIR INTERSTATE RULE (CAIR) 26 

CHAPTER 3: QUANTIFICATION OF SOURCE-RECEPTOR RELATIONSHIPS 28 

3.1 OVERVIEW 28 

3.2 STATISTICAL SOURCE APPORTIONMENT 29 

iv 



3.3 ANALYTICAL (MODEL-BASED) METHODS 30 

3.3.1 THE BRUTE-FORCE (BF) METHOD 34 

3.3.2 DECOUPLED DIRECT METHOD (DDM) 36 

3.3.3 ADJOINT (BACKWARD) METHOD 39 

3.3.4 COMPARISON OF VARIOUS METHODS 43 

CHAPTER 4: MODELING SIMULATION AND METHODS 45 

4 1 OVERVIEW 45 

4.2 MODELING DETAILS 47 

4.2.1 MODELING DOMAIN 47 

4.2.1.1 SOURCE REGIONS 48 

4.2.1.2 RECEPTORS 49 

4.2.2 THE CMAQ MODEL 49 

4.2.3 CMAQ INPUT GENERATION 53 

4.2 3.1 WRF MODEL 53 

4.2.3.2 MCIP MODEL 54 

4.2.3.3 SMOKE MODEL 54 

4.2.4 CMAQ PERFORMANCE EVALUATION 56 

4.2.4.1 OBSERVATION DATA 56 

4.2.4.2 OZONE PERFORMANCE EVALAUTION 58 

4.3 METHODOLOGY 62 

4.3.1 EMISSION ZERO-OUT 62 

4.3.2 ADJOINT SENSITIVITY ANALYSIS 64 

4.3.3 FLUX BOOKKEEPING 68 

CHAPTER 5: RESULTS AND DISCUSSION 70 

5 1 OVERVIEW 70 

v 



5.2 EMISSION ZERO-OUT 71 

5.2.1 IMPACT OF ANTHROPOGENIC EMISSIONS ZERO-OUT ON MAXIMUM 8H-AVERAGE 

OZONE 71 

5.2.2 IMPACTS OF ELIMINATION OF NOx EMISSIONS (FOREIGN vs. DOMESTIC) ON 

MAXIMUM 8H-AVERAGE OZONE IN EACH COUNTRY 76 

5.2.3 POLICY RELEVANT BACKGROUND (PRB) OZONE 78 

5.2.4 CROSS-BORDER IMPACT ON DAILY AVERAGE OZONE 81 

5.2.5 DISCUSSION OF EMISSIONS ZERO-OUT RESULTS 84 

5.3 MARGINAL EMISSION REDUCTION AND CROSS-BORDER TRANSPORT 92 

5.4 ADJOINT SENSITIVITY ANALYSIS 97 

5.5 FLUX BOOKKEEPING 102 

5 5.1 LONGITUDINAL AND LATITUDINAL EXPORT OF POLLUTION FLUX IN THE 

BORDER 102 

CHAPTER 6: CONCLUSIONS AND F U T U R E WORK 120 

REFERENCES 127 

APPENDIX A: A SIMPIFIED EXAMPLE OF APPLYING ADJOINT METHOD 135 

APPENDIX B: TERRAIN FOLLOWING HYDROSTATIC-PRESSURE VERTIVCAL-

COORDINATE IN METEOROLOGICAL MODEL 138 

vi 



LIST OF TABLES 

Table 4.1 CMAQ.4.5.1 Specifications 52 

Table 4.2 Model performance evaluation statistics 57 

Table 4.3 Ozone performance statistics for the duration of episode in Canada and 

the US 59 

Table 5.1 Means and standard deviations for probability distribution of ozone 

concentration in Canada when different scenarios were applied 85 

Table 5.2 Means and standard deviations for probability distribution of ozone 

concentration in the US when different scenarios were applied 86 

vii 



LIST OF FIGURES 

Figure 2.1Typical ozone isopleths used in EPA's EKMA 7 

Figure 2. 2 Fifty-one countries that are party to the convention 22 

Figure 2.3 Pollutant Emission Management Area in Canada and in the US 24 

Figure 2.4 The area in the US, which is covered by CAIR 26 

Figure 3.1 Schematic of Brute-Force Method and DDM sensitivity coefficient 38 

Figure 4.1 Simulation domain with a 36 km horizontal resolution 48 

Figure 4.2 (a) Canadian emission region and (b) US source region for zero-out 
scenarios 48 

Figure 4.3 Receptor areas in (a) Canada and (b) the US 49 

Figure 4.4 CMAQ and CMAQ-ADJ components, CCTM and preprocessors 51 

Figure 4.5 Time series of observed (red line) and simulated (blue) maximum 8h-
average ozone at three observation sites in the US 61 

Figure 4.6 Time series of observed (red) and simulated (blue) maximum 8h-average 
ozone at three observation sites in Canada 62 

Figure 4.7 Schematic of Jacobian and adjoint matrices and their relationship 66 

Figure 4.8 Latitudinal and longitudinal transport of pollution across the Canada-US 
border 68 

Figure 4.9 The mass export/import calculation schematic in the border area, between 
Canada and US in both south-north and west-east directions 69 

Figure 5.1 Maximum 8h-averge ozone in the receptor area of Canada, a) in base-case 
scenario b) in the absence of American anthropogenic emissions 72 

Figure 5.2. Reduction in maximum 8h-average ozone in the receptor area of Canada 
due to the removal of American emissions 73 

Figure 5.3 Maximum 8h-average ozone in the receptor area of the US a) base-case b) 
in the absence of Canadian anthropogenic emissions 74 

Figure 5.4 Reduction in maximum 8h-average ozone in the US receptor area due to 
the removal of Canadian emissions 75 

Figure 5.5 Reductin in maximum 8h-average ozone in a) Canada and b) United 
States due to elimination of domestic emissions 76 

Figure 5.6 Reduction in maximum 8h-average ozone in Canada due to elimination of 
American NOx emisisons 77 

Figure 5.7 Reduction in maximum 8h-average ozone in the US due to removal of 
Canadian NOx emissions 78 

viii 



Figure 5.8 Maximum 8h-average ozone in a) Canada b) the United States in the 
absence of North American anthropogenic emissions (PRB) 79 

Figure 5.9 Reduction in maximum 8h-average ozone in a) Canada b) the United 
States due to elimination of North American anthropogenic emissions 80 

Figure 5.10 Reduction in daily average ozone in the receptor areas of Canada due to 
the absence of American emissions 82 

Figure 5.11 Reduction in daily average ozone in receptor areas of the US due to the 
absence of Canadian emissions 82 

Figure 5.12 Reduction in daily average ozone in a) the receptor area of Canada b) in 
the receptor area of US due to the elimination of domestic emissions 83 

Figure 5.13 Probability distribution of hourly ozone concentration in all grid cells in 
the receptor area of Canada, when different scenarios were applied 85 

Figure 5.14 Probability distribution of hourly ozone concentration in all grid cells in 
the receptor area of the US, when different scenarios were applied 86 

Figure 5.15 Cumulative Distribution Function (CDF) of zero-out impact of American 
and Canadian emissions on hourly ozone concentration in Canada 87 

Figure 5.16 Cumulative Distribution Function of zero-out impact of Canada (in red) 
and zero-out impact of US (in blue) on hourly ozone concentration in the US 88 

Figure 5.17 Changes in maximum 8h-average ozone in the receptor area of Canada 
resulting from 100% reduction of American emissions plotted as a function of 
maximum 8h-average ozone 90 

Figure 5.18 Changes in maximum 8h-average ozone concentration in the US 
resulting from 100% reduction of Canadian emissions (zero-out) plotted as a 
function of maximum 8h-average ozoneconcentration 91 

Figure 5.19 Response of maximum 8h-average ozone in Canada due to reduction of 
American emissions (10% and 100% perturbations), spatial plots 93 

Figure 5.20 Response of maximum 8h-average ozone in Canada due to reduction of 
American emissions (10% and 100% perturbations), spatial plots 94 

Figure 5.21 Responses of maximum 8h-average ozone in the receptor area of Canada 
to perturbations in American emissions (10% , and 100%), scatter plot 95 

Figure 5.22 Response of maximum 8h-average ozone in the receptor area of the US 
to perturbations in Canadian emissions (10% and 100%),scatter plot 96 

Figure 5.23 Sensitivities of average ozone (integrated in receptor area of Canada) 
with respect to NOx emissions in each grid cell in the Continental US 98 

Figure 5.24 Sensitivities of average ozone (integrated in the receptor area of the US) 
with respect to the NOx emissions in each grid cell in Canada 101 

Figure 5.25 Latitudinal mass export (tonnes) of different pollutants in the 
troposphere during the summer 2007 105 

Figure 5.26 Longitudinal mass export (tonnes) of different pollutants in the 
troposphere during the summer 2007 108 

Figure 5.27 Summer time series of mass of a) Ozone b) NOx c) VOCs exported 
across the border in longitudinal and latitudinal directions 112 

IX 



Figure 5.28 Latitudinal export of different pollutants in the layer and in the free 
troposphere during the summer of 2007 115 

Figure 5.29 Longitudinal export of different pollutants in boundary layer and in the 
free troposphere during the summer of 2007 119 

Figure B.l Terrain following (n-coordinate) vertical layers in the meteorological 
model 138 

x 



LIST OF ABBREVIATIONS 

ADE 

AQM 

AQS 

BAT 

BCON 

BF 

CAA 

CAIR 

CCTM 

CLTRAP 

CMAQ 

CMB 

CPU 

CTM 

CWS 

DDM-3D 

DLR 

EKMA 

GCM 

GRIB 

Atmospheric Diffusion Equation 

Air Quality Model 

Air Quality System 

Best Available Technique 

Boundary Condition Preprocessor 

Brute-Force 

Clean Air Act 

Clean Air Interstate Rule 

CMAQ Chemical Transport Model 

Convention on Long-range Trans-boundary Air Pollution 

Community Multiscale Air Quality model 

Chemical Mass Balance 

Central Processing Unit 

Chemical Transport Model 

Canada-Wide Standards 

Decoupled Direct Method in Three Dimensions 

Deutsches Zentrumfur Luft- und Raumfahn 

Empirical Kinetic Modeling Approach 

General Circulation Model 

Gridded Binary 

xi 



HDDM 

ICARTT 

ICON 

ICT 

ITCT 

MCIP 

MFB 

MFE 

MNB 

MNE 

MPI 

MPICH 

NAAQS 

NAPS 

NH 

OTC 

PBL 

PEACE-B 

PEMA 

PRB 

SAPRC 

SIP 

SMOKE 

TF HTAP 

High-order Decoupled Direct Method 

International Consortium for Atmospheric Research on Transport 
and Transformation 

Initial Condition Preprocessor 

Intercontinental Transport 

Intercontinental Transport and Chemical 
Transformation 

Meteorology Chemistry Interface Processor 

Mean Fractional Bias 

Mean Fractional Error 

Mean Normalized Bias 

Mean Normalized Error 

Message Passing Interface 

Message Passing Interface Chameleon 

National Ambient Air Quality Standards 

National Air Pollution Surveillance 

Northern Hemisphere 

Ozone Transport Commission 

Planetary Boundary Layer 

Pacific Exploration of Asian Continental Emission-B 

Pollutant Emission Management Area 

Policy Relevant Background 

Statewide Air Pollution Research Center 

State Implementation Plan 

Sparse Matrix Operator and Kernel Emissions 

Task Force on Hemispheric Transport of Air pollution 

xn 



TLM Tangent Linear Model 

UNECE United Nation Economic Commission for Europe 

US EPA United States Environmental Protection Agency 

VMT Vehicle Miles Travelled 

VOC Volatile Organic Compound 

NMVOC Non Methane Volatile Organic Carbon 

WCB Warm Conveyor Belt 

xiii 



LIST OF SYMBOLS 

c, 
m, 

u 

K 

R, 

E, 

Pj 

£ j 

s* 

concentration of species i 

observed concentration of species i 

three-dimensional wind field 

turbulent diffusivity tensor 

chemical reaction rate of species i 

emission rate of species i 

model parameter or input 

scaling factor 

semi-normalized sensitivity of spec 
emissions of species j 

E, unperturbed emission rate 

(p, adjoint forcing term 

A vector of the adjoint variables 

N numerical operator 

N tangent linear operator 

N* transpose of tangent linear operator 

% solution operator for transport 

(h chemistry operator 

At time interval used in numerical operation 

Ax length of the grid cells 

Ay width of the grid cells 

8 perturbations, small changes 

G' Jacobian matrix 

xiv 



G * transpose of Jacobian matrix 

G, the /th row vector in the Jacobian matrix 

G,T the 1th row of transpose of Jacobian matrix 

O output vector 

/ input vector 

S local function of concentration 

J cost function, scalar function of concentration 

ZF height of middle of vertical layers 

ZH height of top of vertical layers 

Ux longitudinal component of the wind 

Uy latitudinal component of the wind 

M molecular weight of species 

P density of the air 

w specific spatial coordinate 

k time step 

xv 



Chapterl: Introduction 

1.1 Overview 

Adverse health effects of ground-level ozone have been proven by several exposure 

and epidemiological studies. Short-term exposures to high concentrations of ozone is 

correlated with adverse health effects including aggravated asthma symptoms, and 

increased emergency room visits and hospitalizations [Bell et al, 2000; Levy et ah, 

2005]. Long-term exposure to low concentrations of ozone also can reduce lung 

functions. Ground-level ozone is also harmful to the environment. It is damaging to 

vegetation and reduces the crops production yields [WHO, 2008]. 

In order to protect public health and the environment, air quality policy makers and 

managers are tasked with promulgating and maintaining ozone air quality standards. 

Air quality standards state maximum allowable levels for ambient ozone 

concentrations. For example, the Canada-Wide Standards (CWS) stipulate the 

maximum allowable level as 65 ppb (8h-average) in Canada [Environment Canada, 

2000]. Similarly, National Ambient Air Quality Standards (NAAQS) are set by the 

United States Environmental Protection Agency (US EPA) as maximum allowable 



2 

ground-level ozone concentrations across the US [US EPA, 2008]. In 1997, the 

NAAQS were set to 80 ppb (8h-average), in 2008 these standards became more 

stringent at 75 ppb, and more recently, NAAQS have been changed to a value (to be 

determined) in the range of 60-70 ppb [CRS, 2010]. 

As the ozone standards have become more stringent, design of effective control 

strategies to achieve and maintain those standards have become more difficult. 

Historically, ozone has been addressed as a local pollutant. This local approach to the 

smog (ozone) problem is still followed to some extent, but in the last two decades, 

regulators have begun to look at ozone as a regional pollutant. Today, long-range 

transport of ozone and its precursors across geopolitical boundaries has become a 

growing concern for ozone standard attainment. The long-range transport of ozone 

and its precursors far from their origins contributes to violations of ozone standards in 

downwind regions and creates more challenges for these regions to meet their air 

quality targets. 

In North America, new and stricter air quality standards have shifted the focus to 

long-range transport of ozone and its precursors across the US-Canada border. The 

US-Canada border area is highly industrialized and densely populated. The air quality 

of the border areas in each country can be significantly affected by cross-border 

pollution exported from the neighboring country. Therefore, large populations can be 

exposed to poor air quality over which the local policies have no control or 

jurisdiction. Accordingly, it is essential to quantify the magnitude and the spatial 

extent of this non-local pollution. 
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In May 2000, to address the cross-border transport of ozone, the governments of 

Canada and the United Sates entered into an agreement, which commits both 

countries to reducing their emissions [Environment Canada, 2010]. To design and 

implement effective emission reductions strategies in this area, quantitative analyses 

of ozone responses to the reduction of precursor emissions from local and upwind 

sources are required. For a secondary pollutant such as ozone, calculation of 

responses to emission reduction (ozone sensitivity coefficients) is not easily achieved. 

Chemical Transport Models (CTMs) equipped with sensitivity analyses extensions are 

the most potent tools for such quantifications and examination of the efficiency of 

emission reduction strategies. Over the past two decades, several studies have used 

chemical transport models to calculate the long-range transport of ozone and its 

precursors on a hemispheric and intercontinental scale. However, few studies have 

paid attention to intra-continental and regional transport of ozone between countries 

or among states/provinces. Recently, the near-field (cross-border) international 

influences on surface ozone concentrations in the Unites States have been investigated 

[Wang et al, 2009]. Given the outcomes of this US-oriented investigation, the 

incentive for this research is to compare the impact of cross-border emissions on 

surface ozone concentrations in the border area of both Canada and the US. This work 

will also attempt to address the issue of cross-border transport from various 

perspectives using complementary approaches. 

1.2 Scope of the work 

The aim of this work is to quantitatively evaluate transport of ozone and its precursors 

across US-Canada border. This quantification includes employing several methods 



4 

that provide different perspectives to answer the overall question of cross-border 

transport. This comprehensive analysis is intended to result in establishment of more 

robust regional source-receptor relationships that are currently available. The source-

receptor relationship matrices indicate the contributions of local and regional emission 

sources to the surface ozone air quality of the border area in each country. The model-

based approaches used in this study are divided into three main categories: source-

based sensitivity analysis, receptor-based sensitivity analysis, and geographical flux 

bookkeeping. Each method is a distinct approach, and provides a unique perspective 

in quantification of long-range transport. The magnitude and spatial extent of surface 

ozone enhancement in the border area of each country are calculated using source-

based sensitivity analyses. Contributions of individual sources to the surface ozone 

concentrations in the border area of each country are quantified using receptor-based 

(backward or adjoint) sensitivity analysis. The geographical flux bookkeeping is used 

to maintain the budget of export and import of pollution flux across the border. The 

results of various approaches are not compared with each other because each method 

answers the overall question differently. A widely used and thoroughly evaluated 

regional scale chemical transport model (the US EPA's Community Multiscale Air 

Quality, CMAQ), with a finer spatial gridding than that allowed in global models, is 

used in this study. 

The thesis consists of 6 chapters including this short introduction. In the literature 

review, ozone and the nonlinear chemistry governing it and its precursors will be 

introduced and available literature on long-range transport of ozone on 

intercontinental and regional scales will be reviewed. The chapter also discusses the 

international and interstate agreements on long-range transport of ozone. In Chapter 3, 
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the widely used analytical (model-based) methods in long-range transport studies over 

the last decade, and their strength and weaknesses will be reviewed. In Chapter 4, 

various methodologies used in this thesis, including the sensitivity analyses (forward 

and backward) and the geographical flux bookkeeping approach will be described. 

