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ABSTRACT 

 
 The objective of this study is to validate the Street Canyon Model in 
Airviro which was developed to predict the pollutant concentrations in streets with 
high buildings. Street Canyon Model in Airviro was used to predict the CO and PM 
concentrations at Ladprao road and was tested against observed values from air 
quality monitoring station by using statistical parameters. In addition, the model was 
calibrated by adjusting the K value. The model sensitivity was also studied. The 
input parameters of Street Canyon Model in Airviro consisted of building 
information (i.e. the effective width of canyon and the height of building), street 
information (i.e. street width, street direction and street position), meteorological 
information (i.e. wind direction and wind speed at roof level) and emission 
information (i.e. emission factor from MOBILE5 Thai for CO and MOBILE6 model
for PM10, the number of vehicles in each type and the average speed of vehicle) 
 The validation of Street Canyon Model in Airviro by statistical 
parameters concluded that the agreement between predicted and observed 
concentrations on windward side was low for both pollutants, resulting in index of 
agreement of CO and PM10 to be 0.19 and 0.36, respectively. The correlation 
between the predicted values and the observed values was quite low (COR=+0.17 
for CO and =+0.26 for PM10). After adjusting K value of Street Canyon Model in 
Airviro, the agreement between the observed concentrations and the predicted 
concentrations was slightly improved for both pollutants. The index of agreement 
of CO and PM10 were 0.37 and 0.50, respectively. The discrepancy between the 
predicted and observed concentrations for both pollutants may be due to: (i) input 
data for MOBILE5 Thai model was not updated (ii) emission factor for MOBILE6 
model may need to be modified for Thailand (iii) aspect ratio (H/W) of the study 
area was too low (iv) the location of air quality monitoring station was not 
appropriate for this study.  

The model sensitivity analysis of Street Canyon Model in Airviro on 
windward side showed that the three variables which equal height sensitivity are K 
constant, emission rate and the effective width of canyon. Wind speed at roof level, 
the height of buildings, and the height of receptor, are other sensitive factors by 
order of magnitude respectively. 
  
KEY WORDS:  MODEL VALIDATION / MODEL SENSITIVITY / CO / PM10 

/ STREET CANYON MODEL IN AIRVIRO 
 
105 pp. ISBN 974-04-5954-4 



Fac. of Grad. Studies, Mahidol Univ.                                                                                           Thesis /  v

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

การแพรกระจายสารมลพิษทางอากาศจากการจราจร โดยใชแบบจําลองทางคณิตศาสตร Street Canyon Model in 
Airviro: กรณีศึกษา ถนนลาดพราว (THE DISPERSION OF TRAFFIC AIR POLLUTANTS BY 
USING STREET CANYON MODEL IN AIRVIRO: CASE STUDY LADPRAO ROAD) 
 
พัชรี  ธิติศักดานนท  4436140 ENTM/M 
 

วท.ม.(เทคโนโลยีการบริหารสิ่งแวดลอม) 
 

คณะกรรมการควบคุมวิทยานิพนธ  : วินัย   นุตมากุล, Ph.D. (Engineering Science), อุษณีย  อุยะเสถียร,วศ.ม.  
(วิศวกรรมสขุาภิบาล), วนิสา  สุรพิพิธ, Ph.D. (Atmospheric Science) 

 
บทคัดยอ 
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CHAPTER 1 

INTRODUCTION 

 

 
1.1 Statement of the problems and the importance of the project.   

 

Air pollutants are the foreign matters in excessive concentration in the 

atmosphere, such that they adversely affect human, plants, animals and properties either 

directly and indirectly. The sources of the air pollutants are from natural and human 

activities: especially concentrations of carbon monoxide (CO) and particulate matters 

are found to be high because of the incomplete combustion from traffic roads (1).  

CO is a tasteless, colorless, and odorless gas. The major source of CO is 

incomplete combustion in automobiles and trucks including incomplete combustion 

from biomass, industries and living organism activities (2).  

Particulate matter smaller than 10 micron in diameter (PM10) is a fraction of 

total suspended particulate matter (TSP). Despite the gravity, these TSP have long 

average atmosphere lifetime in the air (1). They might consist of various substances 

such as sulphate, hydrocarbon of metals including mist from nature. The source of 

PM10 are generated from naturally such as bush fire, particles from soil and wind,  

pollen of plant and volcano or human activities such as industries, burning fossil fuel 

and vehicles (3,4,5). 

Both CO and PM10 can cause damages to human and environment. CO has a 

strong affinity for combining with the haemoglobin of the blood to 

carboxyhaemoglobin. This process reduces the ability of the haemoglobin to carrying 

oxygen to the body tissues. CO has about 200-240 times the affinity of oxygen for 

attaching itself to the haemoglobin (6). It can also significantly decrease a healthy 

person’s ability to perform manual tasks, such as working, jogging and walking, 

cardiovascular and pulmonary diseases. The increasing of 2% and 5% of 

carboxyhaemoglobin can affect the central nervous system and the night vision rate by 

reducing their sensitivities respectively. Moreover, the driving ability is decreased
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especially the motorcycle riders who inhale the high concentration of CO may cause 

the high rate of traffic accidents (7,8). Plants are relatively insensitive to CO at the low 

concentrations that have been found to be toxic to animals (8). 

Particulate matters can cause damage to human health, visibility, plants and 

infrastructures. The coarse-particles (particles with size between 5-10 microns) are 

deposit in the upper respiratory system, such as nasal cavity and trachea. Only fine-

particles (particles with size smaller than 2-3 microns) can penetrate deep into the 

lower respiratory system, such as lung and bronchi (5,9). These particles cause many 

respiratory diseases including irritant and damage the tissues of lung, and thus, these 

make the harmful symptoms altered the high concentration and long time period, for 

instance decreasing efficiency of the lung system, increasing the infection, chronic 

bronchitis, obstructing airway and pulmonary emphysema (10). 
Particulate matters do not enter plants leaves but may damage them by 

mechanical abrasion of the leaf surface. Particulate matters can also block out sunlight 

and thereby reduce the photosynthesis of the plant. As the result, the leaf surfaces are 

more susceptible to the attack of chewing bugs (11). A possible indirect effect of 

particulates deposited on plants is the chance that the particulates might contain 

chemical components harmful to animals that consume the plants (12). 

The deterioration of exposed materials is occurred when particulates settle on 

its, creating a need for more frequent cleaning. The cleaning processes weaken the 

materials, chemical damage results when the particulates themselves are corrosive 

(12). Aerosols are considered to be the single most important factor in determining the 

reduction of visibility in polluted atmospheres. Visibility may play critical role in the 

relation to automobile and aircraft accidents if the impairment of visibility is sufficient 

to decrease safety of operation of automobiles, as on freeways, or aircraft taking off or 

landing at airports in urban areas (13). 

The situation of air pollution in Bangkok expresses that the major source of 

air pollution is heavy traffic, which generates PM10 and CO as the pollutants that 

exceeded the ambient air quality standard frequently (14). According to the air quality 

data in roadside areas in Bangkok from PCD in year 2000-2003 (15,14,16,17), it is 

found that PM10 still remained the major problem and exceeded the ambient air 

quality standard (Appendix A). For instance, in the year 2000-2003, PM10 (24-hr 
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average) exceeded the ambient air quality standard are 13.0%, 10.5%, 3.8% and 5.0%, 

respectively. On the other hand, CO (8-hr average) is slightly exceeded the ambient air 

quality standard in some areas and its trend is a rising. In the year 2000, 2001, 2002 

and 2003, the concentrations of CO exceeded the ambient air quality standard are 

0.1%, 0.08%, 0.14% and 0.43%, respectively. The other key pollutants such as 

nitrogen dioxide, sulfur dioxide and lead show the ambient as well as the ambient air 

quality standard and ozone concentration is slightly exceeded the ambient air quality 

standard for a while. Furthermore, the air pollutants in roadside areas (except ozone) 

are found to be higher than in general or residential areas which are far from the roads. 

Assessment of air pollution can be solved by using mathematical model.  

Modeling is economic and faster than the actual data. Moreover, the model can 

evaluate the present and future impact on infrastructures but the model needs the 

correct information of emission sources and meteorology. Nevertheless, the precision 

of the measurement depends on the analysis process, thus using both the model and 

the measurement may help evaluating the result more correctly (18).  

There are a few researches in the mathematical model for traffic and line 

source in Thailand. Some model, for example, CALINE4 and HIWAY, is used only in 

open areas such as main roads, intersections and specific areas. In Bangkok, the 

majority of roads are flanked by discontinuously 3-5 storeys buildings on both sides 

and some open areas. By this road’s characteristic, the model developed to predict the 

concentrations of the pollutants in street with buildings are street canyon models, such 

as OSPM, AEOLIUS and a module in Airviro. By using the wind circulation at ground 

level, there is a combination of the pollutants and the high concentration is found in 

this area.  

This research uses Street Canyon Model in Airviro which is developed by 

Swedish Meteorological and Hydrological Institute. This model has not been applied 

in Thailand before. Therefore, this research helps governmental organizations, 

agencies and model users to learn about the variables which affect the sensitivity of 

the model. The result may later on, be used in decision making process that will lead 

to advantages in air quality management of Thailand in the future. 
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1.2 Research  Objectives 

 

1.2.1 To study the validity and to adjust K constant of Street Canyon 

Model in Airviro for using in Ladprao road.  

1.2.2 To analyze the model sensitivity of Street Canyon Model in Airviro. 

 

1.3 Research  Hypothesis 

 

Street Canyon Model in Airviro is able to predict CO and PM10 

concentrations in Ladprao road.  

 

1.4  Scope of the study 
 

The study will investigate; 
1.4.1 The study area which is Ladprao road from Chok-chai4 police station 

to Sapan Song market. 

1.4.2 The air pollutants are CO and PM10. 

1.4.3 The study based on the information collected during July to August 

2004. 

1.4.4 The study of the concentrations of CO and PM10 are calculated at 1-

hour average time.  

1.4.5 The validation study of Street Canyon Model in Airviro for using in 

Ladprao road is calculated by comparing the concentration of CO and PM10 resulted 

from the model with these collected by the measurement. 

1.4.6 The sensitivity studies on input variables of Street Canyon Model in 

Airviro are K constant, the emission rate, the height of building, the height of receptor, 

the wind speed at roof level and the effective width of canyon. 
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1.5  Research benefits 

 

1.5.1 To check the validity of using Street Canyon Model in Airviro in 

prediction CO and PM10 concentrations in Ladprao road. 

1.5.2 To find the appropriate K constant value in Street Canyon Model in 

Airviro for using in Ladprao road. 

1.5.3 To know the input parameters of Street Canyon Model in Airviro 

which affect the model’s accuracy. 

 

1.6  Definitions 

 

1.6.1  “Air quality model” is defined as the air quality impact assessment 

tool. The air quality model is classified in 2 types, which are mathematical model and 

physical model. In this research, only mathematical model has been used. 

1.6.2 “The mathematical model” is defined as a set of mathematical 

equations, which explains atmospheric physical and chemical processes. The results 

from the equations show the relation between emission rates and air quality. 

1.6.3  “Street canyon” is urban streets surrounded by the buildings. 

1.6.4 “Aspect ratio” is the ratio of canyon’s height (H) and the road’s width 

(W) (the width of the road includes traffic lanes and pedestrian walks). 

1.6.5 “Emission factor” is an approximation of the quantity of a particular 

pollutant that would be emitted by the "typical" or "average" vehicle in each vehicle 

classification.  

1.6.6 “Emission rate” is the mass of air pollutants emitted from a source 

every a unit of time. 

1.6.7  “Sensitivity” is the alternation of prediction result when the model’s 

variables are changed.  
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1.7  Conceptual Framework 

 

 
 

Figure 1.1 Conceptual framework 
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CHAPTER 2 

LITERATURE REVIEWS 
 

 

2.1  Air dispersion modeling 

 

The air dispersion modeling is a process to calculate concentrations based on 

physics where concentration (mass/volume) is the rate of emission (mass/time) divided 

by the rate of mixing (volume/time). A model or paradigm is a representation of an 

existing object or system. The model represents mathematical terms of the reality 

based on physical principles and is as old as applied mathematics (8). 

The modeling is aimed to provide a more precise understanding of the 

behavior of air pollution dilution and dispersion patterns. Therefore, air quality models 

can be used to identify and evaluate the control levels required for solving air pollution 

problems. Typically, all air quality models represent specific real situations, which 

have featured those of either explicitly or implicitly adaptive. The reasons for the 

adaptation of systems are the uncertainty in the meteorological data and knowledge of 

atmospheric turbulence; chemical reactions and reaction rates in the atmosphere; 

knowledge of the chemical species from, and the emission characteristics of, natural 

sources; data and knowledge of gas to particle and particle/particle interactions (8). 

 

2.1.1    Definitions of mathematical model 

 There are many definitions of mathematical model defined by several 

researches as follows. 

 Sangsanti Panit (19) defined the model as a set of algorithms 

mathematical equations which attempts to predict the behavior of physical and 

chemical systems.  

California Air Resources Board (20) stated that mathematical model 

means the mathematical relationship between emissions and air quality, which
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simulates on a computer the transport, dispersion, and transformation of compounds 

emitted into the air. 

The Society of Environmental Engineering (19) mentioned that the 

mathematical model is the set of mathematical equations, which explains air pollution 

processes by demonstrating the dispersion of air pollutants from sources. 
 

2.1.2  The concept of mathematical model 

The mathematical model, which is popularly used at present, is a tool 

for assessing pollutant concentrations in the ambient air. However, monitoring the 

pollutants by using physical and chemical methods such as the particulate matter and 

carbon monoxide monitored by high volume air sampler and non-dispersive infrared 

absorption (NDIR) in methods are the standard methods. Nevertheless, there are some 

limitations in monitoring such as time dependent while the model is more effective. 

For example, the model can completely assess the average of concentration at one 

hour, 24 hours and one year if the meteorological data and emission sources data are 

available. Therefore, the advantage and disadvantage of mathematical model and 

monitoring must be identified in order to select the appropriate technique for 

environmental impact assessment (18). 

 

The monitoring 

Advantages: 

1.  Concentrations of air pollutants are close to reality. 

2. With the continuous monitoring, the environmental impact 

assessment is the most precise at the site. 

Disadvantages: 

1. The cost of instrument is expensive. 

2. There is a problem in sufficiency of instruments. 

3. The collected data can not be used to assess the impact in the 

future. 

4. If the monitoring sites are not enough or the monitoring period is 

too short, the data may not be complete. 
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5. If the concentrations of air pollutants are lower than the detection 

limits, they can not be analyzed. 

 

The mathematical model 

Advantages: 

1. The model can be used to assess the environmental impact in the 

future by using the meteorological data and sources data. 

2. The cost of the model is lower but the output from the model is 

more efficiency, for example, the contour of pollutants in the study area can be 

evaluated by using the model. 

3. There is no limitation in time dependent, the model is appropriate 

in assessing the basic impacts. 

Disadvantages: 

1.  The accuracy of the model depends on the meteorological data 

and sources data such as emission rates, wind speeds and wind directions. 

2.  The results from the model might be incorrect in some particular 

case, thus the results should be reviewed and compared with the monitoring. 

 

The combination method 

1.  The model can be used to locate the highly affected sited and then 

the physical and chemical monitoring can be applied to such locations.  

2.  The comparison of the results from the model and the monitoring 

site can be used to calibrate an effective model. 

 

2.1.3  Benefits of mathematical model 

The model provides benefits in the new development projects such as 

industries and highway construction by assessing the risk and the environmental 

impacts, which can be occurred by air pollutants. The concept of mathematical model 

is the relation of air pollutants concentration, which is diffused in accordance to 

meteorological conditions, and emissions from their sources. The model is suitable for 

planning the management of air pollutions (19) such as: 
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-  Design the parameters that caused less air pollution impact; for 

example, adjusting the heights of stacks. 

-   Identify the new sources locations which can reduce air pollution 

impact, such as assigning the minimum distances from sources to receptors. 

-  Assign the policy for prediction of air pollutants emission by 

focusing on the sources. In order to achieve the highest benefit of using air quality 

module, the user should have the knowledge in law, standard of air pollution and the 

principle of the model. 

 

2.1.4 Type of model 

 

The type of model is described as follows: 

 

2.1.4.1  Gaussian model 

Gaussian model is used in various applications. In this 

model, the spread of a plume in the vertical and horizontal direction are assumed to 

occur by simple diffusion perpendicular to the average direction of the wind. The 

Gaussian plume equation expresses concentration at any point (x,y,z) downwind from 

a point source as (21): 

 

C (x,y,z) =          Q       exp (-y2) . [ exp (-(H-z)2) + exp (-(H+z)2) ]    (2.1) 

             (2πσyσz ū)       2σy
2                 2σz

2                  2σz
2 

 

When: C   =  concentration (g/m3); 

 Q    =  mass emission rate (g/s); 

 σy ,σz =  dispersion coefficients (m) in the direction for y and z 

respectively; 

 ū   =  mean wind velocity (m/s); 

 H   =  effective stack height (m) 
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Note that both σy and σz are the functions of downwind 

distance x. Figure 2.1 illustrates both the Gaussian formulation, and the relation of 

effective and actual stack heights. 

 

 
Figure 2.1 Gaussian plume model (21) 

 

There are four assumptions in the Gaussian model as follows: 

1. The plume spread is a Gaussian distribution manner in 

both the horizontal and vertical direction with the standard deviations of plume 

concentration distribution in the horizontal and vertical represented by σy and σz 

respectively; 

2. The average wind speed affecting the plume is ū; 

3. The uniform emission rate of pollutant is Q; 

4. Total reflection of the plume take place at the earth’s 

surface (i.e. there is no deposition or reaction at the surface). 

To ensure that the Gaussian model is properly applied, these 

important general relations must be carefully considered (8): 

- Downwind concentration at any location is directly 

proportional to the source emission rate; 

- Downwind ground level concentration is generally 

inversely proportional to wind speed;  

ū
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- Dispersion coefficients in the vertical and horizontal 

directions will increase in accordance with downwind distance, and the elevated plume 

centerline concentration will decline with the increasing distance; 

- Ground level centerline concentrations will increase, 

until the maximum level is reached, and then decrease as the distance from the stack 

increase; 

- Dispersion parameters σy and σz increase in consistent 

with atmospheric turbulence (instability). Thus unstable conditions cause the declining 

in average downwind concentrations; 

- Maximum ground level concentrations decrease as 

effective stack height increases. The distance from the stack at which the maximum 

concentration increases with plume rise. 

 

2.1.4.2  The box model 

A simple atmospheric dispersion model, called a box model, 

can be used to calculate ground level concentrations of specific air pollutants of 

concern. A box model is based on the concepts of conservation of mass and 

conservation of energy; a simple model can be formed to account for diffusion in a 

regular geometric space such as a rectangular box or a cylinder, if it is assumed that 

the pollutant is completely and ideally mixed in the space. From this mixing cell 

picture a model depicted in Figure 2.2 can be derived based on the following 

assumptions (22). 

 

Assumption of box model (22): 

- Pollutant concentrations are homogeneous through out 

the region of interest; 

- The source is distributed uniformly; 

- The emitted pollutants are instantaneously and 

uniformly mixed; 

- A wind of constant speed across the cell cross-section 

characterizes the transport.  
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Figure  2.2  Box model (23) 

 

When:      L  =    length of Box Section (m); 

 W  =  width of Box Section (m); 

 H  =  height of Box Section (m); 

 ū   =  mean Wind Speed (m/s) 

 

The box model can be used for single or multiple point, area 

or line sources of air pollutants, or combination of source types. The model can also 

calculate the concentration of each species at every point as they are transported by the 

wind, distributed by diffusion, mixed by turbulence and reflected or channeled by 

surface such as the ground or buildings. For this reason, a box model may be used for 

rough-order-of-magnitude assessments of a city’s pollution concentration, using 

approximate numbers for mixing heights, wind vector and source strengths (24). 

 

2.1.4.3  Lagrangian model 

The application of Lagrangian (or trajectory) models in 

urban air quality simulation has been relatively limited (21). The main reason is that 

trajectory models are most efficient in treating the impacts due to a single source or 

group of sources (forward trajectories), or on a single receptor (backward trajectories), 

rather than in simulating the air quality of an entire urban area. 
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This model depends on the transport of fluid particle, whose 

volume is larger compared with the molecule’s dimension. Comparison of data from 

the model with the real one is difficult. The model’s data is relatively lower than the 

real data because of the difference in meteorological data process. 

 

2.1.4.4  Eulerian model 

Eulerian or grid models consider the emission, transport, 

diffusion, transformation, and deposition of pollutants at multiple levels within a fixed 

coordinate system (22).The model is versatile. Moreover, the model can be compared 

with the collection from station. The principles of Eulerian model (25) are:  
- The concentration of any particles is under the 

conservation of mass and conservation of energy. Therefore, the quantity of product 

has to be equal to the quantity of the substances before the reaction. 

- The concentration can be evaluated by continuity 

equation and dispersion equation.  

 

2.1.5  The modeling process 

 

2.1.5.1  Input data 

- Sources; the sources can be classified into 3 categories; 

point source such as stacks; area source such as resident areas; and mobile source such 

as traffics. To specific the emission rate, the emission rate can be measured and 

calculated by using emission factor.  

- Characteristic of meteorology; meteorological characteristic 

must be identified for the reliable dispersion evaluation process. Meteorological 

information includes wind speed, wind direction, temperature and cloud cover. 

- Receptors; the receptor’s position plays vital part for the 

impact assessment as for the effective evaluation. The information used in the process 

such as coordinate, height of receptor at over sea level and sensitive areas such as 

temples, schools and residential areas may be required. 

 - Characteristic of study area; the model requires 

geographic information; for example, height and boundary. 
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2.1.5.2 Output data 

The output of the modeling process is the concentration of 

air pollutant. The concentration can be calculated in various units such as ppm, mg/m3 

and can be illustrated in graphs, table and isopleth display depend on usage and type of 

model. 

 

2.2  Aerodynamic effects of structures on pollutant dispersion 

 

Ideally, the dispersion of atmospheric emissions from stacks and vents should 

take place into air flows which are undisturbed by the presence of obstacles. 

Otherwise, the aerodynamic wakes set up by these obstacles may draw the emission 

down to the ground level or into the air intakes, doors and windows of surrounded 

buildings. Buildings, constructions and some natural topographic features, such as 

steep hillsides or cliffs, whose directions are unintentionally upwind or downwind of 

the point of emission, may lead to the problem of odour nuisance or health hazard to 

those living or working in the affected building. The feature of stack or vent gases are 

caught in the aerodynamic wake of a building or other structure is called wake 

entrainment (21). 

 

2.2.1  Flow Characteristics 

When the wind encounters objects in its path such as an isolated 

structure, the flow usually is strongly perturbed and a turbulent wake is formed in the 

vicinity of the structure, especially downwind of it. If the structure is semi streamlined 

in shape, the flow may move around it with little disturbance. Since most structures 

have edges and corners, the generation of a turbulent wake is quite common. Figure 

2.3 shows schematically the flow in the vicinity of a cubic structure. The disturbed 

flow consists of a cavity with strong turbulence and mixing, a wake extending 

downwind from the cavity a distance equivalent to a number of structure side lengths, 

a displacement zone where flows is initially displaced before entering the weak, and a 

region of flow that is displaced away from the structure but does not get caught in the 

wake (25). 
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Figure 2.3 Aerodynamic flow around a cube: (a) side view (b) plan view (25) 

 

The lower stack may cause the entrainment in the cavity because the 

plume will become entrained in the turbulent wake and be rapidly mixed down to 

ground level. As a result, the ground level will become polluted with very high 

concentrations, and also at windows, doors and ventilation intakes on the leeward side 

of the building. In any actual case, the flow regime created will be highly site specific 

and will depend on the height of the nearby building, its horizontal dimensions, its 

position relative to the stack, the wind direction, local topographic features and general 

surface roughness. In addition, development of the wake is highly dependent on wind 

speed. Reporting on studies by Halitsky (27) notes that a number of characteristic 

shapes. For example, in the case of sharp edged three-dimensional structures, such as a 

typical plant building, the cavity is generally smaller but grows with increasing across 

wind building width and roof pitch. For a nearly cube shaped building, the cavity 

height is about 1.5 building heights and it extends about 2.5 building heights beyond 

the leeward side of the building (21). 

 

2.2.2  Cluster and street canyon effects (23) 

When buildings are nearly of the same size and height, and are 

arranged in regular rows and columns parallel to straight streets in an otherwise flat 

area, air flow is accelerated just above the roof level outside of any roof cavities, as 
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well as in any side streets parallel to the wind direction. Windward faces of the 

buildings and channeling in side-street canyons directly block the flow and make 

winds become strong and steady, especially in narrow and deep street canyons. Streets 

normal to the ambient wind direction are relatively sheltered when the ambient 

atmospheric boundary layer flow is weak, but strong standing vortices can develop in 

cross-streets at moderate ambient wind speeds. These are augmented forms of lee-side 

cavities where the recirculating flow is enhanced by deflection down the windward 

face of the adjacent downstream building. Winds are gustier (turbulent) in the existing 

of these building-induced vortices. If the ambient wind flow is at an angle to the 

streets or buildings, lee-side vortices take on a corkscrew motion with some along-

street movement. The winds in the side streets are also reduced and become gustier, 

reflecting intensification of corner vortices. All of these mentioned flow patterns 

depend mainly on building aspect ratios and the relative spacing between them. 

When neighborhood buildings in a cluster differ considerably in their 

heights or aspect ratios, flow patterns around them become even more complex and 

highly asymmetrical. Although a wide variety of situations can be visualized and 

actually occur in urban settings are so far confined to the so-called two-body problem 

in which a much taller building is placed downwind of a shorter building, or vice 

versa. The flow patterns depend strongly on the relative building heights, spacing 

between the two buildings, and the building aspect ratios, and also on the 

characteristics of the approach flow as well. The presence of a much smaller building 

upwind of a tall building appears to affect only the upwind portion of the horseshoe 

vortex, which wraps around any isolated building, and the downwind cavity and wake 

of the taller building are less affected. These can be considerably modified, however, 

if the shorter building is located downstream of the taller buildings. The taller building 

has a more dominating influence on the circulation around a smaller building in its 

wake than the other way around. 
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2.3 Street Canyon Model  

 

Street Canyon Model in Airviro is developed by Swedish Meteorological and 

Hydrological Institute. PCD in Thailand has the right to exploit the model. However, 

the model is not widely used. The detail of the street canyon model is reviewed in this 

section.  

 

2.3.1  Characteristic of street canyon 

 

2.3.1.1  Canyon geometry 

The term street canyon ideally refers to a relatively narrow 

street with buildings lined up continuously along both sides. However, the same term 

has been used to refer to larger streets, also called avenue canyons. In reality, a 

broader definition of the term has been applied, including urban streets that are not 

necessarily flanked by buildings continuously on both sides, allowing thus for some 

openings on the walls of the canyon (28). 

The dimensions of a street canyon are usually expressed by 

its aspect ratio, which is the height (H) of the canyon divided by the width (W). A 

canyon might be regular, if it has an aspect ratio of approximately equal to 1 and has 

no major openings on the walls. An avenue canyon may have an aspect ratio below 

0.5, while a value of 2 may be representative of a deep canyon. Finally, the length (L) 

of the canyon usually expresses the road distance between two major intersections, 

subdividing street canyons into short (L/H≈3), medium (L/H≈5), and long canyons 

(L/H≈7). Urban streets might be also classified in symmetric (or even) canyons, if the 

buildings flanking the street have approximately the same height, or asymmetric, if 

there are significant differences in building height.  

 

2.3.1.2 Wind flow 

The climate of street canyons is primarily influenced by the 

micro-meteorological effects of urban geometry rather than the mesoscale forces 

controlling the climate of the boundary layer. A clear distinction should be practiced 

between the synoptic above roof-top wind conditions and the local wind flow within 
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the cavity of the canyon shown in Figure 2.4. Depending upon the synoptic wind (or 

free-stream velocity), three main dispersion conditions can be identified: 

- Low wind conditions, for synoptic winds lower than 1.5 m/s. 

- Perpendicular or near-perpendicular flow for synoptic 

winds over 1.5 m/s blowing at an angle of more than 30o to the canyon axes. 

- Parallel or near-parallel flow for winds over 1.5 m/s 

blowing from all other directions. 

In the case of perpendicular flow, the up-wind side of the 

canyon is usually called leeward, and the down-wind is called windward. 

 
 

Figure 2.4 Pollutant dispersion in a regular street canyon (28). 

 

The emphasis has often been on the two-dimensional nature 

of the flow, studying vertical cross-sections at mid-canyon level. Whenever the above 

roof flow is perpendicular to the canyon and the wind speed is >1.5-2.0 m/s, flow may 

be described in terms of three regimes, depending on the dimensions of the street 

(Figure 2.5): 
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- Isolated roughness flow 

- Wake interference flow 

- Skimming flow 

 

For wide canyons (H/W<0.3), the buildings are well spaced 

and act essentially as isolated roughness elements, since the air travels an enough 

distance down-wind of the first building before encountering the next obstacle. As 

buildings become more closely spaced (H/W≈0.5), the disturbed air flow has sufficient 

distance to readjust before encountering the down-wind building, resulting in wake 

interference flow. In the case of regular canyons (H/W≈1), the bulk of the synoptic 

flow skims over the canyon producing the skimming flow, which is characterized by 

the formation of a single vortex within the canyon (28). 

 

 

 
 

Figure 2.5 Perpendicular flow regimes in urban canyons for different aspect ratio (28). 

 

From a three-dimensional point of view, a reflection of the 

wind off the windward wall of the canyon should be ideally observed in the case of 

skimming flow. For oblique roof-level winds, this reflection may induce a spiral wind 

flow through the canyon. Other complicated channeling effects might be created for 

winds parallel to the street axis. Additional low-pressure areas and wind circulation 

are created near intersections, resulting in horizontal corner vortices. In relatively short 



Fac. of Grad. Studies, Mahidol Univ.                 M. Sc. (Technology of Environmental Management) / 21

canyons, corner vortices might be strong enough to inhibit a stable vortex 

perpendicular to the street in the mid-section. This ventilation effects fades gradually 

with the increasing street length (28). 

The strength of the wind vortices inside the canyon mainly 

depends on wind speed at roof-top level. However, the local wind flow is also affected 

by the mechanical turbulence induced by moving vehicles or near urban roughness 

elements within the street. Furthermore, the atmospheric stability and other thermal 

effects induced by the differential heating of the walls and/or the bottom of the canyon 

might affect the shape and strength of the wind vortices as well (28). 

In relatively deep canyons (H/W>1.3), the main wind vortex 

is usually displaced towards the upper part of the cavity, with almost stagnant air 

below. As the aspect ratio increases (H/W≈2), a weak counter-rotating secondary 

vortex may be observed at street level. For even higher aspect ratio (H/W≈3), a third 

weak vortex might also be formed. In most cases, small weak vortices occupy the 

bottom side corners of the canyon (28). 

Depending upon the wind direction, asymmetric canyons 

may be sub-divided into two categories:  

- Step-up canyons, when the down-wind buildings are 

higher than the up-wind buildings. 

- Step-down canyons, when the down-wind buildings are 

lower than the up-wind buildings. In these cases, mid-section wind vortices might be 

displaced or reversed within the cavity. 

 

2.3.1.3 Pollutant dispersion (28) 

The dispersion of gaseous pollutants in a street canyon 

depends generally on the rate at which the street exchanges air vertically with the 

above roof-level atmosphere and laterally with connecting streets. Skimming flow, a 

feature of regular canyons, provides minimal ventilation of the canyon and is 

relatively ineffective in eliminating pollutants. Field measurements show the 

increasing concentrations of traffic-related pollutants on the leeward side of the 

canyon, and decreasing concentrations along with height above the ground on both 

sides of the street. The increasing leeward concentrations are due to the accumulation 
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of pollutants locally advected by the large wind vortex that covers most of the canyon. 

Minor pollution hotspots might also be created in small cavities in which additional 

recirculation phenomena can take place. 

Street-level cross-road gradients observed in wind tunnel 

experiments for perpendicular wind conditions indicate that concentrations are 

generally a factor of two greater for the leeward than for the windward side, except for 

step-down canyons where windward concentrations are slightly greater than leeward. 

Concentrations are generally lower in the step-up canyons relative to the even and 

step-down notches. 

The strength of the canyon vortices is varied and has been 

demonstrated by flow visualization. As a result, pollutants are periodically flushed out 

of the canyons. In relatively long canyons without connecting streets, field 

measurements have shown that maximum street-level concentrations are more likely 

originated when the synoptic wind is parallel to the street axis. In such case, the 

parallel winds perform induction in the total emissions along the line source outweighs 

the ventilation. 

Low synoptic winds create a well-known meteorological 

situation that favors air pollution built-up in urban area. There is an evidence that 

when the synoptic wind speed is below about 1.5 m/s, the wind vortex within the 

canyon tends to disappear and the air stagnates in the street. In that case, the 

mechanical turbulence induced by moving vehicle as well as the atmospheric stability 

conditions might play an important role in the dispersion of traffic-generated 

pollutants. 

Fine and especially ultrafine particles are expected to 

disperse in the air like gases. However, gravity greatly affected the larger-sized 

particles in shorter time suspended in the air. For this reason, the coarse fraction of the 

TSP exhibits larger vertical concentration gradients than those usually observed for 

gases or fine particles. 
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2.3.2  Street Canyon Model in Airviro 

 

2.3.2.1  Description of the model (29) 

This model is based on the “Stanford model” originating 

from studies conducted in San Jose, USA. The measurements indicate a vertical eddy 

circulation whenever the wind blows perpendicular to the street directions. The eddy 

circulation implies higher pollution concentrations on the leewind side of the road, 

because this air includes traffic exhausts. The upwind side showed much lower 

concentrations, as the air originated from the roof level. 

The Stanford model has been tested and modified by several 

researches. Canyon is defined as the section of the road between buildings on two 

opposite sides of the road. The model parameters describing the concentrations in 

leewind and upwind sides are given by: 

 
CL  = 

( ) ( ) ⎥⎦
⎤

⎢⎣
⎡ ++ + LzxU

KQ

0

2/1225.0
              (2.2) 

  
CW  = ( )

( )HUW
zHKQ

5.0+
−                (2.3) 

 

When: CL = Pollutant concentration at leeward (µg/m3) 

 CW  =  Pollutant concentration at windward (µg/m3) 

 K  = the empirical constant, set at 10 m. 

 Q  =  the total traffic emission (ug/m.s) 

 U  =  the roof level wind speed (m/s) 

 L0 = the length scale of the individual cars (m), set at 2 m. 

 W  =  the effective width of the canyon (m) 

 H  =  the building height (m) 

 x = the horizontal distance from the street emission segment (m) 

 z  =   the receptor height (m) 
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Model calculations as described above are valid for all wind 

directions, except for those within 22.5° of the principal canyon axis direction at 

which the concentration is computed as the average of equations 2.2 and 2.3. The air 

circulation is shown in Figure 2.4. 