The perspectives, approaches, advantages and disadvantages of each method will also 

be reviewed. In Chapter 5, the results will be presented. Finally, a summary of main 

findings in this research and suggestions for future research will be given in the last 

chapter. 
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Chapter 2: Ozone and its Long-Range Transport 

2.1 Ozone Generation 

Tropospheric ozone is a secondary pollutant, i.e., it is generated through a set of 

complex photochemical reactions occurring simultaneously in the atmosphere 

involving NOx and VOCs [NRC, 1991]. Ozone concentration shows strong nonlinear 

response with respect to reduction of its precursor emissions, particularly NOx. This 

nonlinear response is best illustrated in the form of ozone isopleths (contour lines of 

constant values) (Figure 2.1). The location of a point on a particular isopleth is 

defined by the ratio of the VOC and NOx coordinates of the point, referred to as the 

VOC/NOx ratio. The VOC/NOx ratio is important in the behavior of the VOC-NOx-03 

system and affects ozone responses to the reduction of NOx and VOC emissions 

[NRC, 1991]. A diagonal area from the lower left to the upper right corner of the 

graph (with a nearly constant VOC/NOx, typically between 4 and 15 depending on the 

VOC mixture and environmental conditions) is referred to as the ozone ridge where 

the maximum ozone generation can be expected. 
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Figure 2.1 Typical ozone isopleths used in EPA's Empirical Kinetic Modeling 
Approach (EKMA). The NOs-limited region is typical of rural areas, whereas the VOC-

limited region is typical of highly polluted urban areas [Dodge. M. C, 1977] 

The VOC/NOx ratio to the right of the ridge line, referred to as NOx-limited regime, 

has typical characteristics of rural areas. In rural areas, VOC/NOx ratio is high, as 

those are often located far away from NOx emission sources and also saturated by 

natural VOCs emissions from trees and vegetation (biogenic emissions). Reducing the 

NOx concentration in these areas either at constant VOC concentrations or with 

decreasing VOCs contributes to the lower peak ozone concentrations. In other words, 

in NOx-limited areas, ozone concentrations have a positive sensitivity to NOx 

emissions. The low VOC/NOx ratio to the left of the ridge line is typical of urban 

areas and city centers. This region is called VOC-limited, NOx-inhibited, or radical-

limited. In urban areas, the VOC/NOx ratio is low due to the high NOx emissions from 

stationary and mobile sources. In NOx-inhibited areas, lowering NOx 

emissions/concentrations contributes to increased peak ozone concentrations until a 

shift to the ridge region is made. This negative sensitivity of ozone to NOx emissions 

results from complex chemistry involved in the generation of ozone from NOx and 



8 

VOCs. Some of the important reactions that affect the ozone generation are as 

follows: 

N02+ 0 2 —^-> NO+O3 (2-1) 

O3+NO >N02+02 (2-2) 

0 3 *" >0(1D)+02 (2-3) 

0(1D)+H20 >20H (2-4) 

OH+RH+O2 >R02+H20 (2-5) 

R02 +NO > N0 2 + RO (2-6) 

OH+N02 >HN03 (2-7) 

The main tropospheric source of ozone during the day is reaction (2-6) where NO is 

converted to N0 2 without loss of ozone (unlike reaction 2-2). Ozone also titrates NO 

in reaction (2-2) which happens at night while during the day N0 2 is photolyzed back 

to NO (2-1). For effective production of ozone, availability of radicals (OH, H02, 

R02) is essential. However, NOx and VOCs (or RH above) compete for reaction with 

radicals (reactions 2-5 and 2-7). While VOC reaction with radicals propagates ozone 

production through NO to N02 conversion, reaction of NOx with radicals removes 

them from the atmosphere in the form of nitric acid. In NOx-limited areas, reaction 2-

5 is more important. In NOx-inhibited areas, relatively high concentrations of NOx 

scavenge the OH radicals as reaction (2-7) becomes more important in competition 

for OH. Therefore, in the NOx-inhibited regime, when NOx is decreased, more OH 

radicals will be available for R02 production and NO-to-N02 conversion, hence 

higher ozone generation. More detailed discussion about atmospheric chemistry is 

beyond the scope of this work and can be found elsewhere [NRC, 1991]. 
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Ozone isopleths provide quantitative information about the relationship between 

ozone concentrations and VOCs and NOx emissions. These isopleths, however, are 

specific to each location and time. Therefore calculation of a location and time-

specific ozone isopleth is usually a very difficult task [Hakami et al, 2004]. For 

ozone abatement in a particular region, precursor emission sources should be clearly 

identified and the relationship between ozone and its precursors should be 

quantitatively evaluated. The first-order ozone sensitivity coefficients, i.e. derivative 

of ozone concentration with respect to the variations of NOx (c{03 ydENOx ) or 

VOC (d[03 ]/dEVOCs) emissions, are usually used to examine the response of ozone 

concentration to the reduction in its precursors [Yang et al, 1997; Hakami et al, 

2003; Hakami et al, 2004; Cohan et al, 2005, Jin et al, 2008]. In Chapter 3, various 

analytical methods for quantification of ozone sensitivity coefficients with respect to 

precursor emissions will be discussed. 

2.2 Long-Range Transport 

Resistance to decomposition and physical removal, or atmospheric lifetime, is a 

determining factor in long-range transport of pollutants. Ozone has a shorter lifetime 

in the lower layer of troposphere (boundary layer), whereas it remains for a long time 

in the upper layer of troposphere (free troposphere). Long-range transport of ozone 

might be due to transport of ozone precursors (NOx and VOCs) or generated ozone in 

the source region. However, the long-range transport of ozone's precursors does not 

occur as significantly as ozone itself. NOx (particularly N02), which is a major 

precursor of ozone, has a short lifetime (few hours to 1-2 days depending on altitude). 

Having a short lifetime, only a small percentage of NOx is lifted into the free 

troposphere, (where it has a longer lifetime), and, therefore, long-range transport of 
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NOx mainly occurs in the boundary layer and in short ranges (between countries or 

states/provinces). 

The planetary boundary layer (PBL) is the lowest layer of the troposphere (2-3 Km 

from the ground), and its behavior is dictated by the planetary surface. In the PBL, 

vertical mixing and turbulence are high due to friction from the earth's surface and 

convective heating of air close to the surface resulting from the daytime sunlight [TF 

HTAP, 2007]. Pollutants are removed in the PBL by chemical transformation, 

scavenging, and wet and dry deposition. Ozone has a short lifetime (few days) in the 

boundary layer which allows it to be transported only on a regional scale (among 

countries or states/provinces) [Fiore et al, 2002]. The regional long-range transport 

of ozone and its precursors mainly occurs in a residual layer of the PBL, which is 

normally formed during the transition between day and night. Formation of the 

residual layer is due to the variability in PBL's thickness during day and night or 

passage of cold and warm air masses. The height of the PBL reaches its maximum 

during the day and in warm days while it decreases to a minimum at night and in cold 

days. Long-range transport of pollutants in the residual layer occurs slowly, as the 

wind speed is low close to the surface [TF HTAP, 2007]. Ozone has a long lifetime 

(several weeks with the average 22 days) in the free troposphere which results in its 

intercontinental transport [Wang et al 1998; Fiore et al, 2002, West et al, 2009]. In 

the free troposphere, long-lived pollutants are transported rapidly by strong winds on 

a hemispheric scale. The typical continental transport time in the free troposphere is 

between 5 to 10 days [TF HTAP, 2007]. 
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The mid-latitude region (30°-60° Northern Hemisphere) is well-known for 

experiencing substantial intercontinental transport. The dominant vertical circulation 

regimes in the mid-latitude region are deep convection during the summer and mid-

latitude cyclone for the rest of the year. The deep convective process and mid-latitude 

cyclones both lift the pollutants into the free troposphere. Deep convection winds are 

generated when there is a temperature gradient between the earth's surface and the air. 

This unstable condition results in upward movement of polluted air from the boundary 

layer to the upper troposphere empowered by adiabatic cooling and condensation of 

available moisture in the air [TF HTAP, 2007]. Mid-latitude cyclones consist of four 

main streams. The warm conveyor belt (WCB) is the most important for vertical 

transport of pollutants from the boundary layer into the free troposphere. Due to the 

coriolis force acting on moving masses of air, winds in the mid-latitude troposphere 

generally have a westerly component as they travel northward (in the northern 

hemisphere) from subtropical high pressure to sub-polar low pressure regions. These 

general wind patterns in mid-latitudes (i.e., the Ferrell cell) are referred to as 

geostrophic winds. Hemispheric transport of pollutants from Asia to North America 

occurs mainly in the mid-latitude region because of the location of Asia with respect 

to the mid-latitude cyclones and westerlies. These general transport patterns play a 

significant role in both intercontinental and regional transport of ozone and its 

precursors. 

2.3 Literature Review of Intercontinental Transport (ICT) 

The background ozone concentration is defined as an ozone concentration that would 

exist in a region, in the absence of local anthropogenic emissions. The natural 

component of background ozone results from natural precursors, NOx emission from 

soil and lightning, and biogenic emissions from vegetation. There is also an 
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anthropogenic component of the background concentration which is due to the 

transport of emissions from upwind emission sources [Fiore et al, 2002]. Policy 

Relevant Background (PRB) ozone was defined by the US EPA in 2006 as a surface 

ozone concentration that would exist in the US in the absence of anthropogenic 

emissions from North America (the US, Canada, and Mexico) [US EPA, 2006]. Even 

though the PRB is defined by the US EPA, it is continental and lumps emissions from 

Canada, Mexico, and the United States. The PRB represents the portion of ozone 

which is not generated by anthropogenic emissions of domestic sources in North 

America. PRB ozone is important in regulatory policymaking as it shows the 

maximum jurisdictional ozone abatement potential, and the associated benefits 

resulting from reduction of North American anthropogenic emissions. 

The long-range transport of ozone has been observed by surface, satellite, and aircraft 

measurements as well as model simulations [TF HTAP, 2007]. Several studies have 

investigated intercontinental transport of ozone. A review of these studies is given in 

the following subsections. 

2.3.1 Intercontinental Transport from Asia to North America 

Recently, it has been suggested that background ozone is enhanced over continental 

United Sates due to the rapid industrialization and increase in fossil fuel emissions in 

developing countries in Asia. Such an enhancement in the background ozone 

concentrations increases the challenge for air quality managers to achieve and 

maintain the ozone standards in Canada and in the US. It has been shown that ozone 

background concentrations have a contribution of 30-40 ppb in 3% and 25 ppb in 9% 

of ozone violation events in the US (above NAAQS) [Fiore et al, 2002]. Increase in 

background ozone concentration in the United States has been subject of many 
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investigations [Liang et al, 1998, Jacob et al, 1999, Fiore et al, 2002; Hudman et 

al, 2004]. Over the past two decades several studies have used global chemical 

transport models to calculate the contribution of various upwind emission sources to 

the background ozone concentration over the continental US. Liang et al. (1998) 

calculated the background ozone concentration over the United States, ranged from 

20-40 ppb, due to upwind emissions transported to the continent. They quantified the 

ozone background concentration using a global-scale model, with horizontal 

resolution of 40*5° and 9 vertical layers. Jacob et al. (1999) also quantified the 

impacts of increased anthropogenic emissions in Asia on ozone concentration across 

the United States. They employed sensitivity analysis in the Harvard-GISS global 

model with a horizontal resolution of 4°x5° and 9 vertical layers. They predicted a 

monthly mean ozone concentration increase of 2-6 ppbv in the western United States 

and 1-3 ppbv in the eastern United States as a result of a tripling of Asian 

anthropogenic emissions from 1985 to 2010. Recently, Fiore et al., (2002) based on 

observation data, reported that a significant portion of the surface ozone over the 

United States, ranging from 20 to 45 ppb in summer, is a background transported 

from outside the North American boundary layer. They have used the GEOS-Chem 

chemical transport model to interpret ozone observations in North America and 

demonstrated that background ozone produced outside of the North American 

boundary layer contributed an average 25-35 ppbv to surface ozone concentrations in 

the western United States and 15-30 ppbv in the eastern United States during the 

summer of 1995. 

In addition to simulation studies, there are also measurements (aircraft and surface 

level observations) to suggest the long-range transport of pollution from 
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intercontinental sources into North America. For example, Hudman et al., (2004) 

found substantial evidence in surface and aircraft observations to suggest that 

pollution plumes transported from Asia have a sizable impact on background ozone 

concentrations in the US. The aircraft data were retrieved from the ITCT 2K2 

campaign (Intercontinental Transport and Chemical Transformation 2002, off the 

California coast) and the PEACE-B campaign (Pacific Exploration of Asian 

Continental Emission-B, over the northwest Pacific). They used the global-scale 

model, GEOS-Chem (horizontal resolution of 2°x2.5°) to interpret the data and 

demonstrated the ozone generation efficiency of the Asian plume. They predicted a 

mean enhancement of 7 ppb in California, when ozone concentration exceeded 80 

ppb, partly due to transport of Asian emissions. They concluded that Asian pollution 

could contribute significantly to the ozone nonattainment in the United States. 

2.3.2 Intercontinental Transport from North America to Europe 

The majority of investigations on ICT have focused on hemispheric transport of 

pollution from Asia to North America. In mid-latitudes, hemispheric transport of 

pollutants also occurs from North America to Europe and from Europe to Asia. The 

hemispheric transport of ozone from North America to Europe has been studied in 

several investigations [Stohl and Trickl, 1999; Lie et al, 2002, Stohl et al, 2003a, 

Hudman et al, 2009]. Stohl and Trickl (1999) studied ozone transport from the eastern 

North American boundary layer to Europe resulting from ozone being uplifted in a 

warm conveyor belt (WCB) over the Atlantic Ocean. They found that aircraft 

measurements of ozone and water vapor over Atlantic Ocean by MOZAIC program in 

May 1997 supported such transport. They also carried out two trajectory model 

simulations using the Lagrangian model FLEXTRA and the particle dispersion model 

FLEXPART. They predicted the transport of parcels of air with a high O3 mixing 
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ratio from North America to the upper troposphere over Europe, with satisfactory 

consistency between model simulation and observation (ozone and water vapor). Li et 

al. (2002) predicted, using the global model GEOS-Chem, that the anthropogenic 

emissions from North America enhance ozone in continental Europe by 2-4 ppbv and 

accounted for 20% of ozone violation events (European Community ozone standards 

violations) in Europe in Summer of 1997. Stohl et al., (2003) also described modeling 

efforts with a Lagrangian particle dispersion model, FLEXPART, to interpret aircraft 

measurement data during an aircraft measurement campaign over Europe. The North 

American plumes were measured on the 19 and 27 of November 2001 by DLR 

(Deutsches Zentrumfur Luft- und Raumfahn) research aircraft Falcon for different 

tracer species (e.g., ozone). For both plumes, they reported that the majority of 

emission sources, contributing to the tracer concentration at the receptor, were located 

in North America. Recently, Hudman et al. (2009) used a global 3-D model (GEOS-

Chem) to interpret the aircraft data from ICARTT (International Consortium for 

Atmospheric Research on Transport and Transformation) campaign over eastern 

North America in the summer of 2004. They calculated the influences of North 

American emission sources on global tropospheric ozone by conducting brute-force 

sensitivity analysis. They demonstrated that North American NOx emissions reported 

by ICARTT contributed to 12.4% (21.9 Tg) of the summertime northern hemispheric 

concentrations of tropospheric ozone during the summer of 2004. 

2.3.3 Intercontinental Transport from Europe to Asia 

Hemispheric transport from Europe to Asia has been the subject of few studies 

[Duncan and Bey, 2004, Pochanart et al, 2003]. Duncan and Bey (2004) conducted 

simulation studies with GEOS-Chem to investigate the pollution export pathways 

from Europe during 1987-1997. Pochanart et al., (2003) explored the impact of 
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European pollution export to the remote atmosphere of Siberia using (O3 and CO) 

data from observation sites in Central Eastern Siberia followed by trajectory analysis 

for the 1997-1998. Their results demonstrated that continental background O3 and CO 

levels in Siberia are influenced by European Emissions. They found higher mixing 

ratios of O3 and CO in the air masses transported from Europe compared to those 

originated from Siberia. 

Recently, intercontinental source-receptor relationships have been established 

between multiple continents in modeling studies. Fiore et al., (2009) calculated the 

intercontinental transport of ozone among North America, Asia and Europe using 21 

global chemical transport models. The horizontal resolution of their study ranged 

from 5°x5° to l°xl°. The source-receptor pairs among four main regions (East Asia, 

Europe and northern Africa, North America, and south Asia) were established by 

perturbing the source region by 20% and quantifying the impacts on receptor region. 

Similarly, Wu et al., (2009) investigated the intercontinental transport of ozone 

between North America, Asia, and Europe. They found a strong contribution from 

North America to the ozone pollution of Europe. Their study also addressed the 

nonlinearity of ozone response to the reduction of emissions of its precursors. To 

investigate the chemical nonlinearity between global ozone concentration and the 

anthropogenic emissions of NOx and non methane volatile organic carbon (NMVOC), 

they quantified the ozone response to different perturbations of the source continent 

(20% and 100%). They concluded that for any source-receptor pair, a response of 

ozone is strongly nonlinear to the magnitude of reduction of NOx emission. In other 

words, sensitivity results could not be readily extrapolated from 20% perturbation to 

100% or vice versa. More recently, West et al. (2009) established comprehensive 
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source-receptor relationships among 9 world regions in the ozone season and 

examined the impacts of long-range transport of ozone and its precursors in air quality 

of each of these 9 regions. They quantified the impacts of a 10% reduction in 

anthropogenic NOx emissions from each of the regions on the surface ozone air 

quality of that region and the others. They concluded that the strongest 

intercontinental transport among the 9 world regions occur from Europe to Russia, 

from East Asia to Southeast Asia, and from Europe to Africa. For all other regions the 

influences of upwind NOx emissions are insignificant compared to that of domestic 

emissions. 

2.4 Regional Long-Range Transport of Ozone 

As discussed earlier, long-range transport of ozone also occurs on a regional scale in 

the boundary layer and in the free troposphere. Regional transport of ozone and its 

precursors impact surface ozone air quality in downwind areas of neighboring 

countries, states or provinces, and results in more difficulty for downwind areas to 

meet their ozone standards. Effective regional policies control upwind emission 

sources (foreign sources) as well as local sources in the region. Fewer studies have 

paid attention to the regional, intra-continental, transport of ozone [Hakami et al., 

2006, Bergin et al, 2007, Tong and Mauzerall, 2008, Wang et al, 2009]. 

Wang et al., (2009) studied the transport of pollution from Canada and Mexico and 

outside of North America to the United States using global model, GEOS-Chem, with 

a horizontal resolution of l°xl°. They estimated the magnitude and spatial extent of 

the near-field international influences on US surface ozone concentrations which has 

not been a focus of previous research. They compared the North American 

background (PRB) and US background ozone, defined as ozone concentration that 
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would exist in the US in the absence of North American anthropogenic emissions vs. 

American emissions respectively [US EPA, 2006]. Their results indicate that the US 

background is 1-3 ppb higher than the North American background resulting from 

Canadian and Mexican enhancements. They also reported that ozone standard 

violation events in the US (above 75 ppb) are often associated with Canadian and 

Mexican pollution enhancement at levels higher 10 ppb. The Canadian enhancement 

averages 3±4 ppb in the US and it is larger in the downwind regions (i.e., in New 

York has largest episode 33 ppb and largest summer mean of llppb). Wang et al. 

(2009) in their investigation confirmed US background ozone enhancement and 

surface ozone air quality impairment due to the transport of anthropogenic emissions 

from Canada. Given the outcome of their investigation, the question of interest is the 

impact of American emissions on Canada's background ozone in downwind areas. In 

our study, it has been attempted to partially follow the Wang et al. approach to 

quantify the impacts of American emissions on surface ozone air quality in Canada as 

well. 

Global models encompass all emission sources and receptors worldwide in their 

domain. Global scale simulation enables straightforward quantification of the impact 

of an emission region in a continent on the surface ozone air quality of a receptor in 

another continent. Regional models are not able to cover the globe in their domain 

and the hemispheric transport of pollution and its impacts on background ozone are 

quantified by calculating the inlet flux entering in to the domain from boundaries. 

However, global models have a coarse resolution (finest resolution is l°xl°, i.e. 

lllkmxlllkm) which is not ideal for capturing the variations in emissions and 

concentration pattern within the polluted grids. In addition, due to the coarse grid 
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spacing, the geopolitical border between countries cannot be clearly determined in the 

domain, causing uncertainties in the results. Therefore, for quantification of long-

range transport of pollutants on a regional scale (between countries or states), regional 

models are a more suitable tools. Regional models have a finer horizontal resolution 

which allows more precise definition of border between countries. 

A number of researchers have studied interstate transport in the US. Bergin et al., 

(2007) examined the interstate impacts of anthropogenic NOx emissions on the ozone 

air quality of the eastern United States. They applied URM-1ATM over a variable 

scale grid ranging from 192x192 to 24x24 km. They established the source-receptor 

pairs by calculating sensitivity of ozone concentrations at the receptor state with 

respect to the emission reductions from a source state. They concluded that a 

significant portion of the ozone concentration in each receptor state is due to out-of-

state emissions. In the same manner, emissions from each state contribute to the 

ozone pollution of other states. For most of the high ozone episodes, receptor states 

are impacted by interstate transport of pollutants and/or precursors over which they 

have no control. Therefore, federal policy makers have decided to design regional 

control strategies to control emissions from main contributing sources and achieve air 

quality targets across states. Detailed information about international and interstate 

conventions will be found in the following section of this chapter. 

Hakami et al., (2006) also investigated the sensitivity of a US ozone NAAQS 

nonattainment metric with respect to surface, elevated NOx, and VOCs emissions 

from various sources in North America. They applied a continental scale model, 

STEM, with a horizontal resolution of 60 km. They quantified contributions of each 
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state to a nationwide ozone nonattainment metric in order to calculate the influence of 

interstate transport of ozone and its precursors on air quality attainment of each state 

They demonstrated that some states are not significantly contributing to the 

nonattainment metric, although they are ranked as high NOx emitters in the US. This 

study will be discussed in more details in the next chapter. 

More recently, Tong and Mauzerall (2008) also investigated the interstate transport of 

ozone and its precursors in the US and its associated consequences on the ozone 

standard attainment in each state. They carried out their simulations for the summer of 

1996, using the CMAQ model with a horizontal resolution of 36 km. They 

demonstrated that interstate NOx emissions impact state-level mean ozone 

concentrations by -1.4 to 15.1 ppbv and monthly maximum 8h ozone concentrations 

by 0.4 to 22 ppbv. For maximum 8h ozone concentrations, they found 16 states in 

which ozone concentrations are more sensitive to at least one neighboring state's NOx 

emissions than its own NOx emissions. They also concluded that for the majority of 

the states (80% of states), emissions from other states are contributing more to the 

peak ozone concentrations than local emissions. 

Several model-based and statistical studies on long-range transport of ozone from 

hemispheric to regional scale were discussed in this section. Regionally driven 

regulatory programs such as NOx State Implementation Plan (SIP) and the Clean Air 

Interstate Rule (CAIR) have been developed to address the regional component of 

ozone pollution, to meet federal goals, and to support international cooperative efforts 

in pollution mitigation [Bergin et al, 2007]. In the following section, some of the 
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most important international/interstate agreements among countries/states will be 

presented. 