 
2.3.2.2 Specification of the model (30): 

- The model simulates dispersion within the vertical cross 

section of a single street canyon. 

- The buildings surrounding the street are assumed to be 

of equal heights. 

- The width of the street should not be larger than two to 

three times the height of the surrounding buildings. 

 

2.4  Motor vehicle emission model 

 

2.4.1  Motor vehicle emission 

The emission from traffic is the major source that affects to the air 

quality in urban area. The emission from vehicles can be either primary or secondary 

pollutant and the criteria of pollutants emissions from diesel and gasoline vehicles are 

CO, VOCs, NOx and particulate matter. 

Factors related to type, form and mass of emission from vehicle are 

type of fuel (diesel, gasoline, LPG), age of vehicle, type and size of engine, driving 

velocity, purity of fuel (the component of sulfur and lead), and driving behaviors. 

Moreover, additional information, such as traffic growth, the selection of fleet 

composition and the impact of innovative technology and the emission law, is required 

to estimation of the emission, which will be used to conduct the national policy and 

community action plan (8). 

 

2.4.2 MOBILE5 Thai (31) 

MOBILE5 Thai, the motor vehicle emission model for Bangkok 

Thailand, which is based on US EPA’s MOBILE4 model, is a computer program that 

estimates hydrocarbon, carbon monoxide (CO) and oxides of nitrogen (NOx) emission 
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factor for gasoline-fueled and diesel highway motor vehicles. MOBILE5 Thai 

calculates emission factors for nine individual vehicle types (light duty gasoline 

vehicles, taxis, light duty gasoline trucks, heavy duty gasoline vehicles, light duty 

diesel vehicles, light duty diesel trucks, heavy duty diesel vehicles, motor cycles, tuk-

tuks) in two regions (low- and high- altitude) of the country. Moreover, this model can 

be used to estimate emission impacts from future vehicle fleets, diesel/alternate fuel 

use, vehicle speeds, ambient temperature, fuel RVP, cold starts, I/M program, vehicle 

tampering, new vehicle standards and other strategies; ban 2 strokes, evaporative 

controls, refueling controls. 

 

2.4.2.1 The vehicle emission data used for developing MOBILE 

models is as follows; 

- In use vehicle emission testing from early 70’s to 1994, 

- Vehicles tested primarily on FTP (LA4) cycle, 

- Other tests conducted using different cycles, 

temperatures, fuel labs, cold start conditions, mileage etc, 

- Vehicles of various technologies tested in good 

condition, malfunctioning state and tampered state. 

 

2.4.2.2 Modifications to MOBILE4 to develop MOBILE5 Thai 

- Emission tests for each vehicle type/technology, 

- Taxi emission factors (Gasoline/LPG), 

- Motorcycle emission factors (2 cycle/ 4 cycle/ Tuk-tuks), 

- Age distributions/ fuel use for each vehicle type, 

- Mileage accumulation for each vehicle type, 

- New driving cycle tests, 

- Registration rates, percent VMT for cars, mileage 

distribution, 

- Following information based on Equivalent US 

Technology such as basic emission rates, temperature, fuel RVP, speed corrections, 

I/M credits, operating mode corrections, crankcase emissions and idle emissions. 
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2.4.3 MOBILE6 (32) 

MOBILE6 is a computer program that estimates hydrocarbon (HC), 

carbon monoxide (CO), oxides of nitrogen (NOx), exhaust of particulate matter (which 

consists of several components), tire wear particulate matter, break wear particulate 

matter, sulphur dioxide (SO2), ammonia (NH3), six hazardous air pollutants (benzene, 

methyl tertiary butyl ether, 1,3-butadiene, formaldehyde, acetaldehyde, acrolein) and 

carbon dioxide (CO2) emission factors for gasoline-fueled and diesel highway motor 

vehicles and for specialized vehicle such as natural gas-fueled or electric vehicles.  

MOBILE6 calculates emission factor for 28 individual vehicles type 

in low-altitude and high-altitude regions of the United States. MOBILE6 will estimate 

emission factors for any calendar year between 1952 and 2050, and the estimation 

depends on various conditions, such as ambient temperatures, travel speeds, operating 

modes, fuel volatility, and mileage accrual rates.  

 

2.5 Related researches 

 

2.5.1  Research of line source modeling in Thailand 

Saghoun Kamolwat (33) has studied the comparison of air pollutants’ 

concentrations, which are CO, NO, SO2 and PM at Thonburi-Pakthor highway and 

Suksawas highway, and mathematical model, HIWAY. The period of study is 20 days 

by collecting the sample 3 hours per day. The result of this research was found that 

only CO and PM can be observed. After compared with the result from HIWAY, 

carbon monoxide concentration at Thonburi-Pakthor highway was similar to the 

observed data but there was the difference at Suksawas highway that the model under 

estimated about 80 percent. 

Chumpol Sriprapakorn (34) has applied the air quality model, 

CALINE4 to predict PM10 concentration at Ladprao road. and Dindang road. The 

result expressed that the CO concentration calculated by CALINE4 compares with the 

observed concentration from the pollution control department is similar by the RMSE 

is 0.9733. As for the PM10, the model’s result was calculated by applying the 

proportion of CO and PM10 molecular weight. The RMSE from this method is 
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between 0.33 and 1.30 while the best RMSE is about 0.94. This explains that the 

CALINE4 can predict CO and PM10 concentration and can evaluate the dispersion of 

PM10 from source to the closer areas at leewind side.  

Sivapan Choo-in (35) has developed the model to predict CO and 

NO2 concentration in tunnel road by using Microsoft Visual Basic. The study area is 

under BTS station at Payathai and Sala Daeng. The wind speed in tunnel, vehicles’ 

quantity and velocity which divided into 4 types, private car, motorcycle, light truck 

and heavy truck, pollutants concentration in and out tunnel and structure of tunnel 

were collected. This information was used to develop the model based on the principle 

of box model. The result demonstated that the developed model can estimate the 

concentration of CO and NO2 at Sala Daeng station with R2 is 0.908 and 0.846, 

respectively. The pollutant concentrations inside is higher than outside the tunnel road. 

However, these concentrations are lower than the air quality standard. 

Dusadee Moungya and Sawitree Kudeesuk (36) have studied CO 

concentration at the road beside Suan Sunandha Rajabhat University compared with 

the results from CALINE4 and HIWAY2 model by using the Paired t-test. The result 

states that CALINE4 is the most effective model in prediction of CO concentration 

from non-rush hour traffics. 

 

2.5.2 Research of Street Canyon Model in Airviro 

Greičiūtė, Vasarevičius and Augulienė (37) have studied the NO2 

concentration in streets with a heavy traffic by using the Airviro model. The result 

concluded that serious pollution episodes caused not only by sudden increasing in 

pollutant emissions, but also by short-term unfavorable meteorological conditions. 

Also, specific factors like the street width, number of vehicles, distance between 

houses on both street sides and their height have an influence on pollutant dispersion. 

As the investigation results shown, the Airviro modeling system is suitable for 

modeling pollutant dispersion in street canyons. 

Mukherjee and Viswanathan (38) have studied the Indic Airviro in 

both modules (street canyon module and Gaussian line source module) to forecast CO 

concentration from traffic road compared with the measurement concentration in 

Singapore. The emission factors were calculated by US EPA MOBILE5 A. the result 
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exposed that there was a good correlation between the street canyon model and the 

observed data.  
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CHAPTER 3 

METHODOLOGY 

 

 
3.1  The selection of the study area 

 

Since the Street Canyon Model in Airviro had some limitation. The survey 

was required before choosing the study area. The criteria for the selection are as 

follows: 

1. The effective canyon width to height ratio should not over 2 and 3, 

2. The wind direction should be greater than 22.5 degree with respect to the 

street axis. 

 

3.2  The study area 

 

The area of study was Ladprao Road located at Wangthonglang district. The 

street is a 6-laned straight road and heavy traffic. The sampling site was located 

between Chokchai4 intersection and Sapan-Song market of which distance was 0.5 

kilometers (Figure 3.1). The details of street are shown as follow: 

1. The majority of area is commercial buildings, which are about 3-5 

storeys (Figures 3.2 and 3.3). 

2. Some of the street is the open areas, which is about 50 meters in length, 

but there are 11 meters height trees settle along the distance (Figure 3.4). 

3. At the end of the study area is the small building area, which is 1 to 1.5 

storeys or about 4-6 meters height. This area located at the inbound of which distance 

is 12 meters and the outbound on left hand side is 10.5 meters and 25 meters on the 

right hand side. 
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(0,0,0)

(29.6,0,3.5)

Figure 3.1 The geometry of Ladprao road  

N 

Open area                           Chokchai4 Intersection 
Monitoring station; coordinate at (x,y,z) = (29.6,0,3.5) 
One-storey of the building 
The coordinate reference of monitoring station at (x,y,z) = (0,0,0) 

 
Sapan-song market 

Inbound
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                Figure 3.2 Inbound                                      Figure 3.3 Outbound 
 

      
             Figure 3.4 The open areas                     Figure 3.5 Air quality monitoring 

station from PCD 

This study used Chokchai4 police station as the air quality monitoring site. 

The police station is 30 meters far away from the intersection. The air quality 

monitoring station located at the police station’s playground. This causes the air 

quality monitoring station attaches with the open area for 5 meters in length from the 

nearby building (Figure 3.5). The characteristic of Ladprao road for using Street 

Canyon Model in Airviro is shown in Table 3.1. 
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Table 3.1 The physical characteristics of study area (Ladprao Road) 

 
Information of study area Measured values 

The width of traffic lanes (meter)   21.0 

The width of pedestrian way (meter)       8.6 

The height of building (meter)    12.0 

The effective canyon (width to height ratio)       2.5 

The distance of street  (meter)  500.0 

The direction of street (degree) 120.0 

Remarks: In “width to height ratio”, width means the combination of traffic lanes and 

pedestrian ways. The height of building was assumed to be 3.5 meters per 

storey. The building was about 3.5 storeys, which equal to the height of 12 

meters. 

 

3.3  Data collections 

 

3.3.1 Traffic data 

 The traffic density was monitored by using a video camera. The 

vehicles on 6 lanes were recorded for a total of 78 hours from about 8.00 am - 6.00 pm 

for 12 days between 22 July - 10 August 2004. The vehicular fleet was divided into 

eight categories, namely, private car, pick-up/van, wagon, taxi, tuk-tuks, motorcycle, 

bus/truck and NGV bus.  

 The average speed from all category vehicles per hour was 

determined by fixing two points in the study area. The time when vehicles traveled 

between these two points were recorded (detected vehicle speed at 0, 20 and 40 

minutes). The average speed was then calculated by dividing the fixed distance by the 

time traveled.  

 

3.3.2 Meteorological data  

 The two parameters, wind speed and wind direction, were monitored. 

Anemometer for data measuring was installed on the rooftop of one of the buildings 

close to the air quality monitoring station (around 50 meters from the station) at the 

same time of vehicle counting (8.00 am - 6.00 pm) (Figures 3.6 and 3.7). However, 
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there are few much taller buildings within 10 meters radius that might disturb the wind 

measurement. 

 

                       

         Figure 3.6 Anemometer                            Figure 3.7 Anemometer station 

 

3.4  Experimental methods 

  

The experimental methods consist of three steps as the following: 

 

3.4.1 Determinations of emission factors for CO and PM10.   

 

3.4.1.1 Emission factor for CO. MOBILE5 Thai model was used 

with the following input data:  

(1) Calendar year, 

(2) Travel speed (km/hr), 

(3) Ambient temperature (°C). 

 

3.4.1.2 Emission factor for PM10. MOBILE6 model was used with 

the following input data:  

(1) Calendar year, 

(2) Month, 

(3) Particle size cutoff (micron), 

(4) Travel speed (mi/hr), 

(5) Diesel fuel sulfur content (ppm). 
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3.4.2 Determinations of CO and PM10 concentrations by using Street 

Canyon Model in Airviro. The input data were explained as follows: 

 

3.4.2.1 Building information 

(1) Distance between buildings or the effective width of 

canyon (m); including pavements and verges. 

(2) Height of building (m). The model assumes that the 

buildings on both sides of the canyon are approximately at the same height. 

 

3.4.2.2 Street information  

(1) Street width (m); which is the width of the part of the 

road that the vehicles actually drive and the substances are emitted.  

(2) Street direction (degrees). The angle of the street in 

degrees measured clockwise from north. 

(3) Position of the street in x (m) and y (m) coordinates. 

 

3.4.2.3 Emission rate information 

Calculated emission rate (µg/m.s) from equation 3.1  

= [(No. of veh. Class1 × Emission factor of class1)+   ...(3.1) 

    (No. of veh. Class2 × Emission factor of class2)+       

      …(No. of veh. Classn × Emission factor of classn)] 

 

3.4.2.4 Other information 

(1) The height of receptor (m) 

(2) Wind speed at roof level (m/s)  

(3) Wind direction at roof level (degrees) 

 

The model output is presented as concentration isolines on a vertical 

plane perpendicular to the street as shown in Figure 3.8. 

 



Fac. of Grad. Studies, Mahidol Univ.                 M. Sc. (Technology of Environmental Management) / 35

 
 

Figure 3.8 Example of model output 

 

Although the model output are showed as concentration contours, the 

concentrations of pollutants to be used to compare with the observed concentration are 

taken at the location of the air quality monitoring station (receptor). In this study, the 

coordinate position of receptor is at 29.6 m on horizontal and 3.5 m on vertical scales 

(receptor by inlet), respectively. The reference coordinate is shown in Figure 3.1. 

 

3.4.3  The adjustment of K constant from Street Canyon Model in Airviro 

which obtains by adjusting K constant in each data set using three input parameters, 

which are, emission rate, wind speed and observed concentrations calculated with 

Street Canyon Model in Airviro’s equation.  

 

CW =     KCWQ (H-z)                      , KCW =   CW×W× (U+0.5) × H    

     W (U+0.5) H                                      Q (H-z) 

CL  =                    KCLQ                   , KCL = CL× (U+0.5)[(x2+z2)1/2+ LO] 

              (U+0.5)[(x2+z2)1/2+ LO]                      Q 
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When: CW  =  the observed concentration on the upwind side (µg/m3) 

 CL  =  the observed concentration on the leewind side (µg/m3) 

 KCW =  the empirical constant on the upwind side  

 KCL =  the empirical constant on the leewind side 

 Q  =  total traffic emission rate (µg/m.s) 

 U  =  the roof level wind speed (m/s)  

 W  =  the effective width of canyon (m)  

 H  =  the height of building (m)  

 LO = the length scale of the individual cars, set to 2 m 

 x  =  the horizontal distance from the street emission segment (m)  

 z  =  the height of receptor (m) 

 

The adjusted KCW for CO and PM10 were obtained from the average 

of all individual KCW in each data set. 

 

3.4.4  Sensitivity analysis of Street Canyon Model in Airviro   

The sensitivity analyses of Street Canyon Model in Airviro were 

evaluated on windward side by using equation (2.3).  

 

 CW  =     KQ (H-z)                                     (2.3) 
                W (U+0.5) H 
 

This equation was derived by differential method to obtain the 

general equation for general case. The sensitivity of model was calculated for each 

input variables by substituting in term of percent increase of each variables.  

 

3.5  The statistical evaluation 

 

Four statistical parameters were used for evaluation as follows: 

1. Index of agreement (IA), which describes the correlation of the predicted 

and measured concentrations.   

2. The normalized mean square error (NMSE), which provides information 

on the overall deviations between predicted and observed concentrations. 
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3. Pearson’s correlation coefficient (COR), which describes the degree of 

correlation between variables.  

4. The fractional bias (FB), which provides information on the tendency of 

the model output to over-estimate or under-estimate the observed concentrations. 
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CHAPTER 4 

RESULTS 

 

 
4.1  Emission factors of CO and PM10 

 

4.1.1  Emission factor of CO 

The CO emission factor was calculated by MOBILE5 Thai model. 

The emission factors of CO were specified at vehicle velocity between 31 and 44 

km/hr (Appendix B). The emission factor at 38 km/hr which was frequently found is 

shown in Table 4.1. 

 

Table 4.1 CO emission factor (g/km) at 38 km/hr calculated by MOBILE5 Thai model 

 
CO emission factor (g/km) for each vehicle type 

Thai Motorcycle Exhaust  

and Evaporative Emission Factors 
LDGV TAXI LDGT LDDT HDDV 

2 Cycle 4 Cycle tuk-tuks 

37.34 18.82 59.84 0.99 6.42 20.10 16.09 9.11 

 

Refers to Table 4.1, the MOBILE5 Thai model calculated the CO 

emission factors from 8 types of vehicle. At 38 km/hr, the highest emission factor was 

from LDGT (59.84 g/km), followed by LDGV (37.34 g/km), 2 stroke motorcycle 

(20.10 g/km), taxi (18.82 g/km), 4 stroke motorcycle (16.09 g/km), tuk-tuks (9.11 

g/km), HDDV (6.42 g/km) and LDDT (0.99 g/km), respectively. 

 

The difference of velocity affects the CO emission factors is shown in 

Table 4.2. 
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Table 4.2 Emission factors of CO (g/km) at 31 and 44 km/h calculated by MOBILE5 

Thai model 

 
CO emission factor (g/km) for each vehicle type Vehicle speed 

 (km/hr) LDGT LDGV 2 Cycle TAXI 4 Cycle Tuk-Tuks HDDV LDDT 

31 72.10 43.58 24.65 22.28 19.73 11.17 7.95 1.23 

44 51.74 33.29 17.18 16.58 13.78 7.79 5.58 0.85 

 

According to the Table 4.2, when the velocity increased, the CO 

emission factors of all vehicles were declined. At 31 and 44 km/hr the highest CO 

emission factor from LDGT were 72.10 and 51.74 g/km, and the lowest CO emission 

factor from LDDT were 1.23 and 0.85 g/km. 

 

4.1.2  Emission factor of PM10 

The PM10 emission factor was calculated by MOBILE6 model. The 

emission factors of PM10 were determined at vehicle velocity between 31 and 44 

km/hr (19.27 to 27.35 mi/hr) (Appendix B). The emission factor at 38 km/hr which 

was frequently found is shown in Table 4.3. 

 

Table 4.3 PM10 emission factor (g/mi) at 38 km/hr calculated by MOBILE6 model 

 
PM10 emission factor (g/mi) for each vehicle type 

HDDV LDDT Gas bus MC LDGT LDGV 

0.3736 0.2662 0.1639 0.0376 0.0277 0.0257 

 

According to Table 4.3, MOBILE6 model showed PM10 emission 

factors from 6 types of vehicle. At 38 km/hr, the highest PM10 emission factor from 

HDDV (0.3736 g/mi) and followed by LDDT (0.2662 g/mi), gas bus (0.1639 g/mi), 

MC (0.0376 g/mi), LDGT (0.0277 g/mi) and LDGV (0.0257 g/mi), respectively. 

Refers to Appendix B, the emission factors of the PM10 at various 

velocities were about the same. The differences were in the range of 0-0.0002 g/mi. 

The emission factors between 31 and 44 km/hr which were the lowest and highest 

velocities observed in this study are shown in Table 4.4. 
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Table 4.4 Emission factors of PM10 (g/mi) at 31 and 44 km/hr calculated by 

MOBILE6 model  

 
PM10 emission factor (g/mi) for each vehicle type  Vehicle speed 

(km/hr) HDDV LDDT  Gas BUS MC LDGT LDGV 

31 0.3736 0.2662 0.1640 0.0377 0.0278 0.0257 

44 0.3736 0.2662 0.1639 0.0375 0.0276 0.0256 

 

According to the Table 4.4, when the velocity increased, the PM10 

emission factors of HDDV and LDDT were stable, for gas bus, MC, LDGT and 

LDGV the emission factor were slightly decreased. At 31 and 44 km/hr the highest 

PM10 emission factor from HDDV were 0.3736 and 0.3736 g/mi, and the lowest 

PM10 emission factor from LDGV were 0.0257 and 0.0256 g/mi. 

 

4.2   Emission rates of CO and PM10 

 

In order to calculate the emission rate, the information of the emission factor, the 

total number of each type of vehicle per hour and the 1-hour average velocity obtained 

from the study area during July and August 2004 were required (Appendix C). 

 

4.2.1 Emission rate of CO 

The emission rate was calculated by using equation (3.1) in section 

3.4.2.3. The emission factors from MOBILE5 Thai model were used. The types of 

vehicles from study area were matched to types of vehicles from MOBILE5 Thai 

model as shown in Table 4.5. 

 

Emission rate (g/km.hr) =  [(No. of veh. Class1 × Emission factor of class1)+…+(No. 

of veh. Classn × Emission factor of classn)]        
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Table 4.5 Matching type of vehicles between the study area and MOBILE5 Thai 

model 

 
Type of vehicles from MOBILE5 Thai model Type of vehicles from study area 

LDGV Private cars 

LDGT Wagon cars and NGV 

LDDT Pick up and vans 

LDDV - 

HDDV Trucks and Buses 

HDGV - 

MC  

          MC 2 cycle  Motorcycle (30% of all motorcycles) 

         MC 4 cycle Motorcycle (70% of all motorcycles) 

Tuk-Tuks Tuk-tuks 

Taxi Taxis 

Remarks: In year 2000-2020, the percentage of motorcycles with 2 strokes and 4 

strokes are estimated to be 30 and 70 percent, respectively (31).  

 

CO emission rates are shown in Table 4.6 and example of the 

calculation of CO emission rate is described in Appendix D. 

 
Table 4.6 The emission rate of CO during July and August 2004  

 
Hour CO emission rate Date Hour CO emission rate Date 

 g/km.hr µg/m.s   g/km.hr µg/m.s 

22/7/2004 12.00-13.00 128,816 35,782 30/7/2004 11.00-12.00 128,201 35,611 

22/7/2004 13.00-14.00 94,413 26,226 30/7/2004 12.00-13.00 116,127 32,258 

23/7/2004 13.00-14.00 118,962 33,045 30/7/2004 13.00-14.00 119,008 33,058 

23/7/2004 14.00-15.00 151,987 42,219 30/7/2004 14.00-15.00 129,056 35,849 

26/7/2004 8.00-9.00 117,076 32,521 30/7/2004 15.00-16.00 118,964 33,046 

26/7/2004 9.00-10.00 120,584 33,496 30/7/2004 16.00-17.00 136,881 38,023 

26/7/2004 11.00-12.00 114,334 31,759 3/8/2004 12.00-13.00 127,502 35,417 

26/7/2004 12.00-13.00 110,043 30,568 4/8/2004 10.00-11.00 148,667 41,296 

26/7/2004 13.00-14.00 124,162 34,489 5/8/2004 9.00-10.00 112,367 31,213 

26/7/2004 14.00-15.00 133,235 37,010 5/8/2004 11.00-12.00 111,899 31,084 

26/7/2004 16.00-17.00 136,447 37,902 5/8/2004 15.00-16.00 141,711 39,364 
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Hour CO emission rate Date Hour CO emission rate Date 

 g/km.hr µg/m.s   g/km.hr µg/m.s 

27/7/2004 9.00-10.00 131,905 36,640 6/8/2004 9.00-10.00 122,978 34,161 

27/7/2004 10.00-11.00 118,922 33,034 6/8/2004 10.00-11.00 133,966 37,213 

27/7/2004 15.00-16.00 131,022 36,395 6/8/2004 11.00-12.00 127,820 35,506 

29/7/2004 9.00-10.00 126,796 35,221 6/8/2004 12.00-13.00 115,998 32,222 

29/7/2004 10.00-11.00 104,587 29,052 6/8/2004 13.00-14.00 113,586 31,552 

29/7/2004 11.00-12.00 121,677 33,799 6/8/2004 14.00-15.00 133,249 37,014 

29/7/2004 12.00-13.00 124,556 34,599 6/8/2004 15.00-16.00 131,614 36,560 

29/7/2004 13.00-14.00 103,053 28,626 9/8/2004 9.00-10.00 115,634 32,121 

29/7/2004 14.00-15.00 127,070 35,297 9/8/2004 10.00-11.00 123,050 34,181 

29/7/2004 15.00-16.00 145,033 40,287 9/8/2004 11.00-12.00 116,158 32,266 

29/7/2004 16.00-17.00 126,070 35,020 9/8/2004 12.00-13.00 107,141 29,761 

30/7/2004 9.00-10.00 131,111 36,420 10/8/2004 13.00-14.00 132,042 36,678 

30/7/2004 10.00-11.00 125,013 34,726     

 

From Table 4.6, the range of CO emission rates were between 

94,413-151,987 g/km.hr or 26,226-42,219 µg/m.s. The highest frequency of CO 

emission rates was between 120,001-130,000 g/km.hr (15 samples, 31.91%) or 

30,001-35,000 µg/m.s (21 samples, 44.68%) and illustrated the histogram plots as 

shown in Figure 4.1 (a) and 4.1 (b).   
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(a) 

 
(b) 

 
Figure 4.1 (a) CO emission rate (g/km.hr) and frequency   

(b) CO emission rate (µg/m.s) and frequency   
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Table 4.7 Matching type of vehicles between the study area and MOBILE6 model 
 

Type of vehicles from MOBILE 6 model Type of vehicles from study area 

LDGV Private cars and taxi 

LDGT (All) 

      LDGT1 

      LDGT2 

      LDGT3 

      LDGT4 

Wagon cars 

     - 

     - 

     - 

     - 

LDDT (All) 

      LDDT12 

      LDDT34 

Pick up and vans 

     - 

     - 

LDDV      - 

HDDV (All) 

      HDDV2b 

      HDDV3 

      HDDV4 

      HDDV5 

      HDDV6 

      HDDV7 

      HDDV8a 

      HDDV8b 

Trucks and buses 

     - 

     - 

     - 

     - 

     - 

     - 

     - 

     - 

HDGV (All) 

      HDGV2b 

      HDGV3 

      HDGV4 

      HDGV5 

      HDGV6 

      HDGV7 

      HDGV8a 

      HDGV8b 

     - 

     - 

     - 

     - 

     - 

     - 

     - 

     - 

     - 

Motorcycle Motorcycles 

Gas bus NGV 

HDDBT      - 

HDDBS      - 

Remarks: The numbers of tuk-tuks are quite small (less than 10 veh/hr) and cannot be 

matched to the input of model. Therefore, tuk-tuks emission factor is excluded.  
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PM10 emission rates are shown in Table 4.8 and example of the 

calculation of PM10 emission rate is described in Appendix D. 

 

Table 4.8 The emission rate of PM10 during July and August 2004 

 
Hour PM10 Emission rate Date Hour PM10 Emission rate Date 

 g/km.hr µg/m.s   g/km.hr µg/m.s 

22/7/2004 12.00-13.00 666 115 30/7/2004 11.00-12.00 649 112 

22/7/2004 13.00-14.00 674 117 30/7/2004 12.00-13.00 665 115 

23/7/2004 13.00-14.00 667 115 30/7/2004 13.00-14.00 655 113 

23/7/2004 14.00-15.00 651 112 30/7/2004 14.00-15.00 646 111 

26/7/2004 8.00-9.00 591 102 30/7/2004 15.00-16.00 621 107 

26/7/2004 9.00-10.00 684 118 30/7/2004 16.00-17.00 635 110 

26/7/2004 11.00-12.00 689 119 3/8/2004 12.00-13.00 661 114 

26/7/2004 12.00-13.00 645 111 4/8/2004 10.00-11.00 786 136 

26/7/2004 13.00-14.00 671 116 5/8/2004 9.00-10.00 630 109 

26/7/2004 14.00-15.00 697 120 5/8/2004 11.00-12.00 717 124 

26/7/2004 16.00-17.00 636 110 5/8/2004 15.00-16.00 610 105 

27/7/2004 9.00-10.00 687 118 6/8/2004 9.00-10.00 694 120 

27/7/2004 10.00-11.00 712 123 6/8/2004 10.00-11.00 710 122 

27/7/2004 15.00-16.00 604 104 6/8/2004 11.00-12.00 734 127 

29/7/2004 9.00-10.00 682 118 6/8/2004 12.00-13.00 683 118 

29/7/2004 10.00-11.00 676 117 6/8/2004 13.00-14.00 686 118 

29/7/2004 11.00-12.00 698 120 6/8/2004 14.00-15.00 702 121 

29/7/2004 12.00-13.00 653 113 6/8/2004 15.00-16.00 630 109 

29/7/2004 13.00-14.00 654 113 9/8/2004 9.00-10.00 687 119 

29/7/2004 14.00-15.00 661 114 9/8/2004 10.00-11.00 677 117 

29/7/2004 15.00-16.00 610 105 9/8/2004 11.00-12.00 642 111 

29/7/2004 16.00-17.00 599 103 9/8/2004 12.00-13.00 743 128 

30/7/2004 9.00-10.00 723 125 10/8/2004 13.00-14.00 667 115 

30/7/2004 10.00-11.00 670 116     

 

From Table 4.8, the range of PM10 emission rates were between 591-

786 g/km.hr or 102-136 µg/m.s. The highest frequency of PM10 emission rates was 

between 651-700 gr/km.hr (25 samples, 53.19%) or 111-120 µg/m.s (29 samples, 

61.70%) and illustrated the histogram plots as Figure 4.2 (a) and 4.2 (b).  
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Figure 4.2 (a) PM10 emission rate (g/km.hr) and frequency   

(b) PM10 emission rate (µg/m.s) and frequency   
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4.3  The comparison of predicted CO/PM10 concentrations by using Street 

Canyon Model in Airviro and the measured concentrations 

 

Street Canyon Model in Airviro was used to calculate CO and PM10 

concentrations on both windward and leeward sides of Ladprao road during July and 

August 2004, but only the windward results were used in the comparison at Chokchai4 

station. This is because Chokchai4 station situated on windward side then only the 

concentrations of pollutants on windward side will be compared. From the wind 

direction at Don Muang Airport from Meteorological Department during December 

2003 to November 2004, it was found that the hourly wind direction would blow 

across air quality monitoring station on both windward and leeward sides during 

September to February (Figure 4.3). Therefore, this period would be more suitable for 

comparison the pollutants concentrations on both sides. The results in this study were 

presented as follows:  

 

 
Figure 4.3 The numbers of hours during when wind was westerly (the monitoring 

station was on the windward side) and easterly (leeward side) of the street during Dec 

2003 to Nov 2004 (data from Don Muang).   

 

 

0 

100 

200 

300 

400 

500 

600 

700 

Dec 
2003

Jan 
2004 

Feb Mar Apr May Jun July Aug Sep Oct Nov 
2004 

windward
leeward

Month

N
um

be
rs

 o
f H

ou
rs

 



Patcharee  Thitisakdanon                                                                                                            Results / 48

4.3.1  The comparison of predicted and measured CO concentrations. 

The CO concentrations on windward side calculated by Street 

Canyon Model in Airviro were compared with the measured concentrations in the unit 

of µg/m3. The result is shown as Table 4.9.  

 

Table 4.9 The comparison between predicted and observed CO concentrations during 

July and August 2004 

 
CO concentrations 

on windward side (µg/m3) 

Date Hour Wind speed  

(m/s) 

Wind direction  

(degree) 

Predicted Observed 

22/7/2004 12.00-13.00 1.3 180 4,783 1,250 

22/7/2004 13.00-14.00 0.4 202.5 6,262 875 

23/7/2004 13.00-14.00 1.3 180 4,383 625 

23/7/2004 14.00-15.00 2.2 180 3,762 500 

26/7/2004 8.00-9.00 0.9 202.5 5,546 2,750 

26/7/2004 9.00-10.00 1.3 202.5 4,443 2,250 

26/7/2004 11.00-12.00 1.3 180 4,245 - 

26/7/2004 12.00-13.00 1.3 180 4,054 875 

26/7/2004 13.00-14.00 1.3 225 4,610 625 

26/7/2004 14.00-15.00 1.8 202.5 3,842 875 

26/7/2004 16.00-17.00 1.8 180 3,965 875 

27/7/2004 9.00-10.00 1.3 225 4,898 1,250 

27/7/2004 10.00-11.00 1.3 202.5 4,382 1,000 

27/7/2004 15.00-16.00 1.8 180 3,778 625 

29/7/2004 9.00-10.00 0.9 225 6,053 1,625 

29/7/2004 10.00-11.00 1.3 270 3,883 1,000 

29/7/2004 11.00-12.00 1.3 247.5 4,518 500 

29/7/2004 12.00-13.00 1.3 225 4,625 625 

29/7/2004 13.00-14.00 1.3 247.5 3,826 500 

29/7/2004 14.00-15.00 1.3 225 4,682 - 

29/7/2004 15.00-16.00 0.9 202.5 6,870 500 

29/7/2004 16.00-17.00 2.2 180 31,207 - 

30/7/2004 9.00-10.00 2.2 225 3,220 500 

30/7/2004 10.00-11.00 1.8 270 3,633 375 

30/7/2004 11.00-12.00 1.8 247.5 3,697 375 
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CO concentrations 

on windward side (µg/m3) 

Date Hour Wind speed  

(m/s) 

Wind direction  

(degree) 

Predicted Observed 

30/7/2004 12.00-13.00 1.8 247.5 3,349 375 

30/7/2004 13.00-14.00 1.3 270 4,419 - 

30/7/2004 14.00-15.00 1.3 270 4,792 625 

30/7/2004 15.00-16.00 0.9 225 5,636 - 

30/7/2004 16.00-17.00 0.9 202.5 6,484 750 

3/8/2004 12.00-13.00 1.8 180 3,705 375 

4/8/2004 10.00-11.00 0.9 180 7,098 1,750 

5/8/2004 9.00-10.00 1.3 180 4,140 2,500 

5/8/2004 11.00-12.00 1.8 180 3,227 1,125 

5/8/2004 15.00-16.00 2.2 180 3,508 1,000 

6/8/2004 9.00-10.00 1.8 225 3,546 1,875 

6/8/2004 10.00-11.00 1.8 225 3,863 1,250 

6/8/2004 11.00-12.00 1.3 225 4,709 1,000 

6/8/2004 12.00-13.00 1.3 225 4,274 875 

6/8/2004 13.00-14.00 1.3 270 4,218 875 

6/8/2004 14.00-15.00 0.9 225 6,312 875 

6/8/2004 15.00-16.00 1.3 247.5 4,849 1,125 

9/8/2004 9.00-10.00 1.3 225 4,294 2,000 

9/8/2004 10.00-11.00 1.3 247.5 4,569 1,250 

9/8/2004 11.00-12.00 1.3 202.5 4,280 750 

9/8/2004 12.00-13.00 1.8 202.5 3,089 1,000 

10/8/2004 13.00-14.00 0.9 225 6,255 625 

 

According to Table 4.9, the range of CO concentrations predicted by 

model on windward side (47 samples) and measured by the Chockchai4 monitoring 

station (42 samples) were 3,089-31,207 µg/m3 and 375-2,750 µg/m3, respectively. 