2.5 International Conventions on Long-Range Transport of Ozone 

Traditionally, each country has individually committed to establishment of 

independent regulations for ozone standards and to the reduction of ozone 

nonattainment. As studies have repeatedly found that ozone nonattainment typically 

has a sizeable contribution from upwind emission sources, air quality decision makers 

have endeavored to develop regional control policies alongside local measures for air 

quality standard attainment. For developing such multi-jurisdictional strategies that 

cross geopolitical borders, a scientific understanding of the long-range transport of 

ozone and the source-receptor relationship among countries or states/provinces is 

required [Fiore et al, 2009]. Therefore, the Task Force on Hemispheric Transport of 

Air Pollution (TF HTAP; www.htap.org) was established by United Nation Economic 

Commission for Europe (UNECE) to promote knowledge of long-range transport in 

the Northern Hemisphere and to coordinate a multi-model effort to quantify and 

assess uncertainties in different intercontinental ozone transport studies. Hundreds of 

scientists and experts are linked in a global information network to evaluate the long-

range transport of ozone and its associated health and environmental problems and to 

develop regional solutions [TF HTAP, 2007]. 

2.5.1 UNECE's First International Agreement 

The first International Convention on Long-range Trans-boundary Air Pollution 

(CLTRAP) was established in 1979 among European and North American countries 

http://www.htap.org
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under the authority of UNECE and entered into force in 1993. This convention is an 

international agreement among countries to recognize the environmental and human 

health impacts of pollution transport over political boundaries and to develop 

emission reduction strategies for regional air quality. Currently, fifty-one countries 

and the European Community are party to this convention covering entire regions in 

Europe and North America (Figure 2.2). The convention aims to design control 

strategies which reduce pollutant emissions from the parties through developing an 

international information network. The parties meet annually at sessions of the 

executive body to exchange information, report their annual emission, review their 

previous tasks and achievements, and make decision for oncoming year. The 

executive body is a meeting of the representatives of the parties to the convention. 

They are tasked to implement the fundamental principles of the convention. The 

implementation committee (consists of 9 parties including Canada), was established 

by the executive body to review compliance by parties with their obligations under 

the protocols to the Convention [UNECE, 2006] 

Figure 2.2 Fifty-one countries that are party to CLTRAP [UNECE, 2006] 

The convention includes eight legally binding protocols to control different pollutant 

concentrations. The protocol to abate ground-level ozone (Gothenburg Protocol) was 

established in 1999 and entered into force in May 2005 with twenty-five signatures 

from the parties. The Gothenburg Protocol aims to reduce and control emissions of 

NOx, VOCs, sulphur and ammonia and sets an emission ceiling to be achieved for 
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these pollutants by 2010. The protocol states that "parties whose emissions have a 

more severe environmental or health impact and whose emissions are relatively cheap 

to reduce will have to make the biggest cuts" [UNECE, 2006]. The protocol is source 

specific and sets tighter emission limit values for particular sources (e.g. power plants, 

and mobile sources) and requires the Best Available Technique (BAT) and Cap and 

Trade program to achieve these emissions reductions [US EPA, 2003]. Once the 

Protocol is fully implemented, European emissions of S02, NOx, VOCs, and NH3 are 

expected to decrease by 63, 40, 40, and 17 percent respectively, by 2010 compared to 

the 1990 levels. Canada is also expected to reduce its NOx and VOCs emissions in the 

Pollutant Emission Management Area (PEMA) by 34% and 29% from 1990 levels, 

respectively [UNECE, 2006]. The states and the provinces within the PEMA are areas 

whose emission reduction has the largest impact on trans-boundary ozone. The PEMA 

is determined for each country specifically; for example, in Canada the PEMA 

includes central and southern Ontario, southern Quebec, and in the United States, 

PEMA covers a number of northeastern States and District of Columbia (Figure 2.3) 

[Environment Canada, 2010]. It has been estimated that once the protocol is 

implemented the number of days with excessive ozone levels will be reduced by half, 

which will result in 2,300,000 fewer life-years lost (premature deaths due to air 

pollution) due to chronic ozone exposure, and a 44% reduction in impacted vegetation 

areas in 2010 compared to 1999 [UNECE, 2006]. No information has been released 

yet about achievements and associated benefits of this agreement. 
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Figure 2.3 Pollutant Emission Management Area in Canada and the United States 
[Environment Canada, 2010] 

2.5.2 Canada-United States Air Quality Agreement 

Polluted air masses can be transported across states and provinces and between 

Canada and the US. The government of Canada and the government of the United 

State signed the Canada-United States air quality agreement in March of 1991 to 

address trans-boundary air pollution between Canada and the US. The agreement aims 

to keep the ozone concentration below the Canada Wide Standards (CWS) in Canada 

and below the NAAQS in the US. Annex-three (ground-level ozone) was added to the 

protocol in May 2000 to address the trans-boundary ground-level ozone and precursor 

emissions (NOx and VOCs). Annex three commits both countries to the reduction of 

their emissions of NOx and VOCs in the PEMA. The regulations vary for different 

emission sources (e.g. stationary, mobile, etc) and are different for each state or 

province. For Canada the anticipated overall NOx and VOC emission reductions in 

PEMA are expected to be 44% and 20% from 1990 levels by 2010. For the Unites 

States annual NOx and VOCs emissions reduction in the PEMA are expected to be 

36% and 38% from 1990 levels by 2010 [Environment Canada, 2010]. According to 
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the protocol, "Each Party shall update its quantitative estimates referred by noted 

regulations, from time to time, and announce such estimates to the other Party and to 

the public" [Environment Canada, 2010]. Under this convention, both countries have 

begun regional air quality modeling to predict the impacts of ozone control strategies 

in a broad trans-boundary area. The results of air quality modeling indicate that joint 

emissions reduction strategies are associated with substantial trans-boundary regional 

benefits for both countries. 

2.6 US Interstate Agreements 

Historically, each state/province in North America has controlled individual emissions 

within its border. Recently, regulators have understood that emissions transported 

from upwind regions affect the abilities of downwind states/provinces to meet their 

ozone standards to the extent that some states/provinces may never achieve attainment 

by local controls. Regional regulatory programs are required to efficiently address the 

relationship between emissions and pollutant concentrations across North America. 

The regional reduction strategies in the United State address the interstate transport of 

pollution in a highly cost-effective manner (e.g. cap and trade program). From 1999 to 

2003 a committee of 13 northeastern and Mid-Atlantic States established the Ozone 

Transport Commission (OTC) under the Clean Air Act (CAA) and started a multistate 

NOx cap and trade program called the OTC NOx budget program [US EPA, 2003]. 

The OTC program used a cap on the total NOx emissions from large combustion 

sources (power plants) and allowed the emitters to trade their emissions among 

themselves. The OTC program contributed to a 70% (from 1990 levels) reduction of 

NOx emissions from stationary sources by 2003 [Tong and Mauzerall, 2008]. 
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2.6.1 Clean Air Interstate Rule (CAIR) 

The Clean Air Interstate Rule (CAIR) was promulgated in March 2005 by the United 

States Environmental Protection Agency (US EPA) in order to help eastern states to 

attain ozone standards [US EPA, 2005]. CAIR provides a federal framework covering 

28 eastern states and the District of Columbia for coordinated control of pollutants 

that contribute to nonattainment of 8h-average ozone standards (Figure 2.4). The 

CAIR program is estimated to result in considerable human health benefits and 

environmental improvements [US EPA, 2005]. The US EPA claims that if states 

follow CAIR regulations and reduce their emissions, this program will achieve 

substantial NOx reductions across states within a decade. The US EPA modeling 

shows that, "in 2015 CAIR will reduce power plant NOx emissions by 2 million tons, 

achieving a regional emissions level of 1.3 million tons, a 61% reduction from 2003 

levels" [US EPA, 2005]. CAIR aims to achieve these reductions through a federally 

sanctioned cap and trade program where main polluters in the electricity generation 

sector can trade emissions. 

m ozone and particles 
• ozone only 
• particles only 
• not covered by CAIR 

Figure 2.4 The areas covered by CAIR [US EPA, 2005] 
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Much of the existing interstate regulations (OTC cap-and-trade program and CAIR) 

put more effort on NOx reduction from high emitters (i.e. power plants) without 

considering their geographical situations and meteorological conditions. Hakami et al. 

(2006) and Tong and Mauzerall (2008) in their studies demonstrated that 

meteorology, local biogenic VOC emissions, and population distributions impact the 

contribution seen from a particular emission source to the specific receptor. Hakami et 

al. showed that the emissions caps in the classic cap-and-trade programs are not 

necessarily true indicators of the influence of each state on the nationwide 

nonattainment metric. Developing regulatory programs requires an extensive 

knowledge and scientific quantification of interstate transport of ozone and precursor 

emissions in this region. Recently developed approaches (e.g., adjoint sensitivity 

analysis) equip air quality decision makers with suitable tools for developing more 

efficient regional policies. More details about implications of CAIR's cap and trade 

program can be found elsewhere [Hakami et al, 2007, Hakami et al, 2006]. 
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Chapter 3: Quantification of Source-Receptor 
Relationships 

3.1 Overview 

Meeting ozone air quality standards over an extended region requires design of an 

effective emission reduction strategy. Such strategy should control regional emission 

sources (upwind sources) in addition to the local sources. To develop such a strategy, 

establishment of accurate source-receptor (S/R) relationship matrices is necessary. 

Source-receptor relationships demonstrate the impact of each source on each receptor 

in the region of interest. This relationship is defined as the sensitivity of the pollution 

observed at a receptor to the reduction of emissions of a particular source. By 

quantifying the source-receptor relationships, it is possible to evaluate the 

contribution from various emissions sources (from local to upwind) to the pollution 

observed in a certain location. First-order sensitivity coefficients (derivatives) are 

often used as a first-order approximation to such contributions, ignoring nonlinearities 

in presence of large perturbations [Cohan et al, 2005]. In that sense, sensitivity 

analysis can be regarded as an inherent source apportionment method. 
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Existing approaches for establishing source-receptor matrices are categorized into two 

groups; statistical methods (e.g. traditional source apportionment techniques) and 

analytical methods that rely on calculation of sensitivity coefficients through formal 

or implicit sensitivity analyses approaches. The main focus of this chapter is on 

sensitivity analyses methods and their application in long-range transport studies. 

3.2 Statistical Source Apportionment 

Source apportionment method, also referred to as source attribution, is a statistical 

receptor-based analysis exercise, which attributes the observed concentration at a 

given receptor to the contributor sources based on the chemical characteristics of 

emission sources and the receptors [Lee et al, 2008]. In other words, a sample at the 

receptor is apportioned to a number of fractions by statistical interpretation of data. 

Each fraction is contribution of an individual source, and the summation of the 

fractions is equal to one. The relationship between sources and pollutant 

concentrations at the receptors are quantified through sets of mass balance equations. 

The most basic approach for source apportionment is Chemical Mass Balance (CMB). 

Eq (3-1) shows the general mass balance used in the CMB method [Hopke et al, 

2003]: 

N 
x,J=T,Slkfkl

+e,J (3-1) 
k=\ 

j = l , . . . , m, j=l,...,n , £=1,...,N, 

where x1} is the ambient concentration of species j in sample i,/^ is the mass fraction 

of species j in source k, g± is the source contribution of source k in sample i, and e1} is 

the error. The source apportionment methods are mainly categorized in two groups 

depending on whether the method needs information about chemical characteristics of 
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emissions sources (source profiles) or not [Hopke et al, 2003]. A review of source 

apportionment methods is beyond the scope of this study. However, they are 

mentioned here to emphasize that quantification of source-receptor relationships is, in 

fact, an exercise in apportionment of impacts among various sources. The main 

difference between statistical source apportionment methods and sensitivity-based 

analytical methods is that the former do not consider the atmospheric processes that 

affect transportation, transformation and removal of pollutants in a pathway from the 

source to the receptor. This limitation renders such methods of little practical use for a 

secondary pollutant such as ozone. Furthermore, statistical source apportionment 

methods are only used to apportion concentrations while sensitivity-based methods 

can be used to apportion any end-metric of interest such as concentration, pollution 

costs, mortality, etc. 

3.3 Analytical (Model-Based) Methods 

Source-receptor relationships can also be estimated using Eulerian Chemical 

Transport Models (CTMs). CTMs predict the temporal and spatial distribution of 

ambient concentration of pollutants in a three-dimensional fixed-coordinate array of 

horizontal and vertical grids [Russell and Dennis, 2000]. The governing equation in 

CTMs is the Atmospheric Diffusion Equation (ADE), Eq (3-2). The ADE includes all 

atmospheric processes that influence transportation and transformation of pollutants 

in the pathway from the source to the receptor (e.g. transport, emission, 

transformation, and removal processes, etc) [Seinfeld & Pandis, 1998]. 
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—^ = -V-(uC,) + V (KVC,) + ^ + £ , (3-2) 
ot 

where, C, is grid average concentration of species i, u is the three-dimensional wind 

field , K is the turbulent diffusivity tensor, R, is chemical reaction rate of species i 

and E, is emission of species / [Seinfeld & Pandis, 1998]. The ADE is the basis for 

integrating evolution of concentrations in time but it (or its differentiated forms) can 

be used to calculate sensitivity coefficients of concentrations as well. 

The ADE is usually integrated by operator splitting in a sequence of operators over 

multiple (N) time steps (At). In each time step the concentration is calculated by 

numerical approximation C*(x) ~C(/^) at f = t° + kAt such that [Sandu et al, 2005]: 

Ck+1=N oCk ^ CN=f]N oC° (3-3) 
[rV+1] ' | J [rV«] *- ; 

where, C° is initial concentration and N is numerical operator, which acts on 

concentration in time step k and produces concentration in one time step ahead (k+1) 

and o designates an operation performed by the operator N on an operand. N is 

derived using operator splitting while t, is the solution operator for transport 

(horizontal advection, vertical advection, and diffusion), and^ is the chemistry 

operator as follows [Sandu et al, 2005]: 

At At At At At At 

N[t,t+At] = U o £j o £j o ^ o {J o {J o Zj 0-4) 

Sensitivity analysis is a widely used approach in a variety of applications such as 

uncertainty analysis, quantification of source-receptor relationships, air quality 

forecasting, and design of control strategies. Sensitivity analyses are applied in 
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chemical transport models to quantify the variations of model output with respect to 

each model input or parameter. The sensitivity coefficient is defined as the first-order 

derivative of a model output (e.g. concentration of species i, C,) with respect to the 

model input or parameter, as shown in Eq (3-5) [Yang et al, 1997]: 

dC 
Su=^ (3-5) 

dpj 

where C, is the concentration of species i and p} is the model input (e.g., emission, 

initial condition) or parameters (e.g. rate constant, dry deposition velocities). The 

first-order sensitivity of C, represents the responses of concentration of pollutant / 

with respect to perturbation in specific model input or parameter (pj) while other 

parameters are held constant. In other words, the first-order sensitivity is the slope of 

the response surface produced by the model in the direction of the parameter of 

concern. The model inputs might vary in a broad range causing significant variability 

in the magnitude of sensitivity coefficients. In order to avoid these fluctuations, a 

semi-normalized sensitivity coefficient is often used. The semi-normalized sensitivity 

coefficient is generated by normalizing the absolute coefficient to an unperturbed 

field Pj, where Pj =SJPJ andfy is a scaling variable. As a result, sensitivity 

coefficients have the same unit as the model output C, (concentration, ppb) and 

indicate change in the output that would result from 100% change in the parameter 

[Yangetal, 1997]: 

. ec ec _ dc , . , , 
S, = x P = x P = (3-6) 

1 dP] > d(Pj£j)
 J d£j 

Sensitivity analysis techniques can be divided into two general categories, forward 

and backward sensitivity analyses [Hakami et al, 2007]. In the forward method, the 
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perturbation is made in a single model input or parameter and is propagated forward 

in time and space into the model output. The forward method results in the sensitivity 

of various model outputs with respect to the perturbation in a single input or 

parameter of the model. However, in the backward sensitivity analysis (also referred 

to as the adjoint method), the perturbation is made in a scalar function of the model 

output and the perturbation is propagated backward in time and space through a set of 

auxiliary equations (adjoint equations) resulting in the sensitivity coefficients of the 

scalar function with respect to all model inputs [Hakami et al, 2007]. 

Sensitivity analysis methods can also be categorized into two groups based on the 

manner in which calculations are carried out. In the Brute-Force (BF) method, model 

parameters of interest are perturbed one-at-a-time, and the finite difference sensitivity 

coefficient is calculated from corresponding change in the model output. BF method 

is easy to implement but can become prohibitively expensive and/or cumbersome 

when the number of parameters increase. Typically, the perturbation is chosen in the 

range of 5% to 20% to be big enough to impact the response and to be small enough 

such that the response adequately represents the slope of the response surface 

[Hakami et al, 2003; Cohan et al, 2005]. However, sensitivity calculations using 

large, wholesome perturbations (such as the zero-out approach explained later) can 

also be categorized as a BF method. In the second group of sensitivity analysis 

methods, local sensitivity coefficients are directly calculated. The most widely used 

techniques in this group include the Decoupled Direct Method (DDM) and the adjoint 

method. DDM is a forward sensitivity approach while adjoint is a backward method. 

Obviously, for very small perturbations or linear response, BF and local sensitivity 

methods produce similar results. Brief discussions of these methods and their 

respective strengths and limitations follow. 



34 

3.3.1 The Brute-Force (BF) Method 

Sensitivity coefficients have traditionally been calculated using the BF Method. This 

method is based on finite difference estimation and calculates the sensitivity 

coefficient as a difference in the model outputs due to a perturbation in the base 

simulation. The BF Method is easy to implement but is not necessarily the best 

approach for sensitivity analysis due to the numerical noises that can occur for very 

small perturbations. Furthermore, it is a computationally expensive method as it has to 

simulate one-at-a-time perturbations which becomes difficult when the number of 

sensitivity parameters increases. The brute-force method has been widely used in air 

quality studies, particularly for source-receptor relationships quantification [Jacob et 

al, 1999, Fiore et al, 2009]. In these studies, the emission from a particular source is 

perturbed and the resulting change in the concentrations are translated into BF 

sensitivity coefficients of concentration with respect to that single source. Jacob et al., 

(1999) demonstrated the impacts of increase in Asian fossil fuel emissions on ozone 

concentration over North America. They applied the BF method to evaluate the 

impact of tripling Asian fossil fuel emissions from 1985 to 2010 on ozone 

concentrations across North America. Recently, Fiore et al., (2009) applied BF 

method to calculate the intercontinental source-receptor relationships among East 

Asia, Europe, North America, and South Asia. They used perturbations of 20% in 

emissions of each source region. In general, smaller perturbations (e.g., 10% or less) 

produce results that are more consistent with local sensitivities but may not be 

extrapolated to wider range of change due to nonlinearities in response. Large 
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perturbations account for nonlinearity over a wider range but cannot be interpolated 

back to marginal changes. 

The zero-out method is a large-scale brute-force approach that is commonly used in 

source-receptor relationship establishment [Tong and Mauzerall, 2008, Wang et al, 

2009, West et al, 2009]. As discussed, the BF method aims to make a small (typically 

in the order of 10%) perturbation in a single source. However, the zero-out method 

eliminates the entire emission from a particular source and calculates the variations in 

pollutant concentration at different receptors. In so doing, the contribution of a 

particular source to the particular receptor is equal to the changes in pollutant 

concentration at the receptor due to the elimination of that specific source. The zero-

out method has been used widely in air quality studies for quantification of 

background ozone concentration. As previously discussed, Wang et al., (2009) 

examined surface background ozone enhancement in the US due to the transport of 

pollution plumes from Canada and Mexico using the emission zero-out method. Tong 

and Mauzerall (2008) also quantified the summertime source-receptor matrices for 48 

continental states using the emission zero-out method. They carried out one baseline 

simulation and 48 perturbed simulations. In each perturbed simulation, they removed 

NOx emissions (both anthropogenic and biogenic) from one state. The contribution of 

each state to the state-level surface ozone was calculated from the difference between 

the baseline and the perturbed simulations. The emission zero-out method enables 

researchers to calculate the impact of removing 100% of emissions from a region on 

the ozone concentration. This information is not readily available from local 

sensitivity approaches due to nonlinearity in the response. However, from a practical 

point of view, it is not feasible to entirely eliminate emissions from a country or a 
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continent. Local sensitivity coefficients, on the other hand, provide information on 

more realistic emission control scenarios 

At a practical level, air quality managers require local (marginal) sensitivity 

information. The nonlinearity of ozone with respect to changes in the precursors' 

emissions is discussed extensively in works of other investigators [Hakami et al, 

2004, Cohan et al, 2005]. Cohan et al., (2005) showed that ozone response to a small 

reduction of NOx emissions might be overestimated if it is extrapolated from the 

response of ozone to the large reduction of NOx emissions. In other words, the zero-

out method is not able to address the response of ozone concentrations to marginal 

changes in emissions. Accordingly, local sensitivity approaches are required for 

quantification of the response of ozone concentrations to marginal changes in 

emissions. 

3.3.2 Decoupled Direct Method (DDM) 

The Decoupled Direct Method (DDM), also referred to as the Tangent Linear Model 

(TLM), is a commonly used forward sensitivity analysis method. DDM is a source-

oriented sensitivity analysis technique that enables the calculation of the local 

sensitivities of pollutant concentrations with respect to specific emissions. DDM is an 

alternative approach to the BF method, as several different perturbations in model 

inputs can be integrated simultaneously [Yang et al, 1997]. In DDM, the perturbation 

of a single input (e.g., an emission source) is made and propagated forward in time to 

develop a sensitivity field of model outputs (e.g., concentration at the different 

receptors). The sensitivities of outputs with respect to the perturbation in the input are 

governed by a linearized version of the Atmospheric Diffusion Equation, which is 

referred to as tangent linear equation ( Eq (3-7)) [Yang et al, 1997]. 
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^ = -V • (u5y ) + V • (KTO„ ) + G,S, + E\ (3-7) 

where S,} is semi-normalized sensitivity of species / with respect to the emissions of 

species j,u and K are the same as defined for ADE (Eq 3-2), G, is the f1 row vector 

in the Jacobian matrix, G (G,k = 5R,/6Ck), and £,is the unperturbed emission rate. 

Subsequently, the tangent linear equation is integrated separately (decoupled) from 

ADE. The sensitivity equation, Eq (3-7), is similar to the ADE and can be mostly 

integrated using numerical integration routines used for concentrations. Integration of 

Eq (3-7) results in a first-order local sensitivity of model output (concentration) with 

respect to model input (e.g., emission) [Hakami A, 2003]. The DDM and BF 

methods provide the same results for small perturbation and in linear cases. However, 

for nonlinear cases, the BF results in a sensitivity which is different from the real 

slope of the function that is developed by the DDM. Figure 3.1 shows a schematic of 

the BF and DDM sensitivity coefficients. The sensitivity coefficient (tan (ai)) is 

approximated by (02-Oi)l(h-li) in BF which is different from the real slope of the 

function which is derivative of output with respect to input (dO/dl) [Hakami A, 

2003]. 
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Figure 3.1 Schematic of BF and DDM sensitivity coefficients [Hakami. A., 2003] 

DDM has been extended to High-order DDM (HDDM) for calculation of higher-order 

derivatives [Hakami et al, 2003]. Through calculation of higher-order derivatives 

HDDM can explain and predict nonlinearity in atmospheric response. HDDM has 

been applied in several studies over the last decade to evaluate the sensitivities of 

surface level ozone to precursor emissions [Cohan et al, 2005, Bergin et al, 2008, 

Jin et al, 2008, Kim et al, 2009]. Cohan et al. (2005) used CMAQ model equipped 

with HDDM-3D to develop first and second-order sensitivity coefficients for ozone. 

They quantified the nonlinear responses of ozone to the NOx and VOCs. Recently, Jin 

et al. (2008) also used the HDDM implementation in CMAQ to investigate the spatial 

and temporal variation of ozone sensitivities to the precursors' emissions. They 

attempted to examine the effectiveness of various control strategies (NOx vs. VOCs 

reduction) in central California. Control strategies were evaluated by calculation of 

first-order sensitivity coefficients for maximum 8h-average ozone concentration with 

respect to the domain wide emission of NOx and VOCs. Their study showed that 

VOC reduction strategy is efficient where maximum lh ozone exceeds standards 

(urban centers, NOx saturated), whereas, NOx reduction strategy is more effective for 

maximum 8h ozone standard achievement particularly in rural areas. They also 
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quantitatively compared the contribution of local vs. upwind emissions to the ozone 

concentration in central California. More recently, Kim et al. (2009) applied CMAQ 

equipped with HDDM to calculate the contributions of local and regional emission 

sources of NOx and VOCs to the ozone concentration in a certain region of Texas. 

They demonstrated that ozone concentration in that region is sensitive to upwind 

sources (outside the region and main neighbor states) as much as local sources. Their 

results indicated the capability of HDDM for capturing ozone variation with respect to 

the changes in NOx emissions up to 100% reduction (emission zero-out). 

3.3.3 Adjoint (Backward) Method 

While the forward sensitivity analysis is well suited for calculating the sensitivity 

coefficient with respect to few parameters, the adjoint method is an efficient tool for 

calculation of the sensitivity of a small number of target (cost) functions to a large 

number of model parameters or inputs [Sandu et al, 2005]. The adjoint (backward) 

method is a receptor-oriented approach and as such it is more suitable for policy 

applications. In the adjoint approach, the perturbation in the concentration or 

concentration-based metric at the receptor is propagated backward in time and space 

[Hakami et al, 2007]. The adjoint method results in sensitivities of a concentration-

based metric (e.g. average concentration all over the domain) with respect to 

spatiotemporal distribution of emission sources [Zhang et al, 2009]. This capability 

of the adjoint method makes it a computationally efficient tool in receptor-based 

analysis. The equation governing backward sensitivities is given in Eq (3-8). The 

adjoint equation is similar in structure to the tangent linear equation. One difference is 

that first-order derivatives change sign in the adjoint which results in backward 

integration in time and reversal of wind field [Hakami et al, 2007]: 
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- • ^ = u.(V/l,) + V.(KVA,) + (G r/l), +<p, (3-8) 
ot 

where G,r is the transpose of z'th column of the original Jacobian for chemical reaction 

rate, G, (Gy = dR, jdC7), p is the density of the air, (p, is the adjoint forcing term and 

X is the vector of the adjoint variables for each species at certain time and location 

such that A, = dJ/dCl , and J is the scalar receptor-based cost function for adjoint 

analysis. The adjoint equation is driven by the forcing term q>x. The adjoint forcing 

term functions in a fashion analogous to emissions in the ADE. The forcing term will 

therefore be defined as perturbations in the local cost function (g) injected into the 

domain at any location and time at which the cost function is affected by 

concentrations ((pt = dg/dC,). The overall cost function J is computed by the model 

as an integration of the local cost function (g) over time and 

T 

space J = \\g(c(c,t,w))dwdt, where w is a specific spatial coordinate [Hakami et al, 

2007]. Cost functions can be defined and calculated in the model, based on the 

purpose of each specific study. Integration of adjoint equation results in the 

sensitivities of the cost function with respect to concentration at any given location 

and time. The gradients of the cost function with respect to emissions can be 

calculated from the adjoint variables during backward integrations [Hakami et al, 

2007]. 

* & x ^ L (3.9) 
BE" BE" 8C"+l 

where E is emission vector at the «th time-step, C is the concentration vector (state) at 

the final time step of forward simulation, and 8J/dC"+1 is adjoint variable at the first 

time step of backward simulation. This gradient calculates the contributions of each 
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individual emission source (emission in each grid cell) across the domain to the cost 

function. More information about deriving the gradient of the metric with respect to 

the model input will be found in a simplified example in Appendix A. 

Two different approaches exist for integration of the adjoint equation, continuous and 

discrete. In the continuous method the adjoint equation, Eq (3-8), is discretized and 

solved numerically (in a manner largely similar to ADE), whereas the discrete adjoint 

models are developed directly from dicretized forward model. Continuous and 

discrete approaches provide different results and the consistency between these two 

approaches is a subject of continued debate [Gou et al, 2009]. In discrete adjoint, a 

similar operator splitting scheme that is used for integration of concentrations, is also 

employed for backward integration of adjoint variables which results in Eq (3-10) 

[Sandu et al, 2005]: 

^ = ^ ' * , v + I ] o ^ v , nj]=x?(Xj) (3-10) 

K = N-l,N-2,...2,l,0 

where <pk is the forcing term as was discussed, the XN is the initial value and N'* is 

corresponding adjoint to the numerical operator N (Eq 3-4) and is equal to: 

*A( »A£ „A£ ,A/ ,A/ ,A£ 

i W * ] = cfV °<fV2 °<f'z2 <*•** °?z2
 °?Y2 °?x2 (3-1D 

More information about derivation and integration of adjoint equation is found 

elsewhere [Sandu et al, 2005, Elbern et al, 2000, Hakami et al, 2005]. Adjoint of 

CMAQ (4.5.1 gas-phase) model was developed using hybrid approach in which the 

discrete adjoint was used for all processes except the horizontal advection [Hakami et 

al,2007]. 
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The adjoint method has appeared in chemical transport models in the last few years 

for various applications including sensitivity analysis, emission inverse modeling and 

data assimilation. In atmospheric modeling, the adjoint method was first used in the 

Lagrangian stratospheric model of Fisher and Lary (1995), and in the Lagrangian 

tropospheric model of Elbern et al. (1997) For the first time Elbern and Schmidt 

(1999) developed the adjoint of the Eulerian chemical transport model, including 

chemistry, (European Air Pollution Dispersion Model, EURAD-CTM2) for a 4-

dimensional data assimilation. Vukicevic and Hess (2000), conducted sensitivity 

analysis of an inert gas-phase tracer over the Pacific Ocean with respect to various 

parameters using the adjoint method in the tracer model HANK. Recently, Henze et 

al. (2007) developed the adjoint of global CTM model GOES-Chem [Henze et al, 

2007]. Hakami et al. (2007) developed an adjoint for gas-phase processes in the 

CMAQ model. The adjoint version of some other regional models have also been 

developed; STEM [Sandu et al, 2005], CHIMERE [Vautard et al, 2000, Menut et 

al, 2000; Schmidt and Martin, 2003], and DRAIS [Nester and Panitz, 2006]. 

Adjoint sensitivity analysis has only been applied in a few air quality studies since 

there is limited number of CTMs for which the adjoint version is available [Zhang et 

al, 2009; Hakami et al, 2006; Hakami et al, 2005, Henze et al, 2009]. Hakami et al. 

(2005) applied an adjoint version of STEM for inverse modeling of the black carbon 

to explore the spatial distribution of black carbon in Asia for April of 2001. Hakami et 

al. (2006) also applied an adjoint version of STEM for sensitivity analysis of NAAQS 

nonattainment ozone metric in the continental US. They quantified the interstate 

transport of ozone and its impacts on air quality impairment in some states in the 

continental US. Their study introduced adjoint (backward) sensitivity analysis as a 
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flexible tool in quantification of regional pollution transport. More recently, Zhang et 

al. (2009) applied adjoint of GEOS-Chem to quantify contributions to ozone 

concentrations over two receptor sites in the west coast of the US. Henze et al. (2009) 

also applied adjoint of GEOS-Chem for inverse modeling of PM25 precursors 

emissions in the US. 

3.3.4 Comparison of Various Methods 

The earlier sections discussed analytical and statistical methods used in previous 

investigations of long-range transport of ozone. Analytical source apportionment 

(zero-out) methods enable the calculation of the total contribution of each source to 

the ambient concentration of pollutants, whereas the local gradient methods (adjoint 

and DDM) quantify the response of pollutant concentration to incremental 

perturbations (local sensitivities). For long-lived primary pollutants (directly emitted 

to the atmosphere) a linear relationship can be assumed between emission sources and 

pollutant concentrations. However, secondary pollutants (e.g., ozone) are generated in 

the atmosphere from precursors and generally in a nonlinear fashion [Cohan et al, 

2005]. In linear cases, the impact of control strategies and source contribution can 

both be scaled directly (extrapolated) from local sensitivities. Therefore, for primary 

pollutants, it is possible to calculate the source contributions to the pollution at the 

receptor from local sensitivities. However, local gradient methods cannot quantify an 

accurate source contribution for secondary pollutants (e.g., ozone), i.e., the 

extrapolation of the total contribution from local sensitivities would not be accurate 

for secondary pollutants [Yarwood et al, 2007]. Zero-out and brute-force methods on 

the other hand quantify the total (and actual, within the model's accuracy) 



44 

contribution of each source to the receptor, whereas they are unable to quantify the 

response of the receptor to more marginal but realistic changes in emissions. 

Accordingly, each of these methods is applied depending on the purpose of 

investigation. Previous studies have applied various methods to quantify the long-

range transport of ozone on an intercontinental or regional scale. Each of the studies 

investigated this phenomenon from a particular perspective. For instance, Bergin et al. 

(2007) and Hakami et al. (2006) investigated interstate transport using local 

sensitivities but their approach could not evaluate total contributions from each state. 

Tong and Mauzerall (2008) calculated the total contribution of each state to the air 

pollution of other states applying zero-out method, while they could not address the 

sensitivity of ozone concentration with respect to the small reduction of emissions in 

each state. 
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Chapter 4: Simulations and Methods 

4.1 Overview 

As discussed in previous chapters, the long-range transport of ozone is a growing 

concern in ozone attainment for North America. Design of optimal control strategies 

requires quantitative understanding of long-range transport of ozone in this region. 

The aim of this work is to quantitatively evaluate the cross-border transport of ozone 

and its precursors in North America, specifically between Canada and the US. This 

objective will be achieved through establishment of scientifically robust source-

receptor relationships in North America. The required source-receptor matrices are 

developed using sensitivity analyses that are implemented in a widely used Eulerian 

chemical transport model. The approaches in this study are mainly divided into three 

categories: a) source-based sensitivity analysis, b) receptor-based sensitivity analysis, 

c) geographical flux bookkeeping. In brief: 

1. The emission zero-out method is used to calculate the contribution of each 

country to the surface ozone pollution in the other. This method is a 

commonly used source-oriented analysis in the quantification of long-range 

transport of ozone. The impact of elimination of foreign emissions on surface 
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ozone air quality of each country is quantified by zeroing out the 

anthropogenic emissions in the source country. The marginal zero-out method 

(brute-force), a source-oriented method is also applied to quantify the 

response of surface ozone concentration in each country to the marginal 

changes (10%) of foreign emissions. This method will test whether the 

changes in ozone concentration resulting from 10% reduction in emission can 

be linearly extrapolated from ozone response to 100% reduction. 

2. Adjoint sensitivity analysis is a receptor-oriented approach that enables 

calculation of the impact of each individual source on a receptor-based cost 

function (i.e., scalar metric of pollutant concentration). The adjoint method is 

applied in this work to calculate the sensitivities of concentration-based cost 

functions (e.g average ozone) at the receptor areas of each country with 

respect to emission sources across the domain. 

3. Geographical border flux bookkeeping is employed to quantify the cross-

border export/import of individual pollutants to/from each country. The 

method enables budgeting of the transport of ozone and its precursors across 

the border but does not provide any information on emission sources. 

The goal of this study is to explore available methodologies that can provide different 

perspectives to the question of cross-border transport. Each method is a distinct 

approach, and provides a unique perspective in quantification of long-range transport. 

These methods are not compared with each other because each one addresses the 

overall question from different angle. The aim is to acquire a more encompassing 

understanding about the topic than that offered by a single approach. In this chapter, 

the modeling effort will be described. Additionally, each analysis method and its 
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perceived strength and/or weakness will be discussed at the end. Note that the focus 

of this work is on the impact of anthropogenic emissions. Therefore, throughout this 

section and the rest of the document use of the word "emissions" implies 

anthropogenic emissions unless otherwise noted. 

4.2 Modeling Details 

The US EPA's CMAQ model (4.5.1 version, gas-phase) [Byun and Ching, 1999], was 

set up to simulate the Summer 2007 (three months, July to September) episode using 

a 36-km horizontal resolution domain covering North America. The dynamics of the 

atmosphere and emissions for the duration of episode were simulated separately using 

other models. The Weather Research and Forecast (WRF, version 3.1) model [NCAR, 

2010] was employed for simulating the meteorological fields for the episode. The 

Sparse Matrix Operator Kernel for Emissions (SMOKE, version 2.4) model [CEP, 

2006] was used to generate gridded and speciated emission files from annual emission 

inventories. The outputs of these models were used as inputs for CMAQ. The CMAQ-

ADJ, adjoint version of gas-phase CMAQ, [Hakami et al, 2007], was also used for 

receptor-based sensitivity analysis. 

4.2.1 Modeling Domain 

The modeling domain is a Lambert conformal projection of North America. It 

includes 148 columns and 112 rows with horizontal grid spacing of 36 km (Figure 

4.1). The vertical extension of the domain includes 13 vertical layers with the terrain-

following hydrostatic pressure vertical coordinate (See Appendix B) [NCAR, 2010]. 

Parts of Northern Canada are not included in this domain, as the anthropogenic 

emission contributions from those parts are assumed to be insignificant. Even though 
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parts of Mexico are included in the modeling domain, the focus is on transport across 

the US-Canada border. 

1 148 

Figure 4.1 Simulation domain with a 36 km horizontal resolution. 

4.2.1.1 Source Regions 

In the zero-out approach, sources are defined differently for each simulation scenario. 

For instance, for prediction of the contribution of Canada to ozone concentrations in 

the US, the source region in the simulation is defined as Canada. Similarly, for 

quantification of impact of American emissions on ozone concentrations in Canada, 

all emission sources in the US are considered as a source region (Figure 4.2). 

a) b) 

Figure 4.2 (a) Canadian emission region and (b) US source region for zero-out scenarios 
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4.2.1.2 Receptors 

In adjoint sensitivity analysis, the sensitivity of an ozone cost function (e.g., daily 

average ozone metric) is quantified in the receptor areas of each country. Therefore, 

the receptor areas, over which the cost function is integrated, must be determined. The 

domain covers the continental US while parts of Canada are excluded. Therefore, for 

consistency in quantification and comparison, receptor areas are selected as bands (15 

grid cells above or below the border line) in the vicinity of the border in each country 

(Figure 4.3 a & b). In so doing, the ozone cost function, required for the adjoint 

method, is calculated over the same number of grid cells in each country. Border areas 

in each country are more likely to be affected by the cross-border transport. Thus, the 

receptor areas are defined similarly in zero-out simulations, to capture the highest 

impact of cross-border emissions on ozone concentrations. 

a) b) 

Figure 4.3 Receptor areas in (a) Canada and (b) the US 

4.2.2 The CMAQ Model 

Three-dimensional Chemical Transport Models are the most widely applicable used 

models in prediction of ambient concentration of pollutants and examination of the 

influences of pollution reduction strategies. CTMs are able to calculate the time 

evolution of pollutants by considering transportation and transformation processes in 
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the pathway from the source to the receptor. Unlike General Circulation Models 

(GCMs), CTMs do not calculate the dynamics of the atmosphere (i.e., winds and 

atmospheric circulations). Atmospheric dynamics are simulated separately in 

meteorological models with consistent model assumptions. The CMAQ model 

(version 4.5.1, gas-phase), a regional-scale Eulerian CTM, is used in this study to 

predict the pollutant concentrations across the domain and carry out sensitivity 

analyses. The CMAQ model is the most widely used regional air quality model in 

North America and across the world. The CMAQ model uses state-of-the-science 

techniques to model atmospheric processes that affect transportation, transformation, 

and deposition of pollutants and provides temporal and spatial distributions of 

concentrations of multiple air pollutants on various scales [Byun and Ching, 1999]. 

The CMAQ model is a set of Fortran programs developed to integrate the 

Atmospheric Diffusion Equation (ADE) shown in Eq (3-2). 

The CMAQ Chemistry-Transport Model (CCTM) solves the ADE equation using 

numerical operator splitting in a three-dimensional gridded domain. Meteorological 

and emissions files for CMAQ are generated by meteorology and emission models, 

respectively. Spatial grid extents and temporal resolution of CMAQ outputs are 

specified by the user. However, the horizontal and vertical grid extent and resolution 

should be consistent with meteorological data. CMAQ also requires other inputs 

including initial and boundary conditions. The lateral (horizontal) boundary condition 

is required to initiate advection into the domain. The boundary conditions are 

estimated in CMAQ using the boundary conditions preprocessor (BCON). For initial 

conditions, the first time step of simulation is predicted in CMAQ using an initial 

conditions preprocessor ICON. The initial concentration generated by ICON is taken 
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either from pollution climatology (average concentrations) or from simulations over a 

larger area. CMAQ also requires clear sky photolysis reaction rates to simulate the 

chemical system governing in the atmosphere. The clear sky photolysis rates are 

produced by the Photolysis Rate Preprocessor, JPROC, for various latitudes and times 

of the day. The amount of solar radiation is dependent on the sun angle (time of day), 

season and latitude [Byun and Ching, 1999]. CMAQ uses the outputs of all 

preprocessors and the meteorology and emission models for model simulations 

(Figure 4.4). 
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Figure 4.4 CMAQ and CMAQ-ADJ components, CCTM and preprocessors. 