The descriptive statistics of 42 samples at the same hours are 

described as follows;  
- The predicted CO concentrations mean ( x ), standard error of 

predicted CO concentrations mean ( ) and standard deviation of predicted CO 

concentrations (σS) were 4414 µg/m3 , 160 µg/m3 and 1035 µg/m3, respectively. 
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- The observed CO concentrations mean ( x ), standard error of 

observed CO concentrations mean ( ) and standard deviation of observed CO 

concentrations (σS) were 1009 µg/m3,  89 µg/m3 and 579 µg/m3, respectively. 

The statistical parameters, namely the index of agreement (IA), 

normalized mean square error (NMSE), Pearson’s correlation coefficient (COR) and 

fractional bias (FB) from predicted and measured concentrations on windward side were 

calculated (Appendix E). The results were as follows: IA = 0.19, NMSE = 2.95, COR = 

+0.17 and FB = +1.27. The plot between measured CO concentrations from monitoring 

station and predicted CO concentrations from Street Canyon Model in Airviro is shown 

in Figure 4.4.  

 

 
Figure 4.4 A plot of predicted against measured CO concentrations (µg/m3) 

 

From Figure 4.4, it was indicated that the predicted was much higher 

than the observed CO concentrations and the equation between predicted and observed 

CO concentrations is y = 0.3093x+ 4202. 
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Table 4.10 The comparison between predicted and observed PM10 concentrations 

during July and August 2004   

 
PM10 concentrations 

on windward side (µg/m3) 

Date Hour Wind speed 

 (m/s) 

Wind direction  

(degree) 

Predicted Observed 

22/7/2004 12.00-13.00 1.3 180 15 47 

22/7/2004 13.00-14.00 0.4 202.5 28 60 

23/7/2004 13.00-14.00 1.3 180 15 61 

23/7/2004 14.00-15.00 2.2 180 10 54 

26/7/2004 8.00-9.00 0.9 202.5 18 95 

26/7/2004 9.00-10.00 1.3 202.5 16 67 

26/7/2004 11.00-12.00 1.3 180 16 53 

26/7/2004 12.00-13.00 1.3 180 15 57 

26/7/2004 13.00-14.00 1.3 225 15 67 

26/7/2004 14.00-15.00 1.8 202.5 13 67 

26/7/2004 16.00-17.00 1.8 180 11 50 

27/7/2004 9.00-10.00 1.3 225 16 47 

27/7/2004 10.00-11.00 1.3 202.5 16 51 

27/7/2004 15.00-16.00 1.8 180 11 55 

29/7/2004 9.00-10.00 0.9 225 20 63 

29/7/2004 10.00-11.00 1.3 270 16 55 

29/7/2004 11.00-12.00 1.3 247.5 16 51 

29/7/2004 12.00-13.00 1.3 225 15 49 

29/7/2004 13.00-14.00 1.3 247.5 15 51 

29/7/2004 14.00-15.00 1.3 225 16 63 

29/7/2004 15.00-16.00 0.9 202.5 18 49 

29/7/2004 16.00-17.00 2.2 180 9 58 

30/7/2004 9.00-10.00 2.2 225 11 26 

30/7/2004 10.00-11.00 1.8 270 12 16 

30/7/2004 11.00-12.00 1.8 247.5 12 29 

30/7/2004 12.00-13.00 1.8 247.5 12 31 

30/7/2004 13.00-14.00 1.3 270 15 40 

30/7/2004 14.00-15.00 1.3 270 15 44 

30/7/2004 15.00-16.00 0.9 225 18 51 

30/7/2004 16.00-17.00 0.9 202.5 19 47 

3/8/2004 12.00-13.00 1.8 180 12 32 
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PM10 concentrations 

on windward side (µg/m3) 

Date Hour Wind speed 

 (m/s) 

Wind direction  

(degree) 

Predicted Observed 

4/8/2004 10.00-11.00 0.9 180 23 80 

5/8/2004 9.00-10.00 1.3 180 15 92 

5/8/2004 11.00-12.00 1.8 180 13 59 

5/8/2004 15.00-16.00 2.2 180 9 52 

6/8/2004 9.00-10.00 1.8 225 13 59 

6/8/2004 10.00-11.00 1.8 225 13 40 

6/8/2004 11.00-12.00 1.3 225 17 34 

6/8/2004 12.00-13.00 1.3 225 16 35 

6/8/2004 13.00-14.00 1.3 270 16 34 

6/8/2004 14.00-15.00 0.9 225 21 40 

6/8/2004 15.00-16.00 1.3 247.5 14 34 

9/8/2004 9.00-10.00 1.3 225 16 47 

9/8/2004 10.00-11.00 1.3 247.5 16 23 

9/8/2004 11.00-12.00 1.3 202.5 15 44 

9/8/2004 12.00-13.00 1.8 202.5 13 52 

10/8/2004 13.00-14.00 0.9 225 19 50 

 

According to Table 4.10, the range of PM10 concentrations predicted 

by model on windward side and measured by the Chockchai4 monitoring station (47 

samples) were 9-28 µg/m3 and 16-95 µg/m3, respectively. 

The descriptive statistics are described as follows;  
- The predicted PM10 concentrations mean ( x ), standard error of 

predicted PM10 concentrations mean ( ) and standard deviation of predicted PM10 

concentrations (σS) were 15 µg/m3, 1 µg/m3 and 4 µg/m3, respectively. 

- The observed PM10 concentrations mean ( x ), standard error of 

observed PM10 concentrations mean ( ) and standard deviation of observed PM10 

concentrations (σS) were 50 µg/m3, 2 µg/m3 and 16 µg/m3, respectively. 

The statistical parameters, namely the index of agreement (IA), 

normalized mean square error (NMSE), Pearson’s correlation coefficient (COR) and 

fractional bias (FB) from predicted and measured concentrations on windward side were 

calculated (Appendix E).  The results were as follows: IA = 0.35, NMSE = 1.94, COR = 

+0.26 and FB = -1.08. The plot between measured PM10 concentrations from 
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monitoring station and predicted PM10 concentrations from Street Canyon Model in 

Airviro is shown in Figure 4.5.  

 

 
Figure 4.5 A plot of predicted against measured PM10 concentrations (µg/m3) 

 

From Figure 4.5, it was indicated that the predicted was much lower 

than the observed PM10 concentrations and the equation between predicted and 

observed PM10 concentrations is y = 0.0588x+12.  
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4.4.1 Determination of K constant for CO  

Three input parameters (emission rate, wind speed and observed 

concentrations from Chokchai4 station) were used for determining and appropriate K 

value (Appendix F). The new K value for CO was 1.6 with a standard deviation of 

0.92 and the adjusted equation is presented in equation (4.1). 

  

 CW = 1.6Q(H-z)                                                                             (4.1) 

               W(U+0.5)H 

 

When: CW  =  CO concentration at windward (µg/m3) 

 Q  =  the emission rate (µg/m.s) 

 U  =  the roof level wind speed (m/s) 

 W  =  the effective width of canyon (m) 

 H  =  the building height (m) 

 z  =   the receptor height (m) 

 

The comparison between observed and predicted CO concentrations 

as calculated from the adjusted equation in unit of µg/m3 is shown in Table 4.11. 

 

Table 4.11 The comparison between predicted (adjusted equation) and observed CO 

concentrations during July and August 2004  

 
CO concentrations on 

windward side (µg/m3)  

CO concentrations on 

windward side (µg/m3) 

Date Hour 

Predicted Observed 

Date Hour 

Predicted Observed 

22/7/2004 12.00-13.00 1,089 1,250 30/7/2004 11.00-12.00 848 375 

22/7/2004 13.00-14.00 1,596 875 30/7/2004 12.00-13.00 768 375 

23/7/2004 13.00-14.00 1,005 625 30/7/2004 14.00-15.00 1,091 625 

23/7/2004 14.00-15.00 856 500 30/7/2004 16.00-17.00 1,487 750 

26/7/2004 8.00-9.00 1,272 2,750 3/8/2004 12.00-13.00 843 375 

26/7/2004 9.00-10.00 1,019 2,250 4/8/2004 10.00-11.00 1,615 1,750 

26/7/2004 12.00-13.00 930 875 5/8/2004 9.00-10.00 950 2,500 

26/7/2004 13.00-14.00 1,049 625 5/8/2004 11.00-12.00 740 1,125 

26/7/2004 14.00-15.00 881 875 5/8/2004 15.00-16.00 798 1,000 
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CO concentrations on 

windward side (µg/m3)  

CO concentrations on 

windward side (µg/m3) 

Date Hour 

Predicted Observed 

Date Hour 

Predicted Observed 

26/7/2004 16.00-17.00 902 875 6/8/2004 9.00-10.00 813 1,875 

27/7/2004 9.00-10.00 1,115 1,250 6/8/2004 10.00-11.00 886 1,250 

27/7/2004 10.00-11.00 1,005 1,000 6/8/2004 11.00-12.00 1,080 1,000 

27/7/2004 15.00-16.00 867 625 6/8/2004 12.00-13.00 980 875 

29/7/2004 9.00-10.00 1,378 1,625 6/8/2004 13.00-14.00 960 875 

29/7/2004 10.00-11.00 884 1,000 6/8/2004 14.00-15.00 1,448 875 

29/7/2004 11.00-12.00 1,028 500 6/8/2004 15.00-16.00 1,112 1,125 

29/7/2004 12.00-13.00 1,053 625 9/8/2004 9.00-10.00 977 2,000 

29/7/2004 13.00-14.00 871 500 9/8/2004 10.00-11.00 1,040 1250 

29/7/2004 15.00-16.00 1,576 500 9/8/2004 11.00-12.00 982 750 

30/7/2004 9.00-10.00 739 500 9/8/2004 12.00-13.00 709 1,000 

30/7/2004 10.00-11.00 827 375 10/8/2004 13.00-14.00 1,435 625 

 
The statistical parameters, namely the index of agreement (IA), 

normalized mean square error (NMSE), Pearson’s correlation coefficient (COR) and 

fractional bias (FB) from predicted (adjusted equation) and measured CO 

concentrations on windward side were calculated (Appendix E). The results were as 

follows: IA = 0.37, NMSE = 0.33, COR = +0.16 and FB = +0.01. The plot between 

measured CO concentrations from monitoring station and predicted CO concentrations 

(adjusted equation) from Street Canyon Model in Airviro is shown in Figure 4.6. 

From Table 4.11, the different value of observed CO concentrations 

compared with predicted CO concentrations using adjusted equation was lower than 

using regular equation. The equation between predicted (adjusted equation) and 

observed CO concentration is y = 0.0694x+966 (Figure 4.6). 
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Predicted (µg/m
3)

 
Figure 4.6 A plot of predicted (adjusted equation) against measured CO concentrations 

(µg/m3) 

 

4.4.2  Determination of K constant for PM10  

The adjustment of K constant was using the same method as indicated 

in section 4.4.1 (Appendix F). The new K value for PM10 was 24.3 with a standard 

deviation of 8.7 and the adjusted equation is presented in equation (4.2). 

 

CW = 24.3Q (H-z)                                                                          (4.2) 

     W (U+0.5)H 

 

When: CW  =  PM10 concentration at windward (µg/m3) 

 Q  =  the emission rate (µg/m.s) 

 U  =  the roof level wind speed (m/s) 

 W  =  the effective width of canyon (m) 

 H  =  the building height (m) 

 z  =   the receptor height (m) 

 

The comparison between observed and predicted PM10 

concentrations from the adjusted equation in unit of µg/m3 is shown in Table 4.12. 
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Table 4.12 The comparison between predicted (adjusted equation) and observed 

PM10 concentrations during July and August 2004  

 
PM10 concentrations on 

windward side (µg/m3)  

PM10 concentrations on 

windward side (µg/m3)  

Date  Hour 

Predicted Observed 

Date Hour 

Predicted Observed 

22/7/2004 12.00-13.00 52 47 30/7/2004 11.00-12.00 40 29 

22/7/2004 13.00-14.00 106 60 30/7/2004 12.00-13.00 41 31 

23/7/2004 13.00-14.00 53 61 30/7/2004 13.00-14.00 52 40 

23/7/2004 14.00-15.00 34 54 30/7/2004 14.00-15.00 51 44 

26/7/2004 8.00-9.00 60 95 30/7/2004 15.00-16.00 63 51 

26/7/2004 9.00-10.00 54 67 30/7/2004 16.00-17.00 64 47 

26/7/2004 11.00-12.00 54 53 3/8/2004 12.00-13.00 41 32 

26/7/2004 12.00-13.00 51 57 4/8/2004 10.00-11.00 79 80 

26/7/2004 13.00-14.00 53 67 5/8/2004 9.00-10.00 50 92 

26/7/2004 14.00-15.00 43 67 5/8/2004 11.00-12.00 44 59 

26/7/2004 16.00-17.00 39 50 5/8/2004 15.00-16.00 32 52 

27/7/2004 9.00-10.00 54 47 6/8/2004 9.00-10.00 43 59 

27/7/2004 10.00-11.00 56 51 6/8/2004 10.00-11.00 44 40 

27/7/2004 15.00-16.00 37 55 6/8/2004 11.00-12.00 58 34 

29/7/2004 9.00-10.00 69 63 6/8/2004 12.00-13.00 54 35 

29/7/2004 10.00-11.00 53 55 6/8/2004 13.00-14.00 54 34 

29/7/2004 11.00-12.00 55 51 6/8/2004 14.00-15.00 71 40 

29/7/2004 12.00-13.00 51 49 6/8/2004 15.00-16.00 50 34 

29/7/2004 13.00-14.00 51 51 9/8/2004 9.00-10.00 54 47 

29/7/2004 14.00-15.00 52 63 9/8/2004 10.00-11.00 53 23 

29/7/2004 15.00-16.00 62 49 9/8/2004 11.00-12.00 50 44 

29/7/2004 16.00-17.00 31 58 9/8/2004 12.00-13.00 46 52 

30/7/2004 9.00-10.00 38 26 10/8/2004 13.00-14.00 67 50 

30/7/2004 10.00-11.00 41 16     

 

The statistical parameters, namely the index of agreement (IA), 

normalized mean square error (NMSE), Pearson’s correlation coefficient (COR) and 

fractional bias (FB) from predicted (adjusted equation) and measured PM10 

concentrations on windward side were calculated (Appendix E). The results were as 

follows: IA = 0.50, NMSE = 0.12, COR = +0.25 and FB = +0.04. The plot between 
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measured PM10 concentrations from monitoring station and predicted PM10 

concentrations (adjusted equation) from Street Canyon Model in Airviro is shown in 

Figure 4.7. 

From Table 4.12, the different value of observed PM10 

concentrations compared with predicted PM10 concentrations using adjusted equation 

was lower than using regular equation. The equation between predicted (adjusted 

equation) and observed PM10 concentration is y = 0.2026x+42 (Figure 4.7). 

 

 
Figure 4.7 A plot of predicted (adjusted equation) against measured PM10 

concentrations (µg/m3) 

 

4.5  The sensitivity analysis of Street Canyon Model in Airviro 

 

4.5.1  The sensitivity of Street Canyon Model in Airviro according to each 

variable on windward side.  

The sensitivity analysis of Street Canyon Model in Airviro were 

studied four variables on windward side, which were, wind speed (U), the effective 

width of canyon (W), the height of building (H) and the emission rate (Q). These 

variables were calculated by using equation (2.3). The information of wind speed and 

emission rate of CO on 27 August 2004 at 10.00-11.00 hr was selected to be the 
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constant value because the difference between the predicted and observed 

concentrations was at minimum.  

Specify the height of receptor was 3.5 meters and the direction of street 

was 120 degrees. The measured values of input parameters are shown in Table 4.13. 

 

Table 4.13 The measured values of input parameters used for the sensitivity analysis 

of Street Canyon Model in Airviro 

 
Input parameter Measured values 

The roof level wind speed (m/s)   1.3 

The effective width  of canyon  (m) 29.6 

The height of building (m) 12.0 

The emission rate (µg/m.s)              33034.0 

 

4.5.1.1  The sensitivity of Street Canyon Model in Airviro according 

to wind speed 

The wind speeds were varied between 0.4-2.4 m/s; i.e. 0.4, 

0.8, 1.2, 1.6, 2.0 and 2.4 m/s, respectively. The outputs from the model are shown in 

Table 4.14 and Figure 4.8. 

 

Table 4.14 The sensitivity of Street Canyon Model in Airviro according to wind speed  

 
Wind speeds 

(m/s) 

Output CO concentrations  

(µg/m3) 

0.4 8541 

0.8 5913 

1.2 4522 

1.6 3660 

2.0 3075 

2.4 2651 
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Figure 4.8 The sensitivity of Street Canyon Model in Airviro according to wind speed  

 

From Table 4.14 and Figure 4.8, the windward CO 

concentrations at various wind speeds were between 2651-8541 µg/m3. The results 

show that as the wind speed increased the CO concentration was decreased. The 

equation between CO concentration and wind speed is y = -2773.3x + 8609. 

 

4.5.1.2  The sensitivity of the Street Canyon Model in Airviro 

according to the effective width of canyon 

The effective widths of canyon were varied between 4-8 

traffic lanes (each traffic lane was 3 m width and the pedestrian ways was 8.6 m); i.e. 