The gas phase chemistry is simulated in CMAQ with the Statewide Air Pollution 

Research Center, Version 1999 (SAPRC99) photochemical mechanisms [Carter, 

2000], or the Carbon Bond mechanism (CB05) [Yarwood et al, 2005] which is an 

update on Carbon Bond IV (CB-IV). CMAQ uses chemistry solvers to compute 

pollutant concentrations and their rate of formation or depletion (chemical kinetics). 
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The chemical solver used in this model (CMAQ v.4.5.1) is the Kinetic Preprocessor 

(KPP) package of Rosenbrock solvers (version 2.2) to facilitate the implementation of 

forward and adjoint sensitivity analysis [Damian et al, 2002]. The main transport 

processes that contribute to the dispersion of pollutants in the atmosphere are: 

advection, defined as a transport of pollutants by bulk motion of the wind, and 

diffusion, defined as dilution and dispersion of pollutants due to the random 

fluctuation in the wind [Tesch T W, 1983]. The advection process is simulated 

separately in vertical and horizontal directions in the CMAQ. The reason is that the 

domain is spaced regularly (in equal increments) in the horizontal direction, whereas 

it is irregularly spaced in vertical direction (grids are expanding with altitude, See 

Appendix B). The horizontal advection in CMAQ is simulated using the Piecewise 

Parabolic Method (PPM) [Colella and Woodward, 1984] (Table 4.1). CMAQ is also 

able to simulate other processes including cloud formation, particular matter and 

plume-in-grid model which are not in used in gas-phase version of CMAQ but are 

discussed elsewhere [Byun and Ching, 1999] 

Table 4.1 CMAQ.4.5.1 Specifications 

chemistry SAPRC-99 
number of species 94 
number of chemical reactions 235 
number of photolytic reactions 3 0 
chemical solver KPP 

horizontal advection Finite difference scheme 
advection scheme PPM 

CMAQ was set up in parallel mode for this simulation using MPICH message passing 

interface (MPI) [Gropp and Lusk, 1996] to control communication between 

processors in a multiprocessor computing environment. Thus, in the parallel mode, 

the simulation domain is divided into subsections processed separately by individual 

CPUs. 



53 

4.2.3 CMAQ Input Generation 

Meteorological inputs for Summer 2007 were generated by the Weather Research and 

Forecasting (WRF, version 3.1) model [NCAR, 2010]. The outputs of WRF model 

were converted by Meteorology-Chemistry Interface Processor (MCIP, version 3.4.1) 

to a model-ready format for CMAQ and emission model [Byun et al, 1999a]. The 

emissions inputs for CMAQ were generated by the Sparse Matrix Operator Kernel for 

Emissions (SMOKE, version 2.4) model [CEP, 2006]. 

4.2.3.1 WRF Model 

The WRF model (version 3.0) is a mesoscale numerical weather prediction system 

designed to provide a platform for atmospheric research and weather forecasting. The 

WRF model is a compressible, non-hydrostatic meteorological model with the terrain-

following hydrostatic pressure vertical coordinate (Appendix B). The hydrostatic 

assumption works well for large scale domains, as it assumes a balance between 

vertical pressure and gravitational forces with no net vertical acceleration in the 

atmosphere. However, the compressible non-hydrostatic assumption is a better match 

for resolving the atmospheric dynamics of finer resolutions (regional or urban scale) 

[NCAR, 2010]. The WRF model is used in this study to generate the meteorological 

fields required for the simulations. The WRF model uses North American Mesoscale 

(NAM) datasets [NCEP, 2005] that are in GRIB format and model products from 

National Center for Environmental Prediction [NCEP, 2005]. The WRF prepares the 

meteorological fields, suited for the emission model (SMOKE) and CMAQ, which are 

temporal and gridded. The modeling domain of WRF for this simulation covers North 

America with a horizontal resolution of 36 km. The domain includes 165 columns and 
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129 rows and 35 vertical layers. The outputs of WRF are not in a format to be utilized 

directly with CCTM, and need conversion. 

4.2.3.2 MCIP Model 

The Meteorology Chemistry Interface Processor (MCIP, Version.3) [Byun et al, 

1999a] is required to convert WRF outputs to a format required for the CMAQ and 

the emission model (SMOKE). In this study, the MCIP model excluded the lateral 

boundaries of the WRF domain (165 columns * 129 rows) and trimmed it into a 

smaller domain matching that of the CCTM (148 columns x 112 rows). In addition, 

the MCIP model changes, if necessary, the vertical resolution of the meteorological 

data by "layer collapsing" from high resolution into user-defined vertical resolution. 

In this study, the MCIP model performed layer collapsing from the vertical resolution 

of 35 layers to 13 layers. The MCIP model is also capable of generating speciated and 

temporal dry deposition velocities required for CCTM. The characteristics and 

abilities of this model are described elsewhere [Byun et al, 1999a]. 

4.2.3.3 SMOKE Model 

The Sparse Matrix Operator Kernel Emission (SMOKE) model [CEP, 2006] was used 

to simulate the emissions inputs required for CCTM. The SMOKE modeling system 

is a set of Fortran codes which process emission inventories and produce emission 

inputs required by air quality models. The emissions inventories are total annual 

emissions prepared for each emission source category (e.g., stationary, mobile, etc). 

The air quality models require emission data for each time step (interpolated from 

hourly values), in each grid cell (probably in each model layer) and for each species. 

Therefore, the main purpose of using the SMOKE model is to simulate the gridded, 

speciated, and temporally allocated emission files from emission inventories. This 
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model simulates multiple criteria pollutants (e.g. carbon monoxide, volatile organic 

compounds, etc), particulate matter (PMi0, PM25, etc), and toxic pollutants (e.g., 

benzene, formaldehyde, etc). The speciation profile used in this study is the Statewide 

Air Pollution Research Center (SAPRC-99) chemical mechanism [Carter, 2000]. The 

SAPRC-99 includes 94 species, 235 chemical reactions and 30 photolytic reactions. 

The SMOKE model is able to process various emission sources; area sources (criteria 

stationary area sources, toxic non-point sources, criteria and toxic nonroad mobile 

sources), biogenic, mobile (criteria and toxic on-road sources), and point sources 

(including wildfire emissions). Area sources are assigned to the category of emissions 

that are spread spatially (e.g., a country). Examples of area sources are residential 

heating and architectural coatings [CEP, 2006]. The nonroad emissions are included 

in the area source category since nonroad emissions are assigned to movable sources 

that are not on roadways such as garden equipment, construction vehicles, and boating 

emissions. The mobile sources are simulated by computing emission factors in the 

MOBILE6 model and having activity data (vehicle kilometer traveled, VMT, and 

vehicle speed). Biogenic emissions are generated within the SMOKE model by using 

Biogenic Emission Inventory System 2 and 3 (BEIS2 and BEIS3) [CEP, 2006]. Point 

sources are industrial and nonindustrial stationary stacks that are identified by point 

locations and have significant air pollution emissions (1 tonne or more in a calendar 

year). Examples of point sources are industrial and commercial boilers, electric utility 

boilers, turbine engines, petroleum and chemical processing operations. The point 

sources are divided into electric generation utilities (EGUs) and non-EGUs. EGUs are 

the main sources of NOx and SO2. The wildfire emissions are processed in SMOKE as 

point sources, as information about their locations and day-specific emissions 

becomes available. The emissions input to SMOKE are Inventory Data Analyzer 
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(IDA) format, annual or daily average emissions. A 6-digit integer code is assigned to 

IDA files to identify a country (US or Canada), state (or province), and county (or 

other region) for a particular source. The IDA emission inventories are different for 

area, point, and on-road mobile sources. For example, for point sources, the IDA 

inventories provide information about the location of point sources (e.g., country, 

state, and county codes), a plant identifier, a stack number, and a point identifier. For 

mobile sources, there is one IDA format file for activity data and one for emissions 

data. The IDA activity data format is used to input VMT and speed data to SMOKE 

[CEP, 2006]. For the US, the IDA files are prepared by EPA for officially released 

versions of the National Emissions Inventory (NEI) [US EPA, 2009]. In this study, 

the projection of emission inventories of 2002 was used. Emission projection is a 

function of changes in emission rates as well as growth/decline in population, land use 

patterns, transportation and industrial activities. 

4.2.4 CMAQ Performance Evaluation 

Each modeling simulation needs to be evaluated against observation data or similar 

simulation results from a model that has undergone extensive performance 

evaluations [Byun andChing, 1999]. Evaluation of model performance determines the 

predictive skills of the model. The simulated concentrations of ozone were compared 

to the corresponding observation data in the domain. Accuracy of CMAQ predictions 

determines, to some extent, the reliability of source-receptor quantifications and 

sensitivity analyses in this study. 

4.2.4.1 Observation Data 

The evaluation was carried out for ozone using hourly data from urban, suburban and 

rural monitoring stations. For the United States, data were obtained from Air Quality 
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System (AQS) ground-level observation sites [US EPA, 2010]. More than a thousand 

monitoring stations (urban, suburban, and rural) are now active in AQS that cover the 

majority of the continental US. For Canada, data were obtained from the National Air 

Pollution Surveillance (NAPS) Network that consists of 290 monitoring sites 

equipped with approximately 600 monitors for ozone and PM [Environment Canada, 

2003]. The observation sites cover almost the entire CMAQ domain. The evaluation 

was carried out for the grid cells for which the observation data were available. For 

grid cells in the domain that were monitored with two or more sites, the average value 

was used. The CMAQ prediction was normalized by paired observation in each grid 

cell and time step. Table 4.2 shows the statistics that have been recommended by the 

US EPA to evaluate the CMAQ ozone performance, where, C, and m, are model 

predicted and measured (observation) concentrations respectively [US EPA, 2007]. 

Table 4.2 Model performance evaluation statistics [US EPA, 2007] 

Mean Normalized Bias MNB = — Y °' ~m' xl00% 
N^ m, 

Mean Fractional Bias MFB = — Y '~W ' x 100% 
N^C,+m, 

1 N \C -m I 
Mean Normalized Error MNE = — Y *— x 100% 

# M m, 

2 N \C - m\ 
Mean Fractional Error MFE = — Y[— x 100% 

NtfC,+m, 

In MNE and MFE statistics, the absolute value of the difference between prediction 

and observation is used. MNE and MFE are always positive, whereas MNB and MFB 

can be positive or negative. Positive values of MNB and MFB indicate over-

predictions of the model and negative values indicate under-predictions of the model 

against observation. When the threshold gets very small the MNB increases 
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significantly, thus, MFB is used instead to equally weight positive and negative bias. 

The statistics described above were calculated using hourly ozone measurements 

across the entire domain. 

4.2.4.2 Ozone Performance Evalaution 

The statistics for ozone performance for the duration of the episode across Canada 

and the Unites States are presented in Table 4.3. The cut-point (threshold) of 40 ppb is 

normally used in the calculation of performance statistics, i.e., observations below 40 

ppb are disregarded, as air quality models generally have poor predictive skills for 

nighttime (low) ozone concentrations. Additionally, higher concentrations are usually 

considered of higher importance. Here, 60 ppb was also used for evaluation of 

prediction skills of CMAQ at high ozone concentrations as it provides as threshold 

closer to regulatory values. Model performance statistics are given for original 

CMAQ model (including aerosols and cloud formation processes) as well as the gas-

phase CMAQ used in backward sensitivity analysis. Performance statistics 

demonstrate an overall overestimation (positive MNB for threshold of 40 ppb) of 

daytime ozone concentrations and underestimation of high ozone concentrations 

(negative MNB for threshold of 60). The MNB is normalized by paired observation 

value whereas the MFB is normalized by an average value of observation and 

prediction, thus MFB can be slightly different in sign and/or magnitude than MNB. 

The overall MNB and MNE for the US and Canada are in an acceptable range 

suggested by EPA as ±15% for MNB and 35% for MNE [US EPA, 1991]. 
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Table 4.3 Ozone performance statistics for the duration of episode in Canada and the US 

CANADA United States 

Threshold 

MNB 
MFB 
MNE 
MFE 

MNB 
MFB 
MNE 
MFE 

40 ppb 

6.69% 
6.60% 
20.06% 
15.78% 

9.5% 
8.9% 
22.3% 
17.5% 

60 ppb 

-5.85% 
2.77% 
16.2% 
8.75% 

-1.5% 
6.65% 
19.35% 
11.5% 

40 ppb 

9.2% 
8.04% 
18.75% 
16.57% 

12.1% 
10.4% 
21.2% 
18.1% 

60 ppb 

-2.97 % 
-0.96 % 
13.3 % 
9.75% 

0.87% 
1.85% 
14.5% 
11.1% 

Summer 2007 time series of simulated vs. observed maximum 8h-average ozone 

concentrations were calculated for three sites in the US near the border, where 

Canadian influences is high (Figure 4.5). Unlike the calculation of statistics, no cut-

point was used in construction of these time series plots. The maximum 8h-average 

ozone was predicted using US EPA CMAQ model, which also includes aerosols and 

cloud. The CMAQ model that only simulates gas-phase chemistry has a similar 

performance. The observation site in Michigan is selected as it is downwind of 

industrial Southern Ontario, and the observation site in New York is chosen as it is 

highly impacted by pollution transport from Canada in west-to-east direction. 

Summer time series of simulated vs. observed maximum 8h-average ozone 

concentrations for three Canadian sites impacted by cross-border pollution from the 

US, Ottawa, Barrie, and Winsor were also quantified (Figure 4.6). Model predicted 

maximum 8h-average ozone concentrations show satisfactory consistency with 

observation data in these sites particularly in New York, Indiana, and Barrie. 
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Figure 4.5 Time series of observed (red line) and simulated (blue) maximum 8h-average ozone at 
three observation sites in the US 
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Winsor, Ontario, Canada, (site ID=060204,42.3, -83.04) 

- Model predicted 
- Observation 

11 21 31 41 61 61 71 81 

Days 

Ottawa, Ontario, Canada (site ID=052401, +45.62, -76.01) 

11 21 31 41 61 61 71 

Days 

Barrie, Ontario, Canada (site ID= 066101, +44.06, -79.49) 

Model fredtcted 
Observation • 

20 J 

21 31 41 61 

Days 
81 91 

Figure 4.6 Time series of observed (red) and simulated (blue) maximum 8h-average ozone at 
three observation sites in Canada. 
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4.3.1 Emission Zero-Out 

The aim of this method is to determine how ozone concentration in the receptor areas 

of each country is impacted by foreign emissions. This goal is achieved by following 

the approach of Wang et al. (2009), i.e. removing all anthropogenic emissions from 

each country and predicting the resulting ozone concentration in the receptor areas of 

the other. Doing so, enables calculation of the impact of cross-border transport of 

emissions from upwind sources as well as domestic emission sources on the surface 

ozone air quality in each country. Here, the impact on receptor areas are measured 

through two regulatory metrics: maximum 8h-average and daily average ozone, which 

are both calculated for grid cells over receptor areas of each country and for the 

duration of the Summer of 2007. 

The maximum 8h-average ozone metric is constructed using a moving average 

method in each grid cell. To implement the zero-out analyses, four simulation 

scenarios are carried out: the base case, Canadian emissions zero-out, American 

emissions zero-out, and North American emissions zero-out scenarios. The zero-out 

scenario in each country is defined as an elimination of the anthropogenic emissions 

in that country. The zero-out scenario in each country results in variations in the 

ozone metrics in the country and the neighboring country. The resulting reduction or 

increase in ozone metrics in each country is a measure of the total contribution of 

foreign (cross-border) emissions. 
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The zero-out method quantifies the cross-border transport from this angle: what 

would be the air quality in each country in the absence of anthropogenic emissions 

from the other. The emission zero-out method is a source-oriented method as it 

perturbs the emissions at sources and quantifies the impacts in the receptor areas. This 

method is a true measure of contributions and does not rely on local sensitivities in 

the prediction. The method is straightforward and easy to implement. In addition, the 

zero-out method, like all source-based methods, provides information about the 

spatial variation of air quality improvement or impairment in the receptor areas of 

each country. Applying the zero-out method enables identification of the areas that 

are significantly influenced by cross-border emission flux in each country. However, 

the method, like all other source-based methods, lacks information about contribution 

of individual sources. Furthermore, as discussed in Chapter 3 the method lacks ability 

to calculate the local sensitivities of the ozone metrics with respect to the marginal 

changes in emissions. The zero-out method is not a practically relevant method as it 

only predicts the background concentrations that would exist if the anthropogenic 

emissions in neighboring country were zero. The air quality policy makers are tasked 

to develop practical reduction strategies, and therefore, it is more beneficial to 

quantify the impact of marginal changes in foreign and domestic emissions. 

Therefore, the response of ozone concentrations to a marginal reduction in foreign 

emissions is also quantified. In this approach the marginal sensitivity to emission 

changes is calculated using a 10% perturbation in emissions which results in 

sensitivity coefficients that are consistent with local sensitivities (BF sensitivities) 

[Hakami et al, 2003]. We attempt to examine whether the changes in ozone 

concentrations resulting from 10% reduction in emissions can be linearly extrapolated 

from the ozone response to a 100% reduction or vice versa. 
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4.3.2 Adjoint Sensitivity Analysis 

Developing regional regulations and effective control strategies that apply across 

countries or provinces requires knowledge about individual sources and their 

contribution to air pollution of the region. Adjoint (backward) sensitivity analysis 

results in the sensitivities of (ozone) concentration-based metrics with respect to the 

individual emission sources across the domain. In this work, adjoint sensitivity 

analysis is used to establish source-receptor matrices for the surface ozone 

concentrations in North America. As discussed in Chapter 3, the integration of the 

adjoint equation results in the adjoint variables which contain information about the 

sensitivity of the metrics with respect to ozone concentrations at various locations and 

times. The adjoint variable can then be used to calculate the sensitivities (gradients) of 

the metric with respect to emissions at each grid cell of the domain (or any other 

parameters of the model). The gradients of the cost function with respect to emissions 

can be calculated from the adjoint variables during backward integrations. The 

calculation of the gradient of the cost function J with respect to the model input vector 

/ (e.g. emissions) employing the adjoint variable is as follows. The concentration 

vector C is a function of model input vector /: 

C = G(I) (4-1) 

where G is a nonlinear function due to the nonlinearity in gas-phase chemistry. A 

perturbation in each input (e.g.,SI) results in a perturbation in output (SC) as shown 

in Eq (4-2) [Hakami et al, 2007]: 

SC = G\SI) (4-2) 

where G is a Jacobian matrix, gradient of G with respect to the input vector /. The G 

is also referred to as the tangent linear operator, linear version of G, which results in 
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the sensitivities of model output C with respect to the model input / [Wang et al, 

2001]: 

G'= 

8GU dGn 

8ix 8i2 

8Gml 8Gm 

8G± 

8K 

8Gm 

8ix 8i2 dl 

(4-3) 

Now, if J is defined as a scalar cost function of model output C, the perturbation in J 

is calculated from Eq (4-4) [Wang et al, 2001]: 

6J = {VCJ,SC) (4-4) 

where (.,.) is a inner product of Vc J and SC . Substituting Eq (4-2) in Eq (4-4) results 

in the following equation [Wang et al, 2001]: 

5J = (VCJ,G'SI) (4-5) 

Applying duality principle to the inner product ((C,Ll) = (L*C,l\, where L* is 

transpose of L, results in Eq (4-6) [Wang et al, 2001]: 

SJ = (G'\CJ,SIJ (4-6) 

The gradient of the cost function with respect to the model input is calculated from Eq 

(4-7) as follows [Wang et al, 2001]: 

V7 J = G'\CJ (4-7) 

where G is transpose of Jacobian matrix, and V7 J is gradient of cost function J (e.g. 

average ozone) with respect to the input parameters vector / (e.g., emission). A 

schematic of the relationship among model input vector /, model output or state C, 

Jacobian matrix, and adjoint matrix is shown in Figure 4.7. 
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\\ j(c(xj))dxdi 

X =dJ/8C\ J 

Figure 4.7 Schematic of Jacobian and adjoint matrices and their relationship [adopted from 
Wang el al, 2001] 

As discussed, the adjoint method results in the local gradient (sensitivities) of the cost 

functions with respect to anthropogenic emissions in each grid cell across the domain. 

The semi-normalized sensitivities of the metric with respect to emission sources at 

each grid cell are generated using Eq (4-8) [Hakami et al, 2006]. 

— = ^E(w,t)X(w,t)dwdt (4-8) 

where w is a specific spatial coordinate and s is an emission scaling factor and 

8J _ 8J 
8e = 8E/E 

(4-9) 

In this study, the adjoint method calculates the local gradient of daily average ozone 

with respect to all emission sources across the domain. For example, a sensitivity 

(0.01 ppb) of average ozone (in the receptor area of Canada) to NOx emissions at a 

specific source (in the US) indicates that a 100% reduction in the emissions from that 

source will reduce the average ozone in the Canadian receptor area by 0.01 ppb. 
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Backward simulation is carried out using the CMAQ-ADJ (gas-phase, Hakami et al., 

2007) model in parallel mode. Unlike the forward simulation, the backward 

simulation is initiated at the final time step and progresses backward in time. The 

adjoint variable should be initialized to zero and is updated at each time step by local 

gradient of cost function with respect to concentration (forcing term). In any 

backward simulation of nonlinear processes (e.g. gas-phase chemistry) checkpoints 

are required to resolve the Jacobian matrix. Checkpoints are concentration files, 

which are stored at each synchronization time steps during the forward simulation. 

During the backward simulation, the checkpoints are read at the beginning of each 

synchronization time step [Hakami et al, 2007]. 

The adjoint method is a receptor-oriented approach that perturbs the receptor-based 

cost function and results in its sensitivities with respect to individual inputs, e.g. 

emissions. By doing so, the major contributing sources to the cost function are 

identified in a single simulation. The adjoint method is well suited for policy 

application as it focuses on the receptors and identifies high polluter sources that 

require ceiling and emission control. However, the method is not able to calculate the 

impact of large emission reductions such as zero-out. That is, the total contribution of 

a source region (all emission sources in a country) to a particular receptor is not 

quantified using this method. Furthermore, the adjoint method lacks details about 

each individual receptor as quantification of sensitivities of each receptor with respect 

to the emission sources requires distinct simulation, and, therefore, is computationally 

expensive and difficult to implement. 
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4.3.3 Flux Bookkeeping 

In this method, the budget of pollution export/import across the border is followed 

during the simulation episode (Summer 2007). Flux bookkeeping is a true measure of 

mass of individual pollutant (NOx, VOCs, ozone) exported/imported to/from border 

grid cells. For implementation of this method, wind field direction and magnitude in 

each border grid and clear definition of the border (South-North and East-West) are 

required (Figure 4.8). 

Figure 4.8 Latitudinal and longitudinal transport of pollution across the Canada-US border. 

The Canada-US border is laid on west-east direction in most of the domain while in 

southern and southeastern Ontario the border has south-north sections (Figure 4.8). In 

this method the pollution export/import in latitudinal (y) (crossing the latitudes) and 

longitudinal (x) (crossing longitudes) direction are calculated separately using 

different components of the wind. The following formulations are used to calculate 

the export/import of pollution in grid cells containing the border in x or y direction: 

M 
Flux in x direction (kg) -C,x pmr x Ax x 2(ZF - ZH) xt/^x —— (4-10a) 

M 
Flux in y direction (kg) = C, x pmr xAyx 2(ZF - ZH) x U x —— (4-1 Ob) 

Ma,r 

where, C,and M, are the mixing ratio (ppm) and the molecular weight (gr/mole) of the 

pollutant i respectively. The/7a/ris the altitude dependent density of air (kg/m3), Ux is 

the longitudinal and Uy is the latitudinal (mis) component of the wind. ZF is the 

height of top and ZH is the height of middle of each vertical layer of the model. A 
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typical geometry of a border cell is shown in Figure 4.9. For quantification of the 

overall mass transport of each pollutant in the troposphere, integration over all 

vertical layers of the model is required. 

US-Canada border 

on west-east 

direction 

N 

< 

US-Canada border on south-north 

direction 

Figure 4.9 The mass export/import calculation schematic in the border area, between Canada 
(red grid) and US (blue grid) in both south-north and west-east directions 

In this method, the variations in cross-border flux of ozone and NOx are also 

quantified in different layers of the atmosphere (boundary layer and free-troposphere). 

The comparison between transport in the boundary layer and in the free troposphere 

emphasizes on dependency of long-range transport on wind strength, lifetime of 

ozone and its precursors and their vertical distribution in the troposphere. Flux 

bookkeeping is a straightforward and computationally inexpensive method and 

provides information about the temporal and spatial variability in border 

export/import of pollution. This method gives a true measure of border-crossing, and, 

therefore, the main areas of import/export are easily identified by this method. 

However, unlike other methods used here, the flux bookkeeping is not able to 

establish source-receptor relationships. 
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Chapter 5: Results and Discussion 

5.1 Overview 

As discussed earlier, the main objective of this study was to quantitatively evaluate 

the cross-border transport of ozone in North America. We have tried to achieve this 

objective by employing different methods to answer the overall question of long-

range transport from different perspectives. Each method is a distinct approach, and 

provided a unique perspective in quantification of long-range transport. The zero-out 

method provided information about total contribution of each country to the surface 

ozone air quality of the other. The marginal zero-out method calculated the impact of 

marginal changes in upwind emission sources on surface ozone air quality. The 

adjoint method quantified the sensitivities of the average ozone in the receptor area of 

each country with respect to the emission sources in the other. In addition, the flux 

bookkeeping method enabled budgeting of the mass export/import of ozone and its 

precursors to/from each country across the border. Applying these methods allows for 

establishment of source-receptor relationships in US-Canada border area. While the 

previous chapter described the methods and their perspectives, the emphasis of this 

chapter is to present and discuss the results obtained from each approach. 
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5.2 Emission Zero-out 

The impact of the transport of emissions from upwind sources across the boundaries 

on the surface ozone air quality of border area in the each country was quantified by 

employing the zero-out method. The zero-out method calculated the ozone 

concentration that would exist in each country in the absence of anthropogenic 

emissions of the other country. In other words, the result of this method provided an 

insight into the total contribution of each country to the surface ozone concentration 

in the other. To quantify the total impact of foreign emissions on surface ozone air 

quality in the US-Canada border area, two metrics were defined and calculated in the 

receptor area of each country: daily average ozone, and maximum 8h-average ozone. 

Daily average ozone reflects a measure of total transport while maximum 8h-average 

ozone has higher regulatory significance (both the US and Canada-wide standards use 

an 8h-average metric.) As discussed, for each country two scenarios were simulated: 

the base case scenario and the zero-out scenario. The zero-out simulation scenario in 

each country (i.e., eliminating the anthropogenic emissions) resulted in variations in 

the ozone metrics in both the sources and the neighboring countries. Such changes in 

the ozone metrics due to the removal of foreign anthropogenic emissions, averaged 

for the duration of the episode, are interpreted as a total contribution of cross-border 

emissions to the average or maximum 8h-average ozone in each country. 

5.2.1 Impact of Anthropogenic Emissions (NOx+VOCs) Zero-out on 

Maximum 8h-average Ozone 

The base case simulation scenario resulted in spatial distribution of surface ozone 

concentration across the domain. The maximum 8h-average ozone in the receptor 

areas of each country is averaged for the duration of episode (Summer 2007). The 
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spatial variation in the maximum 8h-average ozone in different parts of the receptor 

area of Canada can be seen in the Figure 5.1(a). Lower than expected concentrations 

are simulated for western Canada where traditionally higher ozone episodes have 

occurred (e.g. Fraser Valley). This is most probably due to the lack of representation 

in western boundary conditions. Figure 5.1(b) shows the maximum 8h-average ozone 

that would exist in Canada during the summer 2007 in the absence of American 

anthropogenic emissions. The difference between Figure 5.1(a) and 5.1(b) shows the 

ozone enhancement in Canada resulting from American (foreign) anthropogenic 

emissions. Comparison between two spatial plots demonstrates that high ozone 

concentration in Canada (happening mainly in southern Ontario) is reduced 

significantly in the absence of American anthropogenic emissions. 

a) b) 

Figure 5.1 Maximum 8h-averge ozone in the receptor area of Canada, a) in base-case scenario b) 
in the absence of American anthropogenic emissions, averaged for the duration of the episode (90 

days of summer) 

The reduction in maximum 8h-average ozone in Canada due to elimination of 

American emission sources was calculated and shown in Figure 5.2. As seen in the 

figure the reduction in the maximum 8h-average ozone achieves its largest value in 

southern Ontario. Maximum 8h-average ozone in southern Ontario was reduced in the 
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absence of American emissions by 20 ppb on average. These values are averaged for 

90 days; daily values are substantially higher. This significant reduction of maximum 

8h-average ozone shows the sensitivity of this area to American emissions and cross-

border transport. This is due to the dominant west-east cross-border transport across 

the north-south portion of the border by the prevailing westerly winds in mid-

latitudes. The latitudinal (i.e. south to north) orientation of the US-Canada border in 

this area, makes southern Ontario particularly sensitive to cross-border pollution 

import from the US. Therefore, the air quality in this part of Ontario is sensitive to 

American emissions as it is mainly exposed to emission flux carried from the East. 

Figure 5.2. Reduction in maximum 8h-average ozone in the receptor area of Canada due to the 
removal of American emissions, averaged for the duration of the episode 

The maximum 8h-average ozone concentration in the receptor area of the United 

States averaged for the duration of the episode (Summer 2007) is shown in Figure 

5.3(a). The same is shown in Figure 5.3(b) but in the absence of Canadian emissions. 

Thus, comparison between plots 5.3(a) and 5.3(b) shows the changes in maximum 8h-
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average ozone in the receptor area of the US in response to Canadian emissions. The 

maximum 8h-average ozone in the US was not significantly impacted when Canadian 

anthropogenic emissions were eliminated. It is only a small area in the US (northeast) 

that shows relatively high sensitivities to Canadian emissions compared to rest of the 

domain. 
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Figure 5.3 Maximum 8h-average ozone in the receptor area of the US a) base-case b) in the 
absence of Canadian anthropogenic emissions, averaged for the duration of the episode 

148 

The reduction in maximum 8h-average ozone in the US as result of removing 

Canadian emissions is shown in Figure 5.4. As shown in Figure 5.4, the area close to 

the US-Canada border (e.g., northeastern, New York) is most sensitive part in the US 

to Canadian emissions, reduced by 5 ppb on an average. Again, sensitivity to the 

Canadian emissions in this area is due to the dominance of west-east transport by 

westerlies in mid-latitudes. A Comparison of Figures 5.2 and 5.4 reveals that during 

the Summer of 2007, the impact of American emissions on Canadian maximum 8h-

average ozone concentration is significantly larger than that of Canadian emissions on 

the US maximum 8h-average ozone. Southern Ontario and northeast US are areas 

most affected by cross-border transport in Canada and the US, respectively. 
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Figure 5.4 Reduction in maximum 8h-average ozone in the US receptor area due to the removal 
of Canadian emissions, averaged for the duration of the episode 

The reductions in maximum 8h-average ozone due to the absence of domestic 

emissions in Canada and US are depicted in Figure 5.5(a) and 5.5(b) respectively. 

Maximum 8h-average surface ozone in the border area of Canada (particularly in 

southeastern) is reduced more considerably when the American emissions are 

eliminated rather than domestic emissions. The impact of domestic emission removal 

in the US is also quantified (Figure 5.5(b)). Eliminating domestic anthropogenic 

emissions causes significant reduction in maximum 8h-average ozone in the US; from 

Eastern US to Minnesota surface ozone is reduced by 20 to 30 ppb as an average. For 

this period, contributions from domestic emissions far outweigh Canadian 

contributions. It can be concluded that American emissions were the most important 

contributor to surface ozone air quality in the US-Canada border area as maximum 
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8h-average ozone in both Canada and US border areas were reduced significantly 

when American emissions were eliminated. 

Figure 5.5 Reduction in maximum 8h-average ozone in a)Canada and b)United States, due to 
the absence of domestic emissions, averaged for the duration of the episode 

5.2.2 Impacts of Elimination of NOx Emissions (Foreign vs. Domestic) 

on Maximum 8h-average Ozone in Each Country 

In the previous section, the impact of removing anthropogenic emissions 

(NOx+VOCs) on the maximum 8h-average ozone in each country was quantified. For 

further investigation, simulations were repeated for NOx-only zero-out scenarios, 

where the impact of elimination of NOx emissions of each country on the maximum 

8h-average ozone of the other were quantified. Doing so allowed for a quantitative 

evaluation of the impact of NOx emissions vs. total anthropogenic emissions in ozone 

abatement. This experiment has a practical value as NOx emissions have been 

controlled more drastically in the last couple of decades. Furthermore, NOx is the 

main source of nonlinearity in the response of tropospheric ozone to emission 

controls, and therefore, gaining insight into sensitivity to NOx emissions is 
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particularly valuable. N0X reduction in the US also results in sizeable surface ozone 

reductions in Canada, highlighted by significant reductions in the southern Ontario 

(Figure 5.6). 
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Figure 5.6 Reduction in maximum 8h-average ozone in Canada due to the elimination of 
American NO, emisisons, averaged for the duration of the episode 

Similarly, the impact of Canadian NOx zero-out on the US border air quality is shown 

in Figure 5.7. Maximum 8h-average ozone in the US-Canada border area would be 

reduced more considerably in the absence of NOx emission compared to the 

anthropogenic (NOx+VOCs) emissions. Comparison of the NOx zero-out scenarios 

and the anthropogenic emission zero-out scenarios, as expected, demonstrates that 

NOx emissions are to a great degree the most influential parameter affecting surface 

ozone. Given the nonlinear response of ozone to NOx reductions, the larger reduction 

in ozone concentration by removal of NOx emissions is reasonable. As discussed 

earlier in Chapter 2, the VOC/NOx ratio affects ozone responses to the reduction of 

NOx and VOC emissions. By removing NOx emissions, the VOC/NOx ratio increases 
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(i.e. positioned firmly in the NOx-limited regime) where lowering NOx emission 

results in lower peak of ozone rather than removing NOx and VOCs together. This 

fact can be easily described in ozone isopleths. 
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Figure 5.7 Reduction in maximum 8h-average ozone in the US due to removal of Canadian NOx 
emissions, averaged for the duration of the episode 

5.2.3 Policy Relevant Background (PRB) Ozone 

The impact of elimination of North American anthropogenic emissions (US and 

Canada and Mexico) on maximum 8h-average ozone in the receptor area of each 

country was also quantified. The remaining ozone in the absence of all North 

American emissions is usually referred to as Policy Relevant Background (PRB) 

ozone [US EPA, 2006]. Figure 5.8(a) shows the maximum 8h-average ozone 

concentration that would exist in the receptor areas of Canada in the absence of North 

American emissions. As seen in Figure 5.8(a), maximum 8h-average ozone in most of 
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Canada has been reduced to 30-40 ppb by elimination of North American 

anthropogenic emissions. As discussed earlier, the PRB has contributions from 

anthropogenic sources outside North America as well as natural sources inside the 

continent. Accordingly, background ozone concentration is not reduced under current 

control strategies in North America because it would exist even if there were zero 

anthropogenic emissions from North America. As seen in Figure 5.8(a) ozone 

concentrations in particular locations in Canada (e.g., the majority of British 

Columbia) remain rather high even without North American anthropogenic emissions, 

reflecting the sizeable impact of either natural emissions or anthropogenic emissions 

imported across the Pacific Ocean. Similarly, in Figure 5.8(b) the maximum 8h-

average ozone in the US in the absence of North American emissions is presented. 

Again, PRB ozone shown in Figure 5.8(b) is the minimum ozone concentration that 

could be achieved through North American emissions control. The PRB in the US 

ranges from 30 to 40 ppb in most places, which is consistent with previous findings 

[Fiore et al, 2002, Wang et al, 2009]. 

a) b) 

Figure 5.8 Maximum 8h-average ozone in a) Canada b) the United States in the absence of North 
American anthropogenic emissions (PRB), averaged for the duration of the episode 
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The difference between Figure 5.8(a) and base case ozone was quantified and is 

shown in Figure 5.9(a). As such, Figure 5.9(a) shows the maximum reduction that can 

be achieved through the control of North American anthropogenic emissions. 

Likewise, the reduction in maximum 8h-average ozone in the US due to the 

elimination of North American emission is shown in Figure 5.9 (b). 

a) b) 

Figure 5.9 Reduction in maximum 8h-average ozone in a) Canada b) the United States due to 
elimination of North American anthropogenic emissions, averaged for the duration of the episode 

Several points can be made after comparison of Figures 5.9(a) and 5.9 (b). First, the 

impact of American emissions zero-out on the maximum 8h-average ozone in the US 

is similar to the impact of removing North American anthropogenic emissions. This 

point emphasizes the significant contribution of American anthropogenic emissions to 

domestic surface ozone pollution. Second, elimination of American emissions causes 

a reduction in the maximum 8h-average in Canada, almost to the same amount as 

elimination of North American emissions. This point has considerable importance for 

policy making, as it highlights the contribution of American emissions to ozone 

nonattainment in the US-Canada border areas. This point underlines the importance of 

coordinated emission reduction policies in North America. 
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5.2.4 Cross-Border Impact on Daily Average Ozone 

The second metric used in this study was daily average ozone. The impact of removal 

of anthropogenic emissions on daily average ozone in each country was calculated 

and presented in this section. While maximum 8h-average ozone reflects the impact 

on daytime high concentration areas, the average ozone metric also takes into account 

the impact of emissions zero-out scenarios on nighttime concentrations of ozone. The 

reductions in daily average ozone in the receptor area of Canada and in the receptor 

area of the US due to the removal of foreign emissions are shown in Figures 5.10 and 

5.11, respectively. The impacts of these scenarios are averaged for the duration of the 

episode. 
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Figure 5.10 Reduction in daily average ozone in the receptor areas of Canada due to the absence 

of American emissions, averaged for the duration of the episode 
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Figure 5.11 Reduction in daily average ozone in receptor areas of the US due to the absence of 
Canadian emissions, averaged for the duration of the episode 

Comparison of zero-out effect between these two metrics demonstrates that the 

impact of zero-out scenarios is relatively higher on maximum 8h-average ozone 

metric compared to average ozone metric. Ozone generation is a daytime process 

driven by sunlight and generally the 8 hours over which average ozone is maximum 

occurs during the day. It can be concluded that the effects of the zero-out scenarios 

are larger during the day and when ozone concentrations are high. As discussed in 

Chapter 2, this is expected as ozone titrates NOx during the night and as such has a 

negative sensitivity with respect to its emissions. Therefore, removal of NOx would 

increase ozone at night and will partially compensate the overall ozone reduction due 

to zero-out. 
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The impact of elimination of domestic emissions on daily average ozone is shown in 

Figure 5.12(a) and 5.12(b) for Canada and the United States, respectively. The 

negative numbers in Figure 5.12 (a) are an indication of an increase in average ozone 

in the absence of Canadian emissions. The blue points seen in Figure 5.12(a) are 

examples of such air quality impairment in major Canadian centers, Montreal, 

Toronto, Winnipeg, Saskatoon, Calgary, Edmonton and Vancouver, where the 

average ozone in these cities increases as result of removal of Canadian Emissions. 

Figure 5.12 Reduction in daily average ozone in a) the receptor area of Canada b) in the receptor 
area of US due to the elimination of domestic emissions, averaged for the duration of episode 

As discussed in Chapter 2, in highly polluted urban areas, VOC/NOx ratio is low due 

to the large amount of NOx emissions from mobile and stationary sources. In these 

areas, reduction of NOx emissions increases the ozone concentration because the 

relatively high concentration of NOx scavenges the radicals that contribute to NO-to-

NO2 conversion and ozone formation. Therefore, decreasing NOx, results in more 

radicals for VOC oxidization and ozone formation in NOx-inhibited areas [Seinfeld & 

Pandis, 1998]. Unlike the daily average ozone, maximum 8h-average ozone did not 

increase in those urban centers. It is only upon averaging over 24 hours these 

enhancements appear. The reason is that NOx is titrated by ozone in the absence of 
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sunlight during the night when the subsequent photolysis of NO2 to NO is not 

happening. Therefore, during the night, sensitivity of ozone with respect to NOx is 

negative and reduction of NOx causes ozone enhancement in NOx-inhibited areas. 

Accordingly, increase in urban centers appears upon averaging over 24 hours. Figure 

5.12(b) shows similar set of results for the US. Again negative numbers indicate the 

increase in average ozone in the US. However, ozone enhancement is only seen in 

few urban centers (New York, Seattle and Portland) in the US. As demonstrated in the 

previous section, ozone concentration is significantly reduced in the US by removing 

domestic emissions. Therefore, when averaging the changes in ozone concentration 

over 24 hours and for the duration of summer, the increase in ozone concentration 

(which mainly occurs at night) in urban centers is faded and cancelled out by large 

reduction in ozone concentration during the day. 

5.2.5 Discussion of Emissions Zero-Out Results 

Figure 5.13 presents the probability distribution function for ozone concentrations 

during the Summer of 2007 in the receptor area of Canada. The plot is constructed 

using hourly concentrations of ozone in all the grid cells in the receptor area of 

Canada. Shown in the figure are the model predicted surface ozone concentrations in 

the base case scenario, in the absence of American emissions, in the absence of 

Canadian emissions, and those in the absence of North American emissions (i.e., 

PRB). The means and standard deviations for the probability distributions are 

summarized in Table 5.1. 
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Figure 5.13 Probability distribution of hourly ozone concentration in all grid cells in the 
receptor area of Canada, when different scenarios were applied: the base case scenario is shown 

in black, the Canadian emissions zero-out scenario is in red, the American emission zero-out 
scenario is in blue and the ozone concentration in the absence of North American emissions 

(PRB) is in green. 