20.6, 23.6, 26.6, 29.6, 32.6 and 35.6 m, respectively. The outputs from the model are 

shown in Table 4.15 and Figure 4.9. 
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Table 4.15 The sensitivity of Street Canyon Model in Airviro according to the 

effective width of canyon 

 
The effective width  

of canyon (m) 

Output CO concentrations  

(µg/m3) 

20.6 6136 

23.6 5356 

26.6 4752 

29.6 4270 

32.6 3877 

35.6 3551 

 

 
Figure 4.9 The sensitivity of Street Canyon Model in Airviro according to the 

effective width of canyon  

 

From Table 4.15 and Figure 4.9, the windward CO 

concentrations at various the effective widths of canyon were between 3551-6136 

µg/m3. The results show that as the effective width of canyon increased the CO 

concentration was decreased. The equation between CO concentration and wind speed 

is y = -169.9x + 9432. 
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4.5.1.3  The sensitivity of Street Canyon Model in Airviro according 

to the height of building  

The heights of the building were varied between 1.5-6.0 

storeys (each storey was 3.5 m height); i.e. 5.0, 7.0, 10.5, 14.0, 17.5 and 21.0 m, 

respectively. The outputs from the model are shown in Table 4.16 and Figure 4.10. 

 

Table 4.16 The sensitivity of Street Canyon Model in Airviro according to the heights 

of building 

 
Heights of 

building (m) 

Output CO concentrations  

(µg/m3) 

   5.0 1809 

   7.5 3215 

10.5 4019 

14.0 4522 

17.5 4823 

21.0 5024 

 

 
Figure 4.10 The sensitivity of Street Canyon Model in Airviro according to the height 

of buildings 
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From Table 4.16 and Figure 4.10, the windward CO 

concentrations at various the heights of buildings were between 1809-5024 µg/m3. The 

results show as the height of buildings increased the CO concentration was increased 

too. The equation between CO concentration and wind speed is y = 183.9x+1588. 

 

4.3.1.4 The sensitivity of Street Canyon Model in Airviro according 

to emission rate 

The emission rates were varied between 26,000-42,000 µg/m.s; 

i.e. 26,000, 30,000, 34,000, 38,000 and 42,000 µg/m.s, respectively. The outputs from the 

model are shown in Table 4.17 and Figure 4.11. 

 

Table 4.17 The sensitivity of Street Canyon Model in Airviro according to emission rates 

 
Emission rates 

(µg/m.s) 

Output CO concentrations  

(µg/m3) 

26000 3457 

30000 3988 

34000 4520 

38000 5052 

42000 5584 

 

Figure 4.11 The sensitivity of Street Canyon Model in Airviro according to emission rates  
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From Table 4.17 and Figure 4.11, the windward CO 

concentrations at various the emission rates were between 3457-5584 µg/m3. The 

results show that as the emission rate increased the CO concentration was increased 

too. The equation between CO concentration and wind speed is y = 0.133x-0.1. 

 

4.5.2  Comparisons of sensitivity and the general equation 

The sensitivity analysis of Street Canyon Model in Airviro was 

studied for all variables on windward side by using equation (2.3). This equation was 

derived by differential method to obtain the general equation for general case. The 

method is performed as follows: 

 

CW  =     KQ (H-z)                                     (2.3) 
            W (U+0.5) H 
 

Take logarithm of (2.3),    

 

 log (CW)  =  log K + log Q + log (H-z) – log W – log (U+0.5) – log H       (4.3) 

 

Differentiate (4.3),   

 

  d(CW) = dK + dQ + dH -   dz   - dW -    dU     - dH            (4.4) 
          (CW)        K       Q   (H-z) (H-z)    W   (U+0.5)     H  

 

Equation (4.4) was then used to analyze the sensitivity of Street 

Canyon Model in Airviro, by calculating the percentage change of pollutants 

concentrations when all variables were increased by 10%. For example, the sensitivity 

analysis of CO on 23 August 2004 at 13.00-14.00 hr and 14.00-15.00 hr is shown in 

Table 4.18. 
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Table 4.18 The sensitivity analysis of CO on 23 August 2004 at 13.00-14.00 hr and 

14.00-15.00 hr 

 
% change of CO concentrations 10% increase of each variables 

23 August 2004   

13.00-14.00 hr 

23 August 2004  

14.00-15.00 hr 

dK/K (1/10) × 100 = 10% (1/10) × 100 = 10% 

dQ/Q (3304/33045) × 100 = 10% (4222/42219) × 100 = 10% 

dH/(H-z) - dH/H [(1.2/8.5)-(1.2/12)] × 100 

 = 4.12% 

[(1.2/8.5)-(1.2/12)] × 100 

= 4.12% 

dz/(H-z) (0.35/8.5) × 100 = 4.12% (0.35/8.5) × 100 = 4.12% 

dW/W (2.96/29.6) × 100 = 10% (2.96/29.6) × 100 = 10% 

dU/(U+0.5) (0.13/1.8) × 100 = 7.2% (0.22/2.7) × 100 = 8.15% 

dK + dQ + dH -   dz   - dW -    dU     - dH 
K       Q    (H-z) (H-z)    W   (U+0.5)     H 

10%+10%+4.12%-4.12% 
-10%-7.2% = 2.8% 

10%+10%+4.12%-4.12% 
-10%-8.15% = 1.85% 

 

From Table 4.18, when all variables were increased by 10%, it would make 

the windward CO concentrations at 13.00-14.00 hr and 14.00-15.00 hr increased by 

2.8% and 1.85%, respectively. Moreover, the sensitivity analysis at 13.00-14.00 hr and 

14.00-15.00 hr showed that the three variables with equal highest sensitivity are K 

constant, emission rate and the effective width of canyon. Wind speed at roof level, 

the height of building and the height of receptor are other sensitive factors by order of 

magnitude respectively. 
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CHAPTER 5 

DISCUSSION 

 

 
5.1  Emission factors and emission rates of CO and PM10  

 

5.1.1   Emission factor and emission rate of CO  

This study used MOBILE5 Thai model to calculate CO emission 

factor from each type of vehicles at various speed between 31 km/h and 44 km/h. 

Since this model was developed from MOBILE4 model by US EPA for use in 

Thailand, therefore, the model’s default input data had not been changed except year, 

speed of vehicle and ambient temperature that change to 2004, 31-44 km/h and 30°c. 

As MOBILE5 Thai model was developed from MOBILE4 model in 

1994. The most input data were used default conditions from MOBILE4 model and 

some input data were adjusted for Thailand conditions (based on information between 

1970-1994), for example, exhaust emission rate, registration rates, percent VMT for 

car and mileage distribution. As the results, MOBILE5 Thai model was used to 

calculate the emission factor of taxi (Gasoline/LPG), motorcycle (2 cycles/ 4 cycles) 

and tuk-tuks which these vehicles were only used in Thailand (31). As a result, 

MOBILE5 Thai model was the most appropriate model to estimate CO emission factor 

at present. 

However, the default input data of MOBILE5 Thai model were not 

up to date. Their data were based on the statistic of vehicles in 1970-1994 that the 

number of vehicles and the engines sizes were less than those at present. Thus, 

emission factor calculated from the model may be too high. 

The emission factors of CO from each type of vehicles were changed 

with the velocities. When the vehicles speeds increased, the emission factor from each 

type of vehicles were decreased. As the emission rate, CO emission rates were altered 

by the number of each type of vehicles and the emission factors at any velocity which 

calculated by following equation;  
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Emission rate (g/km.hr) =  [(No. of veh. Class1 × Emission factor of class1)+…+(No. 

of veh. Classn × Emission factor of classn)]        

 

As the type of vehicle, the numbers of vehicles in each type and the 

vehicle speeds were about the same in each sampling hour, therefore, the emission 

rates were almost the same with a range of 26,226-42,219 µg/m.s.  

 

5.1.2  Emission factor and emission rate of PM10  

This study used MOBILE6 model which was developed by US EPA 

to calculate PM10 emission factor. The input data were used default conditions except 

calendar year (2004), month (July), sulfur content of diesel fuel (350 ppm) and particle 

size cutoff (10 micron). For the diesel sulfur, Thai refinerys have to meet a 

government-mandated 350-ppm diesel sulfur limit effective on 1 January 2004, 

decrease from the previous 500-ppm limit (39). 

MOBILE6 model was the latest version which was developed from 

MOBILE5 model and was designed by US EPA in January 2001. It was found that 

MOBILE6 model was different from MOBILE5 model in various aspects such as: 

type of engine, emission control system technologies, and the regulations. It also 

significantly differs in both structure and data requirement. For example, the diesel 

sales fractions from light-duty passenger vehicle and light-duty trucks were improved 

to the entire type of vehicles used gasoline and diesel fuels, the mileage accumulation 

rate from 8 vehicle classes in MOBILE5 model were expanded to 28 in MOBILE6 

model, the start and running emissions were separated, the fleet composition were 

changed and these data requirement were in compliance with the Clean Air Act 

Amendment by adding Tier 2 tailpipe exhaust emission standards and new evaporative 

emission test procedure (32).  As a result, MOBILE6 model was the most appropriate 

model to estimate PM10 emission factor in the USA at present.  

Nevertheless, the improved input data were based on the information 

from the United States, which differed from those of Thailand. For example, the 

meteorology of country, the driving behavior, the pattern of traffic, the regulations and 

laws and the type of vehicles (taxi and tuk-tuks). Therefore, the model may calculate 

the emission factor with less accuracy. 
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When vehicle speeds increased, the emission factors for PM10 were 

stable or slightly decreased. For HDDV and LDDT, the emission factors were stable. 

For gas bus, MC, LDGT and LDGV, the emission factors were slightly decreased. The 

decreased values were only 0.0001-0.0002 g/mi. As the type of vehicle, the numbers 

of vehicles in each type and the vehicle speeds were about the same in each sampling 

hour, therefore, the emission rates were almost the same with a range of 102-136 

µg/m.s.  

Because there is no vehicle type that match with taxi and tuk-tuks in 

MOBILE6 model. The emission factor of LDGV (type of personal cars) was used for 

taxis. For tuk-tuks, which the number were small (less than 10 veh/hr) and could not 

match with any type of vehicles, therefore, emission factor of tuk-tuks was excluded. 

For these reasons, the PM10 emission rates may be less accurate.  
 

5.2  The comparison of CO and PM10 concentrations by using Street Canyon 

Model in Airviro outputs and observed concentrations. 

 

 In this study, the input data, for example, the meteorology data, geographic 

data and air pollutants emission rates for Street Canyon Model in Airviro were 

carefully prepared. Most of the input data were obtained by actual measurement 

except the height of the buildings which was estimated to be 3.5 meters per storey of 

buildings. CO emission factors were estimated by MOBILE5 Thai model which 

include the emission factor of the vehicles use in Thailand such as tuk-tuks, 

motorcycles with 2 strokes and 4 strokes and taxi, whereas PM10 emission factor were 

estimated by MOBILE6 model which was the latest model.  
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5.2.1  The comparison of the predicted and observed CO concentrations 

The predicted CO concentrations were higher than the observed 

concentrations as indicated by the two statistical parameters (FB = +1.27, NMSE = 

2.95). The correlation between the predicted values and the observed values was quite 

low (COR = +0.17). Furthermore, the agreement of the results was poor as well (IA = 

0.19). 

After adjusting K value of Street Canyon Model in Airviro, the 

predicted CO concentrations showed less difference when compared with the observed 

values (FB = +0.01, NMSE = 0.33). The correlation between the predicted values and 

observed values was about the same (COR = +0.16). Moreover, the agreement of 

results was better than before adjusting the K value (IA = 0.37). The statistical analysis 

of the measured and predicted CO concentrations for both before and after adjustment 

of K value is shown in Table 5.1.  

 

Table 5.1 The statistical analysis of the measured and predicted CO concentrations for 

both before and after adjustment of K value. 

 
Before adjustment After adjustment Parameter 

Predicted Observed Predicted Observed 

Average conc. (µg/m3) 4514 1009 1036 1009 

Maximum conc. (µg/m3) 

Minimum conc. (µg/m3) 

7098 

3089 

2750 

375 

1615 

709 

2750 

375 

S.D. of conc.  (µg/m3) 1035 579 245 579 

IA 0.19 0.37 

COR +0.17 +0.16 

NMSE 2.95 0.33 

FB +1.27 +0.01 

 

Comparison to other researches relative to Street Canyon Model in 

Airviro; for example, by Mukherjee and Viswanathan (38) had studied Carbon 

monoxide modeling from transportation sources in Singapore by which CO 

concentrations from Street Canyon Model in Airviro had been estimated and 

compared with the observed concentrations. The aspect ratio (H/W) of the street was 
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1.25 and the emission factor had been calculated by MOBILE5 model. The input data 

of MOBILE5 model were updated and based on the lasted 10 years information. 

Results of statistical analysis from this study gave COR = 0.82 and R2 = 0.67. For 

Ladprao road, the non-updated input data of MOBILE5 Thai model and the low aspect 

ratio may be the reason for poor results.  

Assessment of traffic-related air pollution in two street canyons in 

Paris: implications for exposure studies by Vardoulakis, Gonzalez-Flesca and Fisher 

(41) estimated CO concentrations by using STREET and OSPM models and compared 

them with the observed concentrations in the street canyon in France. The aspect ratio 

(H/W) of the street was 1.1, which yielded COR at leeward side from both models are 

0.79. The STREET model used the same equation as the Street Canyon Model in 

Airviro except for the K constant, which was 7 in STREET and 10 in the Street 

Canyon Model in Airviro. The result showed that when the wind direction is 

perpendicular to the street axis, the linear agreement between prediction and measured 

data at leeward side is also fairly good (COR = 0.79) while the windward side is 

unpleasantly. The result from windward side of this study is similar to the result from 

Ladprao road. 

There are other related researches using the street canyon model; for 

instance, evaluation of the OSPM model combined with an urban background against 

the data measured in 1997 in Runeberg Street, Helsinki (42) and a measurement 

campaign in a street canyon in Helsinki and comparison of results with predictions of 

the OSPM model (43). Both researches predicted the CO concentrations by using the 

OSPM model and compared them with the measured CO concentrations. The aspect 

ratio (H/W) of the street was 0.96 which gave IA = 0.87, FB = +0.06 and R2 = 0.58 

(COR = 0.76) (42) and FB = -4.2 and R2 = 0.66 (COR = 0.81) (43), respectively. The 

researches showed that the equation of OSPM model is more complex than the Street 

Canyon Model in Airviro, the results are not different from the Street Canyon Model 

in Airviro in Singapore (37), and all these works were based on the updated emission 

factor. 
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Finally, the difference between measured and predicted CO 

concentrations and their low agreement and correlation may be caused by: 

1. Ladprao road is not a perfect street canyon, i.e. it is not 

completely closed. There are several open areas, such as sub-main road and non-

uniformity of the building height. These characteristics of Ladprao road caused CO 

concentrations leaking off. 

2. The PCD air quality monitoring station is located at the police 

station’s playground which is about 5 meters from the nearby building. This open area 

enhanced the dilution of CO concentration in Ladprao road. For this reason, the 

measured CO concentration was lower than the predicted CO concentration.  

3. Most of the time wind speeds at the roof level were less than 1.5 m/s, 

therefore, wind circulation in street canyon tends to disappear and the mechanical 

turbulence is induced only by wind from vehicles and local wind (28). The wind speeds 

measured at roof level of Ladprao road were very low (lower than 1.5 m/s for about 68% 

of the time) compared with those of Yaowaraj road on December 2004 measured by 

Martel’s research (lower than 1.5 m/s for about 26% of the time) (40). Low wind speed 

may be due to the obstacle from the buildings or from the advertisement signboard. 

Whenever the wind speeds at roof level were lower than 1.5 m/s, according to PCD’s 

wind speeds data at the height of 10 meters (Appendix H), the local wind speeds were 

often higher than 1.5 m/s. As the wind speeds at roof level, which was less than the local 

wind speed, was used as an input for the model. This causes the predicted CO 

concentrations to be higher than the observed CO concentrations.  

4. According to low aspect ratio of Ladprao road (H/W = 0.4), thus the 

wake interference flow is occurred.  Wake interference flow is more effective in 

circulating and moving the air pollutants concentrations out of the canyon than the 

skimming flow, which is expected in high aspect ratio (H/W = 1.0) (28). This may 

resulted in the lower measured CO concentrations than the predicted CO concentrations. 

5. Since MOBILE5 Thai model was developed in 1994, a new 

emission control system, catalytic converter, has been employ recently. This emission 

control system was not updated into the MOBILE5 Thai model. This may lead to 

obtain higher CO emission factor than it should be. Consequently, this will lead to 

higher predicted CO concentrations from the Street Canyon Model in Airviro.  
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In conclusion, the different values between measured and predicted 

CO concentrations may be caused by emission factor of which input data were not 

updated, low aspect ratio and some open area of the street. These are the reasons why 

the prediction by Street Canyon Model in Airviro to be higher than the observed CO 

concentrations. 

 

5.2.2  The comparison of the predicted and observed PM10 concentrations 

The predicted PM10 concentrations were lower than the observed 

concentrations as indicated by the two statistical parameters (FB = -1.08, NMSE = 

1.94). The correlation between the predicted values and the observed values was quite 

low (COR = +0.26). Furthermore, the agreement of the results was poor as well (IA = 

0.35). 

After adjusting K value of Street Canyon Model in Airviro, the 

predicted PM10 concentrations showed less difference when compared with the 

observed values (FB = +0.04, NMSE = 0.12). The correlation between the predicted 

values and observed values was about the same (COR = +0.25). Moreover, the 

agreement of results was better than before adjusting the K value (IA = 0.50). The 

statistical analysis of the measured and predicted PM10 concentrations for both before 

and after adjustment of K value is shown in Table 5.2.  

 

Table 5.2 The statistical analysis of the measured and predicted PM10 concentrations 

for both before and after adjustment of K value. 

 
Before adjustment After adjustment Parameter 

Predicted Observed Predicted Observed 

Average conc. (µg/m3) 15 50  52 50 

Maximum conc. (µg/m3) 

Minimum conc. (µg/m3) 

28 

 9 

95 

23 

106 

 31 

95 

23 

S.D. of conc. (µg/m3) 4 16  13 16 

IA 0.35 0.50 

COR +0.26 +0.25 

NMSE 1.94 0.12 

FB -1.08 +0.04 
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The difference between measured and predicted PM10 concentrations 

and their low agreement and correlation may be caused by: 

1. Due to MOBILE6 model was developed in the United States, the 

input data were calculated from the national average in the United Stated, thus, any 

input data might not be appropriate to apply in Thailand; for instance, mileage 

accumulation rate, VMT and vehicle registrations. These data were based on the U.S. 

vehicle fleet data from Federal Highway Administration’s (FHWA) and Highway 

Performance Monitoring System (HPMS). 

2. Due to MOBILE6 model does not have the emission factors of 

taxis and tuk-tuks, hence, the emission rate in this study was calculated by using the 

LDGV emission factor (type of personal car) in case of taxis.  In fact, taxis use both 

gasoline and gas engines. The gasoline engine emits higher PM10 than the gas engine. 

This implied that the emission factor from taxi obtained from calculation using LDGV 

type was too high and resulted in higher PM10 concentrations as well. For tuk-tuks, 

the numbers were less than 10 vehicles/hr and did not match with any type of vehicles 

in the model, thus emission factor of tuk-tuks was excluded. This caused the predicted 

values to be lower than the measured PM10 concentrations. 

3. The business activities on Ladprao road such as garages, which 

are located opposite to the air quality monitoring station, may increase the PM10 

concentration in this area. 

4. When PM10 falling to the ground, the local wind and the 

mechanical turbulence induced by moving vehicle diffuse PM10 from ground back to 

ambient air and resulted in increasing the concentrations of PM10. 

5. According to low aspect ratio of Ladprao road (H/W = 0.4), thus 

the wake interference flow is occurred.  Wake interference flow is more effective in 

circulating and moving the air pollutants concentrations out of the canyon than the 

skimming flow, which is expected in high aspect ratio (H/W = 1.0) (28). This may 

resulted in the lower measured PM10 concentrations than the predicted PM10 

concentrations. 

A study on predicted PM10 concentrations by SLAQ (Street Level 

Air Quality) model compared with the measured PM10 concentrations in high aspect 

ratio street (H/W = 1) in England by Colls and Micallef (44). The results showed that 
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the correlation was high (R2 = 0.62, COR = 0.79). The high correlation from this study 

may be due to high aspect ratio, which is in contrast with the Ladprao road. 

In conclusion, the different value between measured and predicted 

PM10 concentrations may be caused by emission factor of which input data were not 

applicable for Thailand, low aspect ratio and some open area of the street and the  

business activities in the street. These are the reasons why the prediction by Street 

Canyon Model in Airviro to be higher or lower than the observed PM10 

concentrations. 

 

5.3 The sensitivity analysis of Street Canyon Model in Airviro 

 

This study analyzed the sensitivity of Street Canyon Model in Airviro in 

order to identify factors, which affect the prediction of pollutant concentrations. Thus, 

the analysis assists the model user to classify the significance of input data. 

The sensitivity analysis of Street Canyon Model in Airviro on windward side 

showed that all test parameters affected the CO concentrations significantly. For 

example, the three variables with equal highest sensitivity are K constant, emission 

rate and the effective width of canyon. Wind speed at roof level, the height of building 

and the height of receptor are other sensitive factors by order of magnitude 

respectively. 

Therefore, the prediction of pollutant concentrations on windward side by 

using Street Canyon Model in Airviro should be practiced carefully. The input data 

should be measured or evaluated as accurate as possible, especially those three most 

sensitive input variables, i.e. K constant, emission rate and the effective width of 

canyon.  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

 
6.1 Conclusions 

 

 This study was to investigate the validation of Street Canyon Model in Airviro 

at windward side for using in Bangkok. The accuracy of model was evaluated by 

comparing the predicted values against the measured values. The results of these 

experiments were concluded as follows: 

6.1.1 The emission factors of CO calculated by MOBILE5 Thai model 

showed that the highest emission factor was from LDGT, followed by LDGV, 2 stroke 

motorcycle, taxi, 4 stroke motorcycle, tuk-tuks, HDDV and LDDT, respectively. 

When the velocity increased the emission factors of all type of vehicles were 

decreased. 

6.1.2 The emission factors of PM10 calculated by MOBILE6 model 

showed that the highest emission factor was from HDDV, followed by LDDT, gas 

bus, MC, LDGT and LDGV, respectively. When the velocity increased, the emission 

factors of all vehicles were remained relatively constant.   

6.1.3 The agreement between the predicted and measured concentrations 

was quite low for both pollutants. For CO, the prediction was over-estimated as 

described by NMSE = 2.95 and FB = +1.27. For PM10, the prediction was under-

estimated as described by NMSE = 1.94 and FB = -1.08. After adjustment of K value, 

the agreement between the observed concentrations and the predicted concentrations 

was slightly improved for both pollutants.  

6.1.4 The adjusted K constants in Street Canyon Model in Airviro of CO 

and PM10 are 1.6 and 24.3, respectively. 

6.1.5 The model sensitivity analysis of Street Canyon Model in Airviro on 

windward side showed that the three variables with equal highest sensitivity are K 

constant, emission rate and the effective width of canyon. Wind speed at roof level, 
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the height of building and the height of receptor are other sensitive factors by order of 

magnitude respectively. 

 

6.2 Recommendations for further study 

 

6.2.1 For a suitable study area, the street should have aspect ratio (H/W) 

more than 0.8 which is suitable for skimming flow and for being completely closed by 

canyon.  

6.2.2 The model should evaluate concentrations on both windward and 

leeward sides. 

6.2.3 The background concentration of PM10 and CO should be 

investigated.  

6.2.4 The default input data for calculating emission factor of CO and 

PM10 by MOBILE6 model should be modified for application in Thailand, e.g. Types 

of vehicle should include taxis and tuk-tuks.  

6.2.5 The model should be investigated for the wind direction which is not 

perpendicular to the street by converting all wind direction to 90 degrees. 
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APPENDIX D 
 

The example to calculate emission rates of CO and PM10 were showed as followed: 

 

1. Emission rate of CO 

 

The calculation method was used the information on 27/7/2004 at 10.00-11.00 

am which the result between the predicted and observed concentration was minimum 

error.  During this time the speed vehicle was 38 km/hr. The information of emission 

factor calculated by MOBILE5 Thai and vehicle volume is shown in Table D-1. 

 

Table D-1 The information to calculate emission rate of CO 

 

Type of vehicles Information 

MC Tuk-tuks Private 

car 

Taxi Pick up 

/van 

Wagon Bus 

/truck 

NGV 

The number of  

each vehicle 

1,432  

(2 cycle = 430,  

4 cycle = 1002) 

2 1,491 973 1,593 246 433 18 

Emission 

factor 

2 cycle = 20.10 

 4 cycle =16.09 

9.11 37.34 18.82 0.99 59.84 6.42 59.84 

 

Emission rate (g/km.hr)   =  [(No. of veh. Class1 × Emission factor of class1)+…+(No. 

of veh. Classn × Emission factor of classn)]  

 = [(430×20.10)+(1,002×16.09)+(2×9.11)+(1,491×37.34)+ 

(973×18.82)+(1,593×0.99)+(246×59.84)+(433×6.42)+ 

(18×59.84)] 

 =  118,922 g/km.hr 

 

The conversion of unit from g/km.hr to µg/m.s was shown as followed:  

 

Emission rate (µg/m.s) = 118,922 g/km.hr × 106 µg/g × 1/103 km/m ×1/3,600 hr/s 

 =  33,034 µg/m.s
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2. Emission rate of PM10 

 

The calculation method was used the information on 29/7/2004 at 1.00-2.00 

pm which the result between the predicted and observed concentration was minimum 

error.  During this time the speed vehicle was 44 km/hr. The information of emission 

factor calculated by MOBILE6 and vehicle volume is shown in Table D-2. 

 

Table D-2 The information to calculate emission rate of PM10 

 
Type of vehicles Information 

MC Tuk-tuks Private 

car 

Taxi Pick up 

/van 

Wagon Bus 

/truck 

NGV 

The number 

of  each 

vehicle 

1,272 2 1,552 909 1,479 255 375 18 

Emission 

factor 

0.0375 - 0.0256 0.0256 0.2662 0.0276 0.3736 0.1639 

 

Emission rate (g/mi.hr)   =  [(No. of veh. Class1 × Emission factor of class1)+…+(No. 

of veh. Classn × Emission factor of classn)]  

 =   [(1,272×0.0375)+(1,552×0.0256)+(909×0.0256)+(1,479×0.2662) 

         +(255×0.0276)+(375×0.3736)+(18×0.1639)] 

 =  654  g/mi.hr  

 

The conversion of unit from g/mi.hr to µg/m.s was shown as followed:  

 

Emission rate (µg/m.s) = 654 g/mi.hr × 1/1,609 mi/m × 106 µg/g  ×1/3,600 hr/s  

  =  113 µg/m.s 
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APPENDIX E 

 

The parameter analysis by Index of agreement (IA), Normalized mean square error 

(NMSE), Pearson’s correlation coefficient (COR) and Fractional bias (FB)  

 

 

1.   IA =                (Cpred - C obs )2                
    
     (|Cpred-⎯Cobs|+|Cobs-⎯Cobs|)2 
 
 
2.  NMSE =  (Cobs - C pred )2    
    
                C obsC pred 
 
 
3. COR =    (Cobs- Cobs)( Cpred- Cpred) 
             
               σobsσpred   
 
 
4.  FB =        2(Cpred - C obs ) 
   
                Cpred + C obs 

 
 
Where: Cpred  =  the predicted concentrations 

  Cobs = the observed concentrations 

  σobs = Standard deviations of observations 

  σpred   = Standard deviations of predictions 

  C  = the average over all hourly concentration values 
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Table E-1 Statistical analysis of observed and predicted CO concentrations on 
windward: IA and NMSE 

Calculated IA = 1- (13456611/16694291) = 0.19  
       NMSE = 13456611/(4514×1009) = 2.95 

Parameter Date Hour Cpred Cobs 

(Cpred - Cobs )2 (|Cpred -⎯Cobs| +|Cobs -⎯Cobs|)2 

22/7/2004 12 4783 1250 12482089 16120225 
22/7/2004 13 6262 875 29019769 29019769 
23/7/2004 13 4383 625 14122564 14122564 
23/7/2004 14 3762 500 10640644 10640644 
26/7/2004 8 5546 2750 7817616 39413284 
26/7/2004 9 4443 2250 4809249 21855625 
26/7/2004 12 4054 875 10106041 10106041 
26/7/2004 13 4610 625 15880225 15880225 
26/7/2004 14 3842 875 8803089 8803089 
26/7/2004 16 3965 875 9548100 9548100 
27/7/2004 9 4898 1250 13307904 17056900 
27/7/2004 10 4382 1000 11437924 11437924 
27/7/2004 15 3778 625 9941409 9941409 
29/7/2004 9 6053 1625 19607184 32035600 
29/7/2004 10 3883 1000 8311689 8311689 
29/7/2004 11 4518 500 16144324 16144324 
29/7/2004 12 4625 625 16000000 16000000 
29/7/2004 13 3826 500 11062276 11062276 
29/7/2004 15 6870 500 40576900 40576900 
30/7/2004 9 3220 500 7398400 7398400 
30/7/2004 10 3633 375 10614564 10614564 
30/7/2004 11 3697 375 11035684 11035684 
30/7/2004 12 3349 375 8844676 8844676 
30/7/2004 14 4792 625 17363889 17363889 
30/7/2004 16 6484 750 32878756 32878756 
3/8/2004 12 3705 375 11088900 11088900 
4/8/2004 10 7098 1750 28601104 46648900 
5/8/2004 9 4140 2500 2689600 21362884 
5/8/2004 11 3227 1125 4418404 5447556 
5/8/2004 15 3508 1000 6290064 6290064 
6/8/2004 9 3546 1875 2792241 11580409 
6/8/2004 10 3863 1250 6827769 9579025 
6/8/2004 11 4709 1000 13756681 13756681 
6/8/2004 12 4274 875 11553201 11553201 
6/8/2004 13 4218 875 11175649 11175649 
6/8/2004 14 6312 875 29560969 29560969 
6/8/2004 15 4849 1125 13868176 15649936 
9/8/2004 9 4294 2000 5262436 18284176 
9/8/2004 10 4569 1250 11015761 14447601 
9/8/2004 11 4280 750 12460900 12460900 
9/8/2004 12 3089 1000 4363921 4363921 

10/8/2004 13 6255 625 31696900 31696900 
C 4514 1009 13456611 16694291 
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Table E-2 Statistical analysis of observed and predicted CO concentrations on 
windward: COR and FB 
 

Parameter Date Hour Cpred Cobs 
 

Cobs  - Cobs
 

 

Cpred - C pred  
 

(Cobs - Cobs)( Cpred - Cpred) 
22/7/2004 12 4783 1250 241 269 64814 
22/7/2004 13 6262 875 -134 1748 -234091 
23/7/2004 13 4383 625 -384 -131 50349 
23/7/2004 14 3762 500 -509 -752 382787 
26/7/2004 8 5546 2750 1741 1031 1796540 
26/7/2004 9 4443 2250 1241 -71 -88290 
26/7/2004 12 4054 875 -1334 -460 61627 
26/7/2004 13 4610 625 -384 96 -36804 
26/7/2004 14 3842 875 -134 -672 90020 
26/7/2004 16 3965 875 -134 -549 73546 
27/7/2004 9 4898 1250 241 384 92537 
27/7/2004 10 4382 1000 -9 -132 1180 
27/7/2004 15 3778 625 -384 -736 282626 
29/7/2004 9 6053 1625 616 1539 948046 
29/7/2004 10 3883 1000 -9 -631 5636 
29/7/2004 11 4518 500 -509 4 -1964 
29/7/2004 12 4625 625 -384 111 -42563 
29/7/2004 13 3826 500 -509 -688 350215 
29/7/2004 15 6870 500 -509 2356 -1198968 
30/7/2004 9 3220 500 -509 -1294 658627 
30/7/2004 10 3633 375 -634 -881 558581 
30/7/2004 11 3697 375 -634 -817 518010 
30/7/2004 12 3349 375 -6334 -1165 738617 
30/7/2004 14 4792 625 -384 278 -106679 
30/7/2004 16 6484 750 -259 1970 -510056 
3/8/2004 12 3705 375 -634 -809 512938 
4/8/2004 10 7098 1750 741 2584 1914821 
5/8/2004 9 4140 2500 1491 -374 -557869 
5/8/2004 11 3227 1125 116 -1287 -149398 
5/8/2004 15 3508 1000 -9 -1006 8985 
6/8/2004 9 3546 1875 866 -968 -838477 
6/8/2004 10 3863 1250 241 -651 -156970 
6/8/2004 11 4709 1000 -9 195 -1740 
6/8/2004 12 4274 875 -134 -240 32162 
6/8/2004 13 4218 875 -134 -296 39662 
6/8/2004 14 6312 875 -134 1798 -240787 
6/8/2004 15 4849 1125 116 335 38867 
9/8/2004 9 4294 2000 991 -220 -218174 
9/8/2004 10 4569 1250 241 55 13225 
9/8/2004 11 4280 750 -259 -234 60626 
9/8/2004 12 3089 1000 -9 -1425 12727 

10/8/2004 13 6255 625 -384 1741 -668368 
C 4514 1009 - - 101347 

 
Calculated COR = 101347/(579.4×1034.7) = 0.17 

      FB = [2× (4514-1009)]/(4514+1009) = 1.27 
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Table E-3 Statistical analysis of observed and predicted PM10 concentrations on 
windward: IA and NMSE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Calculated IA = 1-(1456/2254) = 0.35 and NMSE = 1456/(15×50) = 1.94 

Parameter Date Hour Cpred Cobs 

(Cpred - Cobs )2 (|Cpred -⎯Cobs| +|Cobs -⎯Cobs|)2 
22/7/2004 12 15 47 1000 1444 
22/7/2004 13 28 60 1014 1024 
23/7/2004 13 15 61 2079 2116 
23/7/2004 14 10 54 1934 1936 
26/7/2004 8 18 95 6002 5929 
26/7/2004 9 16 67 2625 2601 
26/7/2004 11 16 53 1387 1369 
26/7/2004 12 15 57 1773 1764 
26/7/2004 13 15 67 2654 2704 
26/7/2004 14 13 67 2970 2916 
26/7/2004 16 11 50 1483 1521 
27/7/2004 9 16 47 978 1369 
27/7/2004 10 16 51 1195 1225 
27/7/2004 15 11 55 1945 1936 
29/7/2004 9 20 63 1829 1849 
29/7/2004 10 16 55 1553 1521 
29/7/2004 11 16 51 1218 1225 
29/7/2004 12 15 49 1151 1296 
29/7/2004 13 15 51 1297 1296 
29/7/2004 14 16 63 2234 2209 
29/7/2004 15 18 49 963 1089 
29/7/2004 16 9 58 2380 2401 
30/7/2004 9 11 26 222 3969 
30/7/2004 10 12 16 16 5184 
30/7/2004 11 12 29 302 3481 
30/7/2004 12 12 31 361 3249 
30/7/2004 13 15 40 620 2025 
30/7/2004 14 15 44 847 1681 
30/7/2004 15 18 51 1071 1089 
30/7/2004 16 19 47 793 1156 
3/8/2004 12 12 32 406 3136 
4/8/2004 10 23 80 3214 3249 
5/8/2004 9 15 92 6002 5929 
5/8/2004 11 13 59 2122 2116 
5/8/2004 15 9 52 1816 1849 
6/8/2004 9 13 59 2159 2116 
6/8/2004 10 13 40 739 2209 
6/8/2004 11 17 34 295 2401 
6/8/2004 12 16 35 370 2401 
6/8/2004 13 16 34 335 2500 
6/8/2004 14 21 40 374 1521 
6/8/2004 15 14 34 383 2704 
9/8/2004 9 16 47 971 1369 
9/8/2004 10 16 23 56 3721 
9/8/2004 11 15 44 859 1681 
9/8/2004 12 13 52 1497 1521 
10/8/2004 13 19 50 922 961 