Table 5.1 Means and standard deviations for probability distributions in Figure 5.13 

Scenarios 

Base Case 
Canadian emission zero-out 

America emissions zero-out 
Policy relevant background ozone 

Mean 

37 
35 

34 
31 

Standard deviation 

±10.2 
±10 

±8 
±7.4 

As seen from the distributions or the summary table, elimination of American 

anthropogenic emissions has as large an impact as domestic emissions in Canada 

because the ozone probability distributions are rather similar when the US or domestic 

emissions were eliminated. Figure 5.13 also shows that the US zero-out curve has a 

greater frequency (larger occurrences) when ozone concentration is below 40 ppb. 

This shows effective ozone reduction in the receptor area of Canada under American 

emissions removal scenario. This fact is consistent with spatial plots which have been 

shown earlier for the zero-out effect of Canadian vs. American emissions in the 
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receptor area of Canada (Figures 5.5(a) and 5.2). The probability distribution of ozone 

concentrations in (the receptor area of) the United States is shown in Figure 5.14, and 

the means and standard deviations for each scenario are also summarized (Table 5.2). 

Again the plot is constructed using hourly ozone in all grid cells in the receptor area 

of the US and uses the same color scheme as Figure 5.13. 

0.05 
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North American Emissions = 0 

0 10 20 30 40 50 60 70 80 90 100 110 120 

Ozone Concentration (ppb) 

Figure 5.14 Probability distribution of hourly ozone concentration in all grid cells in the 
receptor area of the US, when different scenarios were applied: the base case scenario is shown 
in black, the Canada zero-out scenario is in red, the American zero-out scenario is in blue and 

the policy relevant background ozone is in green. 

Table 5.2 Means and standard deviations for probability distributions in figure 5.14 

Scenarios 

Base Case 
Canadian emission zero-out 

America emissions zero-out 
Policy relevant background 

Mean 

44.9 
44 

35 
33.2 

Standard deviation 

±15.6 
±12 

±8.3 
±4.2 

Figure 5.14 suggests that Canadian zero-out impact is sizeable yet small, or in other 

words, that removing Canadian emissions does not make a significant change in the 

surface ozone concentrations in the border area of the US. This could also be inferred 
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from the previous spatial plots that show the reduction in maximum 8h-average ozone 

in the US resulting from removal of Canadian emissions (Figure 5.4). By contrast, the 

impact of domestic emissions on the US air quality (of the receptor region) is very 

substantial. In fact, ozone concentrations in the absence of American emissions (US 

background) have a similar probability distribution function to that of the policy 

relevant background ozone (PRB). Again, these observations are consistent with the 

trends seen in spatial plots (Figures 5.5(b) and 5.9(b)). The cumulative distribution 

function of the change in ozone concentration in response to the removal of 

anthropogenic emissions (domestic vs. cross-border) in the Canadian receptor area 

was also quantified (Figure 5.15). The plot is constructed from changes in 

concentrations in all grid cells in the receptor area of Canada for each hour of the 

episode (90 days). Changes (improvements) in ozone concentration (x-axis) are 

binned in 0.1-ppb increments and the positive numbers are indication of a reduction 

and negative numbers are indication of an increase in ozone concentration. 
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Figure 5.15 Cumulative Distribution Function (CDF) of zero-out impact of American (in blue) 
and Canadian (in red) emissions on hourly ozone concentration in Canada 
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The foreign zero-out curve has an initial (> 10 ppb) value of 11.3%, whereas the red 

curve starts at 2.35%. Therefore, significant reductions occur much more frequently 

as a result of foreign rather than domestic reductions. In addition, the blue curve has a 

larger frequency for ozone reduction ranges from 3 to 10 ppb. However, removing 

domestic emissions in Canada has a larger likelihood of causing ozone reductions 

ranging from 0 to 3 ppb. 

The same cumulative distributions are shown for the impact of domestic and cross-

border emissions on American receptor area (Figure 5.16). About 35% of the total 

grid-hours experience an improvement in ozone concentration larger than 10 ppb as a 

result of domestic emission zero-out; whereas that number is only 0.7% in response to 

Canadian emission zero-out. The significant difference between these two values 

indicates that removing domestic emission control is by far the larger factor for ozone 

air quality improvement in the US. 
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Figure 5.16 Cumulative Distribution Function of zero-out impact of Canada (in red) and zero-out 
impact of US (in blue) on hourly ozone concentration in the US 
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An examination of the ozone air quality improvement in comparison with base 

concentration was also carried out for Canada and the US (Figures 5.17 and 5.18, 

respectively.) In these scatter plots improvements (reductions) in maximum 8h-

average ozone for all cells and days in the receptor area of Canada (or the US, in 

Figure 5.18) are plotted against ozone concentrations. In other words, the figures 

show the magnitude of the impact for various ranges of concentrations. Again, the 

positive numbers show reduction and negative numbers are an indication of an 

increase in ozone concentration. While there are few occasions (in Figure 5.17) in 

which high values of daily maximum 8h-average ozone in Canada was not affected 

significantly by the US emissions, for the most parts largest improvements (peaking at 

72 ppb when maximum 8h-average ozone is 111) occur in areas of higher 

concentrations (particularly for ozone concentration above 65). This is of particular 

policy importance as these points are typically those that drive the regulatory process. 

Also, spatial plots shown before indicate that these points are generally located at 

some of the most populated areas in Canada, i.e. southern and southeastern Ontario. 
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Figure 5.17 Changes in maximum 8h-average ozone in the receptor area of Canada resulting 
from 100% reduction of American emission (zero-out) plotted as a function of maximum 8h-

average ozone during the episode, positive numbers are indication of reduction in maximum 8h 
ozone and negative numbers show increases. 

This relationship between the magnitude of ozone improvement and base case 

concentrations is also seen for the receptor area of the US but at a much more 

diminished level (Figure 5.18). Compared to the Canadian case, there are far fewer 

high concentration points that are greatly impacted by Canadian emissions. Most of 

these points are located in northeast US where east-west transport results in large 

cross-border influences (see Figure 5.4). Overall, a much lower degree of correlation 

exists between the level of improvement and base case concentration. In fact, quite a 

few areas in the US receptor region experience ozone impairment (increase in ozone 

concentration), albeit small, in the absence of Canadian emissions. It is noteworthy 

that the level of improvement in US ozone concentration seen in our study (maximum 
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of 42 ppb in northeast US when maximum 8h-average ozone is 105) is in good 

agreement with the study by Wang et al. (2009) using the coarse-grid global model 

GEOS-Chem. They conclude that for certain areas of the US (northeast, particularly 

upstate NY), contributions from Canadian sources are at about the same order of 

magnitude as those from domestic power plants (peaking at 33 ppb). Our study finds 

that while their statement may be correct for few areas in a particular region, it does 

not reflect the overall dynamics of cross-border transport. In contrast, the statement 

about influence on Canadian ozone air quality is much closer to what we observed in 

our study. 
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Figure 5.18 Change in maximum 8h-average ozone in the receptor area of the US resulting from 
100% reduction of Canadian emissions (zero-out) plotted as a function of maximum 8h-average 

ozone, positive numbers are indication of reduction in maximum 8h ozone and negative numbers 
show increases. 
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The magnitude of reduction in the US resulting from elimination of foreign (cross-

border) emissions is much smaller than the reduction in Canada due to the foreign 

emissions zero-out. The maximum reduction in maximum 8h-average ozone 

concentration in Canada due to the elimination of foreign emissions is 72 ppb, 

whereas this value in the US is no higher than 42 ppb. In other words, the United 

States has a considerable contribution to the ozone exceedance above the Canada-

wide standards events in Canada (above 65ppb). Canadian contributions to ozone 

exceedance events in the US seem to be much fewer in number. 

5.3 Marginal Emission Reduction and Cross-Border Transport 

The zero-out simulations where the responses of ozone concentrations in one country 

are modeled to reflect a 100% reduction in emissions from the neighboring country 

are of hypothetical value only. Emission zero-out is not a practical strategy and only 

provides information about the policy relevant background ozone. It is of more 

practical importance to quantify the impact of marginal changes in foreign and 

domestic emissions. Previous works [Hakami et al, 2003; Cohan et al, 2005] show 

that small level of perturbation (i.e., 5% to 20%) results in sensitivity coefficients that 

are consistent with local sensitivities. In this section, the response of ozone 

concentrations to a 10% reduction in foreign emissions is quantified. We attempt to 

examine whether the changes in ozone concentrations resulting from 10% reduction 

in emissions can be linearly extrapolated from the ozone response to a 100% 

reduction or vice versa. In this approach the BF sensitivity to emission changes is 

calculated using a 10% perturbation in emissions. These sensitivity coefficients are 

calculated by extrapolating results from 10% reduction to 100% range (i.e., 

multiplying by 10). Figure 5.19 compares the ozone response to the reduction of 

American anthropogenic emissions by 10% (a) against ozone response to that case of 
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100% reduction (b). As seen in the spatial plots, for the majority of the locations in 

the receptor area of Canada 10% perturbations of American emissions result in 

generally smaller sensitivities than zero-out reductions, particularly in southern 

Ontario. This indicates a largely nonlinear ozone response to foreign emission 

reductions. 

a) b) 

-i 24 112 
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s 

Figure 5.19 Reduction of maximum 8h-average ozone in Canada due to the reduction of 
American emissions, averaged for the duration of the episode a) BF sensitivities b) Zero-out 

sensitivities 

As shown earlier ozone response to the reduction of entire anthropogenic emissions 

was similar in spatial distribution and magnitude to the ozone response to NOx 

emission reduction, which is by far the most important emitted species affecting 

ozone. Second order sensitivity coefficient can be used to determine the curvature of 

concentration-emissions function. Negative second-order sensitivity indicates a 

concave response of ozone to NOx (slope of function decreases when emissions 

increase) [Hakami et al, 2004]. The larger response of maximum 8h-average ozone in 

southern Ontario to the zero-out of anthropogenic emissions compared to marginal 

changes indicates a daytime convex response of ozone with respect to NOx in this 
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region where reduction of NOx in large amounts (zero out) creates an increasingly 

NOx-limited environment and more significant response. 

Similarly, Figure 5.20 compares the BF sensitivities of the maximum 8h-average 

ozone in the US border area resulting from Canadian emissions reduction. In most of 

the US, BF sensitivities are close to the zero-out sensitivities except in the Northeast 

in which BF sensitivities are slightly larger than zero-out sensitivities. 

Figure 5.20 Reduction in maximum 8h-average ozone in the US due to the reduction of 
Canadian emissions, averaged for the duration of the episode a) BF sensitivities b) Zero-out 

sensitivities 

A similar pattern of nonlinearity in the response of maximum 8h-average ozone can 

be seen in scatter plots of Figures 5.21 and 5.22 for Canada and the US, respectively. 

These plots show the zero-out or BF sensitivity of daily maximum 8h-average ozone 

in the receptor area of each country resulting from cross-border emission reductions. 

The scatter plot is constructed from daily maximum 8h-average ozone in all grid cells 

of the receptor area for every day in the simulated episode. In other words, while the 

values in Fugures 5.19 and 5.20 are averaged over the entire episode (90 days), each 

point in Figures 5.21 and 5.22 represent a single day. Again, for Canada, a largely 
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nonlinear behavior is observed while for the US deviations from linearity (1 on 1 line) 

are smaller. 

-20 -10 0 10 20 30 40 50 60 70 
zero-out sensitivities (ppb) 

Figure 5.21 Responses of maximum 8h-average ozone in the receptor area of Canada to 
perturbations in American emissions (10%, and 100%), the ordinates shows the BF sensitivities 

(10%) and the abscissa shows the zero-out sensitivities, the 1:1 line shows the linearity of 
relationship 

The difference in nonlinear behavior in Canada and the US can be explained by 

examining the nature of nonlinearity. Generally, nonlinearity in ozone response to 

NOx availability occurs when a change in the prevalent chemical regime happens, e.g. 

reduction of emissions shifts an urban mass from the NOx-inhibited into NOx-limited 

regime [Hakami et al., 2004]. The impact of American emissions on the chemical 

regime in Canada is substantial enough to trigger a regime change and the consequent 

nonlinear behavior. By contrast, the impact of Canadian emissions on the overall 

composition and making of the US atmosphere is much smaller, and in general (with 
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the exception of northeast US) not large enough to cause enough of a shift in the 

chemical regime. As a result, the overall behavior seen in Figure 5.22 is closer to a 

linear response than that of Figure 5.21. 

-10 0 10 20 30 40 
zero-out sensitivities (ppb) 

Figure 5.22 Response of maximum 8h-average ozone in the receptor area of the US to 
perturbations in Canadian emissions (10% and 100%), the ordinates shows the BF sensitivities 

(10%)and the abscissa shows zero-out sensitivities, the 1:1 line shows the linearity of 
relationship 
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5.4 Adjoint Sensitivity Analysis 

The adjoint of gas-phase CMAQ [Hakami et al, 2007] was employed to establish the 

source-receptor relationships in North America during the Summer of 2007. The 

adjoint method enables calculation of sensitivities of a selected metric, average ozone, 

defined in the receptor area of each country, with respect to the NOx emission sources 

across North America. As discussed, adjoint variables contain information about the 

sensitivity of the metrics with respect to ozone concentrations at various locations and 

times [Hakami et al, 2007]. The adjoint variables, as shown in the previous chapters, 

can be used to generate the semi-normalized sensitivities of the metrics with respect 

to emission sources at each grid cell of the domain. The sensitivities of average ozone 

(integrated over the grid cells in the receptor area of Canada) with respect to NOx 

sources in the continental US are shown in Figure 5.23. The sensitivities are semi-

normalized (to the amount of emissions in each grid cell), presented in ppb, and 

averaged for each month of summer. For example, a sensitivity of 0.002 ppb to NOx 

emissions at a grid cell indicates that a 100% reduction in the emissions in that grid 

cell will reduce the average ozone in the Canadian receptor area by 0.002 ppb over the 

entire month. Accordingly, the sensitivity of the metric to certain amount of reduction 

in the emissions of that grid cell (e.g. by 8%) would be equal to 0.002x 8%. Adjoint 

results have been validated with brute-force and DDM sensitivities elsewhere 

[Hakami et al, 2007]. Employing adjoint method enabled the calculation of the 

contribution of individual sources across the domain to surface ozone air quality in 

the receptor region of each country. It should be noted however, that contributions 

calculated by local sensitivities (such as adjoint gradients) are only first-order 

approximations and do not take into account nonlinearity in response. 
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b) August 

c) September 

Figure 5.23 Sensitivities of average ozone (integrated in receptor area of Canada) with respect to 
NOj emissions in each grid cell in the Continental US, sensitivities are semi-normalized (ppb) 
and integrated over 30 days of the month of a) July, b) August, and c)September, results are 

averaged for each month 
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Figure 5.23 shows the contribution of each individual emission source across the US 

to the average ozone in the receptor area of Canada, i.e. sensitivities of average ozone 

to emissions of each grid cell in the US. By applying the adjoint method, information 

can be obtained about the main contributing sources to the surface ozone 

concentrations of US-Canada border area. As seen in the figures, average ozone in 

Canada is sensitive to the urban centers in the US. This high sensitivity is more 

obvious in the plot (a) for the July 2007. Urban centers in the US particularly close to 

the border have the largest influences on average ozone concentrations in the receptor 

area of Canada. Among these cities New York, Cleveland, Detroit can be easily 

distinguished. More interestingly, NOx emissions from Los Angeles also affect 

average ozone in the receptor area of Canada. The adjoint sensitivity analysis enables 

the definition of various metrics of interest that deal with air quality (e.g., ozone 

nonattainment, or ozone related mortality) and the identification of the locations 

whose emissions are the main causes of these concerns. Note that the adjoint cost 

function (i.e. the metric the sensitivity of which is being calculated) is defined as the 

average ozone over the entire receptor area. As mentioned before, the adjoint method 

is not capable of providing detailed information on individual receptors. From a 

theoretical point of view, the adjoint cost function can be defined over a smaller area 

or even a single grid cell. However, it would be computationally prohibitively 

expensive to calculate sensitivities of each individual receptor as each cost function 

will require a new set of adjoint calculations. 

It is important to note the philosophical difference between forward sensitivity 

approaches (such as zero-out) and the backward sensitivity (adjoint) method. While 

forward approaches provide spatially and temporally distributed sensitivity 
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information about receptors, backward analysis provides spatially and temporally 

distributed information about sources. In that sense, forward and backward methods 

are truly complementary as they address different aspects of the question. 

Similarly, Figure 5.24 shows the spatial distribution of the semi-normalized 

sensitivities of average ozone with respect to the NOx emission sources in Canada. As 

seen, average ozone in the receptor area of the US shows the maximum sensitivity 

(red points) to Canadian centers from east to west, Montreal, Toronto, Hamilton, 

Winnipeg, Regina, Saskatoon, Calgary, Edmonton and Vancouver. The major 

contributing source regions in Canada are city centers due to high NOx concentration. 

Southern/southeastern Ontario also shows relatively high contribution in average 

ozone concentration in the US as most Canadian industries are located in this region. 

There are temporal variations in sensitivities of average ozone from July to September 

seen in both figures. The average ozone seems to be more sensitive to the NOx 

emission sources in July compared to the rest of the summer specifically with respect 

to American emission sources. It is difficult to assess the exact nature of these 

variabilities but the overall magnitude of the impact depends on a myriad of factors 

including transport and chemistry. 
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Figure 5.24 Sensitivities of average ozone (integrated in the receptor area of the US) with respect 
to the NOx emissions in each grid cell in Canada, sensitivities are semi-normalized (ppb) and 

integrated over 30 days of the month of a) July, b) August, and c) September, results are 
averaged for each month 
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5.5 Flux Bookkeeping 

The analyses in the previous sections were focused on the impact of cross-border 

emission sources on ozone air quality through various sensitivity analysis approaches. 

As expected, it was simulated that some border locations are more impacted by cross-

border pollution flux due to the prevalent west-to-east wind direction. The motivation 

behind this part of our study was to calculate the actual mass of pollution that crosses 

the border into each country, particularly into southeastern Ontario and the 

northeastern Unites States where sensitivity-based methods predict a larger impact. 

Therefore, the transport of ozone and its precursors across the US-Canada border was 

budgeted. As described in Chapter 4, in grid cells containing US-Canada border, the 

budget of transport of masses of air and individual pollutants was maintained. The 

longitudinal (west to east) and latitudinal (north to south) export of masses were 

calculated separately considering the border location and the wind direction towards 

the border. In the following section, the export of masses of air, ozone, and its 

precursors in anthropogenic NOx and VOCs across the border is investigated. Unlike 

the previous approaches, this method of evaluating cross-border transport is not based 

on sensitivity analysis and is a simple case of bookkeeping at the border. 

5.5.1 Longitudinal and Latitudinal Export of Pollution Flux in the 

Border 

The temporal and spatial variation of pollution export happening in the troposphere in 

both latitudinal and longitudinal directions in border grid cells has been quantified. 

The mass of air transported in these directions were also calculated in order to explore 

whether there is correspondence between transport of air and the pollutants or not. 

Figure 5.25 represents the latitudinal (north to south) transport and Figure 5.26 shows 
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the longitudinal (west to east) transport of masses of pollutants in the border grid 

cells. The values are daily and integrated over all vertical layers in the troposphere. 

This representation shows the daily variation of mass transport (in each direction 

separately) in border grid cells during the episode. The mass exports appear in the 

columns or rows within which the border extends. For example, for west-east 

(longitudinal) transport, the plot will only include the north-south extent of the border, 

i.e. row numbers 75 to 95. 

Latitudinal Transport 

a) Ozone 

' -^«^^^»" ' • F r o m Canada 
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d)Air 
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Figure 5.25 Latitudinal mass export (tonnes) of different pollutants in the troposphere during 
the summer 2007. The red color is indication of export of pollutants from the US to Canada and 
blue color shows the export of pollutants from Canada to the US. The y-axis shows the 90 days 

of simulation and the x-axis shows the 148 columns included in the domain. 

Obviously, cross-border transport of ozone can happen in the form of ozone itself or 

import/export of its precursors, and therefore, all species (or their representatives) are 

budgeted in this section. Plot 5.25(a) demonstrates the spatial structure and temporal 

variation of border transfer of ozone happening in latitudinal direction during the 

simulation episode. Ozone export from Canada mostly occurs across midwestern 

states/provinces for the majority of the days. In contrast, the export from the US to 

Canada mainly happens in the east and west during this episode. Plot 5.26(a) shows 

the ozone transfer happening in the longitudinal direction. The export of ozone in this 

direction mainly occurs from the US to Canada by prevailing westerlies. Surface air 

quality impairment in Southeastern Canada results from such west to east pollution 

export from the US. There are few days in which the US receives ozone export from 
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Canada. It should be noted that values in Figures 5.25 and 5.26 are net export/import. 

In other words, a case of a positive value in the plots indicates that the US export 

outweighs Canadian exports at a particular border crossing and for a specific day. 

That does not imply that Canadian exports do not occur, nor does it suggest that US 

exports are always larger than Canadian exports during various hours of that day or 

different atmospheric heights. In fact, there is likely to be a great deal of diurnal and 

vertical variability in border export/import behavior that is summed out in the plots 

and as such Figures 5.25 and 5.26 should be only regarded as an overall picture of 

cross-border transport. Furthermore, for some border rows, crossing happens at two 

locations. In other words, an air mass traveling along a westerly wind that crosses the 

border from the US into Canada in southern Ontario can later on return to the US on 

the same row. Again, the value seen for that particular row reflects the net impact and 

does not include information about individual crossings. 
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c) Ethylene (VOC) 
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Figure 5.26 Longitudinal mass export (tonnes) of different pollutants in the troposphere during 
the summer 2007. The red color is indication of export of pollutants from the US to Canada and 

blue color shows the export of pollutants from Canada to the US. The y-axis shows the shows 
the 112 rows included in the domain and the 90 days of simulation are shown in the x-axis. 
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Spatial structure and temporal variation in mass transfer of NOx and VOCs in 

latitudinal and longitudinal directions were also calculated. Such quantifications 

enabled the formation of logical connections between the high ozone concentration 

seen in each country and the export of emission precursors. The mass export of NOx 

across the border from south to north and from west to east are shown in Figures 5.25 

(b) and 5.26(b), respectively. The plots demonstrate that latitudinal NOx export 

mainly occurs from the US to Canada specifically at the end of the summer. However, 

a fairly equal exchange rate of NOx emissions is seen in longitudinal direction across 

the US-Canada border. Mass transport of ethylene (as a representative for 

anthropogenic VOCs) in latitudinal and longitudinal directions were also quantified 

(Figures 5.25(c) 5.26(c)). The spatial and temporal variations of latitudinal export of 

VOCs are similar to that of NOx but smaller in magnitude (by one order of magnitude 

difference). However, there is also export of emissions from Canada to the US in 

Midwestern in the first month of the summer. The longitudinal export of VOCs 

(Figure 5.26(c)) occurs in a fairly equal rate between two countries. It can be 

concluded that ozone export in longitudinal direction mainly occurs from US to 

Canada, whereas, the NOx and VOCs emissions (ozone precursors) are exported 

equally between Canada and the US. 

The spatial and temporal variation of transport of masses of the air to/from each 

country in the border areas were also quantified (latitudinal in Figure 5.25(d) and 

longitudinal in 5.26(d)). These two plots are prepared to explore the existing 

resemblances between the export pattern of the air and the pollutants during the 

summer. Comparison of the plots shows that the spatial and temporal variations of 

ozone and the air in both directions are similar. Ozone has a much longer atmospheric 
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lifetime (few days to several weeks) than NOx or ethylene (hours), and therefore, it 

has much more homogeneous distribution in the atmosphere than NOx or VOCs. As a 

result, the observed resemblance between export/import behavior of ozone and air is 

expected while the lack of such resemblance for VOC/NOx is not surprising. 

The time series of total masses (net value) of pollutants (Ozone, NOx and VOCs), 

exported from the US to Canada or Canada to the US, in latitudinal and longitudinal 

directions in each day of Summer 2007 are presented in Figure 5.27. A great deal of 

temporal variabilities is seen in the time series of border mass transfer for all 

pollutants. Time series plots of ozone and its precursors show (as do spatial plots in 

Figure 5.25 and Figure 5.26) two order of magnitude differences in species transport, 

reflecting the expected difference in atmospheric abundance. Also, it can be seen in 

the Figure 5.27 (a) that ozone is exported in longitudinal (west-to-east) direction 

mainly from the US to Canada. However, plot (b) and (c) represent that NOx and 

VOCs are exported in latitudinal (south-to-north) direction from the US to Canada. 

For all other cases, there is a fairly equal rate of export between Canada and the US. 
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Figure 5.27 Summer time series of masses (tonnes) of a) Ozone, b) INOx, and c)VOCs exported 
from the US to Canada (positive) and from Canada to the US (negative) in longitudinal (solid 

line) and latitudinal (dash line) directions during the Summer of 2007. 

NOx and VOC concentrations are typically higher in the boundary layer, and as such, 

transport of NOx happens mainly in the boundary layer. Due to their relatively short 

lifetime these compounds have higher concentrations closer to their sources and in the 

boundary layer. Similarly, shorter lifetime for NOx and VOCs leads to a vertically 

heterogeneous distribution at various heights. This is the underlying reason for 

differences in spatio-temporal variability of import/export across the border. The 

cross border transport of ozone, NOx, and VOCs in the boundary layer (here taken as 

the first 2 km above the surface), and free troposphere (tropospheric layers above the 

boundary layer) were calculated. The latitudinal (south to north) mass export of 

pollutants in the border area in the boundary layer and in the free troposphere are 

compared in Figure 5.28. 
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Latitudinal Transport 
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c) NOx in the Boundary Layer 
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90 

80 

70 

60 

m 

40 

30 

20 

10 -4— 

From US 

[30 

20 

10 

0 

•10 

-20 

-30 

•From Canada 

15 30 45 60 75 90 105 120 135 



115 

e) Ethylene (VOCs) in the Boundary Layer 
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f) Ethylene (VOC) in the Free Troposphere 
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Figure 5.28 Latitudinal (south-to-north) export of different pollutants in the boundary layer and 
in the free troposphere during the summer of 2007. The y-axis shows the 90 days of simulation 

and the x-axis shows the 148 columns included in the domain. The red color is for export o f mass 
(tonnes) from U S to Canada and the blue color shows export of mass from Canada to US. Figure 

(a) and (b) show ozone (c) and (d) show N O x and (e) and (f) show Ethylene. 
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The mass export of ozone in the boundary layer and in the free troposphere is 

compared in plots (a) and (b). As expected, the transport of ozone happens more 

significantly in the free-troposphere; the numbers in plot (b) are an order of 

magnitude greater than plot (a). The stronger wind fields and generally higher ozone 

concentrations in the upper layers cause long-lived species (e.g., ozone) to be 

transported rapidly and more severely. However, species with shorter lifetime like 

NOx are more concentrated in the boundary layer. Accordingly, NOx export occurs 

somewhat more significantly in the boundary layer; the magnitude of mass transport 

in plot (c) is greater than in plot (d) (legends are numbered differently). Similarly, 

VOCs (ethylene) is also exported more considerably in the boundary layer rather than 

the free troposphere. However, the difference is not as significant as the one seen in 

NOx export pattern reflecting its longer lifetime. Similar to ozone, the export of air in 

the free troposphere is more significant (an order of magnitude larger) than the one in 

the boundary layer due to the strong wind field in the free-troposphere, but it is not 

shown. 

The differences between free tropospheric and near-surface NOx and VOCs border 

crossings are also explored for the case of longitudinal transport (Figure 5.29). 

Similarly, the longitudinal transport of ozone in free-troposphere (plot (b)) happens 

more significantly (10 times greater) than in the boundary layer (plot (a)). The 

difference is more substantial in this direction, as the wind has a stronger (i.e. 

geostrophic) component in the free-troposphere. Similar to the latitudinal direction, 

the longitudinal transports of ozone precursors also occur more significantly in the 

boundary layer than in the free troposphere. Again, a similar pattern is seen between 

the transport of air and ozone in longitudinal direction in different vertical layers. 
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a) Ozone in the Boundary Layer 

05 

90 

75 

60 

40 

30 

15 

f 

m-

r 

* 

• - c 

-

T ^ 

i 

~ 

J, 
"€ " T T ••i % 

r 
j 

nf 
* 

m1 

IFrom US 

TT. H4000 

,2000 

! -2000 

IFrom Canada 

10 20 30 40 50 60 70 80 90 
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c) NOx in the Boundary Layer 
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e) Ethylene (VOCs) in the Boundary layer 
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Figure 5.29 Longitudinal (west-to-east) export of different pollutants in boundary layer and 

in the free troposphere during the summer of 2007. The x-axis shows the 90 days of the 
simulation and the y-axis shows the 112 rows included in the domain. The red color shows 
export of mass (tonnes) from US to Canada and the blue color shows export of mass from 

Canada to US. Figures (a) and (b) show ozone (c) and (d) show NOx (e) and (f) show 
Ethylene. 
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Chapter 6: Conclusions and Future Work 

Long-range transport of ozone and its precursors across the US-Canada border during 

the Summer of 2007 is quantified using a number of approaches. Selected metrics 

were defined and calculated as daily average ozone and maximum 8h-average ozone 

across the receptor areas of each country. While maximum 8h-average ozone reflects 

the impact on daytime high concentration areas, the daily average ozone metric also 

takes into account the impact of emissions zero-out scenarios on nighttime 

concentrations of ozone. Different methods applied in this work enabled the 

quantification of source-receptor relationships in this region. Although each method 

quantified the long-range transport of ozone across Canada-US border from different 

perspective they all resulted in more or less similar findings that are outlined below. 

First and foremost, it was consistently found that during the summer of 2007 

American emissions had a significantly larger contribution to the surface ozone air 

quality in Canadian border area than Canadian emissions to the US border area. This 

point could be inferred from various approaches. Not only was the impact of 

American emissions very substantial on the domestic ozone air quality, but they also 
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had as large an impact as domestic Canadian emissions in Canada. More interestingly, 

American emissions rather than domestic emissions had a more considerable 

contribution to the ozone exceedances above CWS in the border area of Canada. 

Conversely, emissions from Canada had a mostly insignificant impact on ozone 

metrics in the US-Canada border areas during the episode with the exception of some 

northeast regions. Southern Ontario and northeast US were areas the most affected by 

cross-border transport in Canada and the US during the Summer 2007, respectively. It 

is noteworthy to mention that the level of reduction in US ozone concentrations seen 

in our study (peaking at 42 ppb in northeast US) is in good agreement with previous 

studies [Wang et al., 2009]. However, we concluded that for certain areas of Canada 

contributions from American emissions were as high as (peaking at 72 ppb) those 

from domestic sources. Comparison of ozone air quality improvement in two selected 

metrics in this study shed light on the fact that the effects of the zero-out scenarios are 

larger during the day and when ozone concentrations are high. This emphasizes the 

fact that diurnal high ozone concentrations in Canada are effectively reduced by 

lowering foreign emissions especially for Canada. This is of particular policy 

importance as these points are typically those that drive the regulatory process. Also, 

these points are generally located in some of the most populated areas in Canada, i.e. 

southern and southeastern Ontario. Given the level of impact of American emissions 

on ozone concentrations in US-Canada border areas, it can be stated that ozone 

nonattainment events in this area can be reduced and controlled under tighter 

American emission reduction policies. This highlights the need for policies with more 

focused attention on cross-border emissions, particularly from the US sources, to 

achieve ozone standards in the US-Canada border area. 
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Second, nonlinearity of ozone response with respect to magnitude of emissions 

reduction was examined by comparison of marginal (10%) and zero-out sensitivities. 

For the majority of the locations in the receptor area of Canada, particularly in 

southern Ontario, zero-out reductions result in generally larger sensitivities than 

marginal perturbations. The larger response of maximum 8h-average ozone in 

southern Ontario to the zero-out rather than marginal reductions indicates a daytime 

concave response of ozone with respect to NOx in this area. However, in the US 

particularly in northeast, the marginal sensitivities are equal and to some extent larger 

than the zero-out sensitivities. Furthermore, for Canada, a largely nonlinear behavior 

is observed while for the US deviations from linearity (1 on 1 line) are much smaller. 

It was concluded that the impact of American emissions on the chemical regime in 

Canada is substantial enough to trigger a regime change and the consequent nonlinear 

behavior. By contrast, the impact of Canadian emissions on the overall composition 

and making of the US atmosphere is much smaller, and in general (with the exception 

of northeast US) not large enough to cause large degree of nonlinearity. 

Third, we found that ozone response to reduction of anthropogenic emissions was 

similar in spatial distribution and magnitude to that of NOx, which underlines the 

importance of current NOx reduction policies. By employing backward sensitivity 

analysis, the major NOx emission sources whose emissions result in high ozone 

concentrations in US-Canada border areas were identified. Daily average ozone over 

the surface of Canada showed great sensitivities to urban centers in the US as far as 

southern California. Among those centers New York, Detroit, and Los Angeles were 

easily distinguished. Large sensitivity of average ozone over Canada to NOx 

emissions in southern California (Los Angeles) will require further studies before 
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conclusive judgment can be made. Similarly, Canadian centers such as Montreal, 

Ottawa, Toronto, Calgary and Vancouver seem to be the main contributing sources to 

surface ozone pollution of the US border area. The relatively high emissions of NOx 

in these cities influence the local surface ozone concentrations as well. Elimination of 

domestic emissions causes increase in daily average ozone concentrations in these 

cities. Even marginal reduction in domestic emissions (10%) causes an increase in 

average ozone concentrations in some of the western centers including Calgary and 

Vancouver. These findings suggest that there is a need for a more detailed 

investigation of the impact of long-range transport in metropolitan areas. Furthermore, 

the temporal variations seen in sensitivities of ozone with respect to the NOx sources, 

particularly in July is difficult to be assessed and depends on a myriad of factors 

including transport and chemistry. 

Finally, budgeting of transport of ozone and its precursors across the border reveals 

the impact of wind field strength, direction and its temporal variation on cross-border 

export of pollutions in this region. It was concluded that net export of ozone in west-

to-east direction occurs mainly from the US to Canada in southern Ontario and from 

Canada into the US in northern New York. Both phenomena cause sizeable ozone air 

quality impairment in respective regions, particularly in Ontario. The export of ozone 

from the US in south-to-north direction occurs mainly in the east and west coasts and 

from Canada across midwestern provinces/states. As expected, the transport of ozone 

happens more significantly in the free-troposphere with a similar distribution as air. In 

contrast, transport of ozone precursors occur primarily in the boundary layer and 

mainly from the US in south-to-north direction. 
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Although the current study somewhat overestimated ozone concentrations across the 

US and Canada, satisfactory agreement was seen between model predicted maximum 

8h-average ozone and observation data in monitoring sites close to the border where 

highest cross-border impacts are expected. It is also important to note that our primary 

goal was to provide methodologies for comprehensive assessment of cross-border 

transport. We did not intend to draw policy conclusions or locate the blame. Drawing 

policy conclusions require simulations over longer periods (multi-year episodes), use 

of higher resolution, and improved inventories. 

Furthermore, current version of the adjoint model for CMAQ only includes the gas-

phase processes, and as a result, our analysis remains limited to the transport of 

ozone. However, the methodology developed will be readily applicable to multi-

pollutant analysis of long-range transport once the adjoint model is extended to 

aerosol processes (under development). Additionally, employing adjoint sensitivity 

analysis for investigation of other functional targets of ozone, e.g., population 

exposure and mortality, in Canada and the US will also provide interesting results 

about contribution of individual foreign sources to various air quality end-metrics. 

There are a number of future directions where this study can be improved upon. Some 

of these directions are already mentioned above. A summary of suggested future work 

is given below: 
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• Reliable emission inventories are essential for applicability of cross-border 

studies. In addition to efforts for improving the quality of inventories and 

emission modeling, one can use top-down approaches for refinement of 

available inventories. This is accomplished through inverse modeling of 

emissions such that models are pushed to be more consistent with 

observations. 

• In our study CMAQ was driven by time invariant boundary conditions that are 

based on climatology. This blurs the true impact of intercontinental transport 

on North American concentrations. One can attempt to drive CMAQ with 

boundary conditions that are provided by a global model such as GEOS-

Chem. GEOS-Chem and CMAQ are coupled in the forward mode. If that 

coupling is extended to backward (adjoint) simulations (under development), 

then the same analysis carried out in this study can be performed on a truly 

regional-to-global scale. 

• Given the temporal variability in cross-border transport, it is important to 

repeat this study over considerably longer periods of time. It should also be 

investigated whether there is a seasonal pattern to cross-border transport. 

• Considering ozone in isolation from other pollutants is another limitation of 

this study that can be overcome in future work. Multi-pollutant cross-border 

analysis provides a more comprehensive perspective on the dynamics of 

pollution transport in North America. Multi-pollutant backward analysis of 
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cross-border transport requires an adjoint of aerosol processes in CMAQ 

(under development). 

• While the focus of this work was on US-Canada border, the same approach 

can be applied to inter-provincial transport of ozone or other pollutants. 

Similarly, the suite of approaches used in this study can also improve our 

understanding of intercontinental transport. 
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APPENDIX A 

A SIMPIFIED EXAMPLE OF APPLYING ADJOINT METHOD 

In this example, application of adjoint method for sensitivity analysis of 

concentrations (or any metric) of the species involving in a simple chemical reaction 

cycle is presented [Wang et al, 2001]. Considering the following chemical cycle: 

K, •+C + D + E 

K ^A + E 

A + B 

D + F 

C + F A3 >B + E 

net = 2F—^3E 

(A-l) 

where kl, k2, k3 are reaction rate coefficients. The gas-phase rate equations are 

written in matrix shown in Eq (A-2) [Wang et al, 2001]: 

f=™ 
where / is the input vector, and / and F(I) are defined as : 

(A-2) 

/ = 

\-k2[D]lF]-k3[Cp]\ 
- KUiBh k2[Dp] 

F(I) = \-kl[A][B]+k3[Cp] 
KUlB]-k2[D\F] 
kx[A\B\- k3[Cp] 

(A-3) 

Now, if inputs / results in the outputs O during the time interval At by G, 0=G (I), 

then the G is [Wang et al, 2001]: 

F" + At(-k2 [Dn \F" ]- k3 [C" \F" ])" 

A" + At(-k\A"\B" 

G = B" + Af(-£, 

D" +At(kl 

C" +At(kl 

B" A" 

A"\Bn 

A"\B" 

+ k2 

+ L 

-L 

D\[F"\ 

B"\En\ 

D \F"\ 

Bn\En\ 

> = < 

G, 

G, 

G< 

(A-4) 
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As seen, G is nonlinear function with respect to /, where / is the concentration vector 

in time step n and O is concentration vector in time step n+1: 

1 = 

F" 

A" 

B" 

D" 

C" 

• , and o = -

Fn+1 

A"+x 

B"+1 

D"+l 

C"+1 

(A-5) 

The tangent linear equation corresponding to the Eq (A-2) is [Wang et al, 2001]: 

Sdl 

dt 
= FI (A-6) 

and, knowing that / results in the outputs O during the time interval At by G, will 

results in: 

SO = G8I 

where G is the Jacodian or tangent linear matrix and is defined as: 

(A-7) 
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(A-8) 

If we define a J as a scalar-valued function of the output (cost function), then the 

sensitivity of the cost function with respect to the model input (e.g. concentration of 

species F at time step n) is [ Wang etal, 2001 ]: 

8J =8G(I) 8J _8G(I) 8J_ = 

8F" ~ 8F" X 8G(I) ~ 8F" * dO ~ 
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8Gl 
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IdC" 

The gradient of cost function can be derived with respect to the other species in a 

similar way. Eventually, the gradient of the cost function with respect to all indices in 

the input vector, / , will be [Wang et al, 2001]: 

dJ 

V , J 

dGx dG2 dG, 

dF" dF" 
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dG, dG2 
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dJ 

de 

[ = G'*xV0J (A-10) 

where the G is transpose of Jacobian matrix G' (i.e., called the adjoint matrix); an 

efficient way of calculating the gradient of cost function J to the u. The tangent linear 

matrix (G) directly calculates the corresponding perturbation on output (S O) as a 

result of perturbation on input (SI) as it is shown in Eq (A-7). However, the adjoint 

matrix (G *) converts the gradient of a cost function (J) with respect to the output 

(V 0 J) into the gradient of the function / with respect to the input vector (V ; J). 



138 

APPENDIX B 

TERRAIN FOLLOWING HYDROSTATIC-PRESSURE VERTIVCAL-
COORDINATE IN METEOROLOGICAL MODEL 

The terrain-following hydrostatic-pressure vertical coordinate denoted by n and 

defined as n = (ph-pi„)/fi where n = phs-pi,, pi, is the hydrostatic component of the 

pressure, and p* and ph, refer to values along the surface and top boundaries, 

respectively. The coordinate definition is the traditional a coordinate used in many 

hydrostatic atmospheric models, a varies from a value of 1 at the surface to 0 at the 

upper boundary of the model domain (Figure Bl). This coordinate is also called a 

mass vertical coordinate. In CMAQ the 20 m is a typical height of the first layer 

(varying in different locations), and the height will increase by altitude, up to 4-5 km 

for the highest layers. 

Figure B.lTerrain following (//-coordinate) vertical layers in the meteorological model [NCAR, 
2010] 