C 15 50 1456 2254 
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Table E-4 Statistical analysis of observed and predicted PM10 concentrations on 
windward: COR and FB 
 

Parameter Date Hour Cpred Cobs 
 

Cobs  - Cobs
 

 

Cpred - C pred  
 

(Cobs - Cobs)( Cpred - Cpred) 
22/7/2004 12 15 47 -3 0 0 
22/7/2004 13 28 60 10 13 130 
23/7/2004 13 15 61 11 0 0 
23/7/2004 14 10 54 4 -5 -20 
26/7/2004 8 18 95 45 3 135 
26/7/2004 9 16 67 17 1 17 
26/7/2004 11 16 53 3 1 3 
26/7/2004 12 15 57 7 0 0 
26/7/2004 13 15 67 17 0 0 
26/7/2004 14 13 67 17 -2 -34 
26/7/2004 16 11 50 0 -4 0 
27/7/2004 9 16 47 -3 1 -3 
27/7/2004 10 16 51 1 1 1 
27/7/2004 15 11 55 5 -4 -20 
29/7/2004 9 20 63 13 5 65 
29/7/2004 10 16 55 5 1 5 
29/7/2004 11 16 51 1 1 1 
29/7/2004 12 15 49 -1 0 0 
29/7/2004 13 15 51 1 0 0 
29/7/2004 14 16 63 13 1 13 
29/7/2004 15 18 49 -1 3 -3 
29/7/2004 16 9 58 8 -6 -48 
30/7/2004 9 11 26 -24 -4 96 
30/7/2004 10 12 16 -34 -3 102 
30/7/2004 11 12 29 -21 -3 63 
30/7/2004 12 12 31 -19 -3 57 
30/7/2004 13 15 40 -10 0 0 
30/7/2004 14 15 44 -6 0 0 
30/7/2004 15 18 51 1 3 3 
30/7/2004 16 19 47 -3 4 -12 
3/8/2004 12 12 32 -18 -3 54 
4/8/2004 10 23 80 30 8 240 
5/8/2004 9 15 92 42 0 0 
5/8/2004 11 13 59 9 -2 -18 
5/8/2004 15 9 52 2 -6 -12 
6/8/2004 9 13 59 9 -2 -18 
6/8/2004 10 13 40 -10 -2 20 
6/8/2004 11 17 34 -16 2 -32 
6/8/2004 12 16 35 -15 1 -15 
6/8/2004 13 16 34 -16 1 -16 
6/8/2004 14 21 40 -10 6 -60 
6/8/2004 15 14 34 -16 -1 16 
9/8/2004 9 16 47 -3 1 -3 
9/8/2004 10 16 23 -27 1 -27 
9/8/2004 11 15 44 -6 0 0 
9/8/2004 12 13 52 2 -2 -4 

10/8/2004 13 19 50 0 4 0 
C 15 50 - - 14 

Calculated COR = 14/(3.51×15.79) = 0.25 and FB = [2× (15-50)]/(15+50) = -1.08 
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Table E-5 Statistical analysis of observed and predicted CO concentrations (adjusted 
equation) on windward: IA and NMSE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Calculated IA = 1-(339703/537683) = 0.37 and NMSE = 339703/(1021×1009) = 0.33 
 

Parameter Date Hour Cpred Cobs 

(Cpred - Cobs )2 (|Cpred -⎯Cobs| +|Cobs -⎯Cobs|)2 

22/7/2004 12 1073 1250 31329 93025 
22/7/2004 13 1573 875 487204 487204 
23/7/2004 13 991 625 133956 161604 
23/7/2004 14 844 500 118336 454276 
26/7/2004 8 1254 2750 2238016 3944196 
26/7/2004 9 1004 2250 1552516 1552516 
26/7/2004 12 917 875 1764 51076 
26/7/2004 13 1034 625 167281 167281 
26/7/2004 14 868 875 49 75625 
26/7/2004 16 889 875 196 64516 
27/7/2004 9 1099 1250 22801 109561 
27/7/2004 10 990 1000 100 784 
27/7/2004 15 854 625 52441 290521 
29/7/2004 9 1358 1625 71289 931225 
29/7/2004 10 871 1000 16641 21609 
29/7/2004 11 1013 500 263169 263169 
29/7/2004 12 1037 625 169744 169744 
29/7/2004 13 858 500 128164 435600 
29/7/2004 15 1553 500 1108809 1108809 
30/7/2004 9 728 500 51984 624100 
30/7/2004 10 815 375 193600 685584 
30/7/2004 11 836 375 212521 651249 
30/7/2004 12 757 375 145924 784996 
30/7/2004 14 1075 625 202500 202500 
30/7/2004 16 1466 750 512656 512656 
3/8/2004 12 831 375 207936 659344 
4/8/2004 10 1592 1750 24964 1752976 
5/8/2004 9 936 2500 2446096 2446096 
5/8/2004 11 729 1125 156816 156816 
5/8/2004 15 787 1000 45369 53361 
6/8/2004 9 802 1875 1151329 1151329 
6/8/2004 10 873 1250 142129 142129 
6/8/2004 11 1065 1000 4225 4225 
6/8/2004 12 966 875 8281 31329 
6/8/2004 13 946 875 5041 38809 
6/8/2004 14 1427 875 304704 304704 
6/8/2004 15 1096 1125 841 41209 
9/8/2004 9 963 2000 1075369 1075369 
9/8/2004 10 1025 1250 50625 66049 
9/8/2004 11 967 750 47089 90601 
9/8/2004 12 698 1000 91204 102400 

10/8/2004 13 1414 625 622521 622521 
C 1021 1009 339703 537683 
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Table E-6 Statistical analysis of observed and predicted CO concentrations (adjusted 
equation) on windward: COR and FB 
 

Parameter Date Hour Cpred Cobs 
 

Cobs  - Cobs
 

 

Cpred - C pred  
 

(Cobs - Cobs)( Cpred - Cpred) 
22/7/2004 12 1073 1250 241 52 12532 
22/7/2004 13 1573 875 -134 552 -73968 
23/7/2004 13 991 625 -384 -30 11520 
23/7/2004 14 844 500 -509 -177 90093 
26/7/2004 8 1254 2750 1741 233 405653 
26/7/2004 9 1004 2250 1241 -17 -21097 
26/7/2004 12 917 875 -134 -104 13936 
26/7/2004 13 1034 625 -384 13 -4992 
26/7/2004 14 868 875 -134 -153 20502 
26/7/2004 16 889 875 -134 -132 17688 
27/7/2004 9 1099 1250 241 78 18798 
27/7/2004 10 990 1000 -9 -31 279 
27/7/2004 15 854 625 -384 -167 64128 
29/7/2004 9 1358 1625 616 337 207592 
29/7/2004 10 871 1000 -9 -150 1350 
29/7/2004 11 1013 500 -509 -8 4072 
29/7/2004 12 1037 625 -384 16 -6144 
29/7/2004 13 858 500 -509 -163 82967 
29/7/2004 15 1553 500 -509 532 -270788 
30/7/2004 9 728 500 -509 -293 149137 
30/7/2004 10 815 375 -634 -206 130604 
30/7/2004 11 836 375 -634 -185 117290 
30/7/2004 12 757 375 -634 -264 167376 
30/7/2004 14 1075 625 -384 54 -20736 
30/7/2004 16 1466 750 -259 445 -115255 
3/8/2004 12 831 375 -634 -190 120460 
4/8/2004 10 1592 1750 741 571 423111 
5/8/2004 9 936 2500 1491 -85 -126735 
5/8/2004 11 729 1125 116 -292 -33872 
5/8/2004 15 787 1000 -9 -234 2106 
6/8/2004 9 802 1875 866 -219 -189654 
6/8/2004 10 873 1250 241 -148 -35668 
6/8/2004 11 1065 1000 -9 44 -396 
6/8/2004 12 966 875 -134 -55 7370 
6/8/2004 13 946 875 -134 -75 10050 
6/8/2004 14 1427 875 -134 406 -54404 
6/8/2004 15 1096 1125 116 75 8700 
9/8/2004 9 963 2000 991 -58 -57478 
9/8/2004 10 1025 1250 241 4 964 
9/8/2004 11 967 750 -259 -54 13986 
9/8/2004 12 698 1000 -9 -323 2907 

10/8/2004 13 1414 625 -384 393 -150912 
C 1021 1009 - - 22454 

 
Calculated COR = 22454/(241.21×579.37) = 0.16 
                  FB = [2× (1021-1009)]/(1021+1009) = 0.01 
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Table E-7 Statistical analysis of observed and predicted PM10 concentrations 
(adjusted equation) on windward: IA and NMSE 
 

Calculated IA = 1- (311/616) = 0.50 and NMSE = 311/(52×50) = 0.12 

Parameter Date Hour Cpred Cobs 

(Cpred - Cobs )2 (|Cpred -⎯Cobs| +|Cobs -⎯Cobs|)2 

22/7/2004 12 52 47 25 25 
22/7/2004 13 106 60 2116 4356 
23/7/2004 13 52 61 81 169 
23/7/2004 14 34 54 400 400 
26/7/2004 8 60 95 1225 3025 
26/7/2004 9 54 67 169 441 
26/7/2004 11 54 53 1 49 
26/7/2004 12 51 57 36 64 
26/7/2004 13 53 67 196 400 
26/7/2004 14 43 67 576 576 
26/7/2004 16 39 50 121 121 
27/7/2004 9 54 47 49 49 
27/7/2004 10 56 51 25 49 
27/7/2004 15 37 55 324 324 
29/7/2004 9 69 63 36 1024 
29/7/2004 10 53 55 4 64 
29/7/2004 11 55 51 16 36 
29/7/2004 12 51 49 4 4 
29/7/2004 13 51 51 0 4 
29/7/2004 14 52 63 121 225 
29/7/2004 15 61 49 144 144 
29/7/2004 16 31 58 729 729 
30/7/2004 9 38 26 144 1296 
30/7/2004 10 41 16 625 1849 
30/7/2004 11 40 29 121 961 
30/7/2004 12 41 31 100 784 
30/7/2004 13 51 40 121 121 
30/7/2004 14 51 44 49 49 
30/7/2004 15 63 51 144 196 
30/7/2004 16 64 47 289 289 
3/8/2004 12 41 32 81 729 
4/8/2004 10 80 80 0 3600 
5/8/2004 9 50 92 1764 1764 
5/8/2004 11 44 59 225 225 
5/8/2004 15 32 52 400 400 
6/8/2004 9 43 59 256 256 
6/8/2004 10 43 40 9 289 
6/8/2004 11 58 34 576 576 
6/8/2004 12 54 35 361 361 
6/8/2004 13 54 34 400 400 
6/8/2004 14 71 40 961 961 
6/8/2004 15 50 34 256 256 
9/8/2004 9 54 47 49 49 
9/8/2004 10 53 23 900 900 
9/8/2004 11 51 44 49 49 
9/8/2004 12 46 52 36 36 

10/8/2004 13 67 50 289 289 
C 52 50 311 616 
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Table E-8 Statistical analysis of observed and predicted PM10 concentrations 
(adjusted equation) on windward: COR and FB 
 

Parameter Date Hour Cpred Cobs 
 

Cobs  - Cobs
 

 

Cpred - C pred  
 

(Cobs - Cobs)( Cpred - Cpred) 
22/7/2004 12 52 47 -3 0 0 
22/7/2004 13 106 60 10 54 540 
23/7/2004 13 52 61 11 0 0 
23/7/2004 14 34 54 4 -18 -72 
26/7/2004 8 60 95 45 8 360 
26/7/2004 9 54 67 17 2 34 
26/7/2004 11 54 53 3 2 6 
26/7/2004 12 51 57 7 -1 -7 
26/7/2004 13 53 67 17 1 17 
26/7/2004 14 43 67 17 -9 -153 
26/7/2004 16 39 50 0 -13 0 
27/7/2004 9 54 47 -3 2 -6 
27/7/2004 10 56 51 1 4 4 
27/7/2004 15 37 55 5 -15 -75 
29/7/2004 9 69 63 13 17 221 
29/7/2004 10 53 55 5 1 5 
29/7/2004 11 55 51 1 3 3 
29/7/2004 12 51 49 -1 -1 1 
29/7/2004 13 51 51 1 -1 -1 
29/7/2004 14 52 63 13 0 0 
29/7/2004 15 61 49 -1 9 -9 
29/7/2004 16 31 58 8 -21 -168 
30/7/2004 9 38 26 -24 -14 336 
30/7/2004 10 41 16 -34 -11 374 
30/7/2004 11 40 29 -21 -12 252 
30/7/2004 12 41 31 -19 -11 209 
30/7/2004 13 51 40 -10 -1 10 
30/7/2004 14 51 44 -6 -1 6 
30/7/2004 15 63 51 1 11 11 
30/7/2004 16 64 47 -3 12 -36 
3/8/2004 12 41 32 -18 -11 198 
4/8/2004 10 80 80 30 28 840 
5/8/2004 9 50 92 42 -2 -84 
5/8/2004 11 44 59 9 -8 -72 
5/8/2004 15 32 52 2 -20 -40 
6/8/2004 9 43 59 9 -9 -81 
6/8/2004 10 43 40 -10 -9 90 
6/8/2004 11 58 34 -16 6 -96 
6/8/2004 12 54 35 -15 2 -30 
6/8/2004 13 54 34 -16 2 -32 
6/8/2004 14 71 40 -10 19 -190 
6/8/2004 15 50 34 -16 -2 32 
9/8/2004 9 54 47 -3 2 -6 
9/8/2004 10 53 23 -27 1 -27 
9/8/2004 11 51 44 -6 -1 6 
9/8/2004 12 46 52 2 -6 -12 

10/8/2004 13 67 50 0 15 0 
C 52 50 - - 50 

Calculated COR = 50/(12.93×15.79) = 0.25 and  FB = [2× (52-50)]/(52+50) = 0.04 
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APPENDIX F 
 

The adjustment of K constant from Street Canyon Model in Airviro which obtains by 

adjusting K constant in each data set. The adjusted K for CO and PM10 were obtained 

from the average of all individual KCW in each data set. 

 
  CW  =     KQ (H-z)                 (2.3) 
                  W (U+0.5) H 

 
Or 
 

    K   =   CW×W× (U+0.5) × H    
                     Q (H-z) 

 

When: CW  =  CO concentrations at windward (µg/m3) 

 Q  =  the total traffic emission (ug/m,s) 

 U  =  the roof level wind speed (m/s) 

 W  =  the effective width of the canyon (m), set to 29.6 m. 

 H  =  the building height (m), set to 12 m. 

 z  =   the receptor height (m), set to 3.5 m. 

 
The calculated of CO and PM10 concentrations are shown in Table F-1 and F-2 
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Table F-1 The method to adjust K value of CO on windward side 
 

Date Hour Q (ug/m,s) U (m/s) CWobs (ug/m3) W(U+0.5)H Q(H-z) K 

22/7/2004 12.00-13.00 35782 1.3 1250 453.6 304147.0 1.9 
22/7/2004 13.00-14.00 26226 0.4 875 226.8 222921.0 0.9 
23/7/2004 13.00-14.00 33045 1.3 625 453.6 280882.5 1.0 
23/7/2004 14.00-15.00 42219 2.2 500 680.4 358861.5 0.9 
26/7/2004 8.00-9.00 32521 0.9 2750 352.8 276428.5 3.5 
26/7/2004 9.00-10.00 33496 1.3 2250 453.6 284716.0 3.6 
26/7/2004 12.00-13.00 30568 1.3 875 453.6 259828.0 1.5 
26/7/2004 13.00-14.00 34489 1.3 625 453.6 293156.5 1.0 
26/7/2004 14.00-15.00 37010 1.8 875 579.6 314585.0 1.6 
26/7/2004 16.00-17.00 37902 1.8 875 579.6 322167.0 1.6 
27/7/2004 9.00-10.00 36640 1.3 1250 453.6 311440.0 1.8 
27/7/2004 10.00-11.00 33034 1.3 1000 453.6 280789.0 1.6 
27/7/2004 15.00-16.00 36395 1.8 625 579.6 309357.5 1.2 
29/7/2004 9.00-10.00 35221 0.9 1625 352.8 299378.5 1.9 
29/7/2004 10.00-11.00 29052 1.3 1000 453.6 246942.0 1.8 
29/7/2004 11.00-12.00 33799 1.3 500 453.6 287291.5 0.8 
29/7/2004 12.00-13.00 34599 1.3 625 453.6 294091.5 1.0 
29/7/2004 13.00-14.00 28626 1.3 500 453.6 243321.0 0.9 
29/7/2004 15.00-16.00 40287 0.9 500 352.8 342439.5 0.5 
30/7/2004 9.00-10.00 36420 2.2 500 680.4 309570.0 1.1 
30/7/2004 10.00-11.00 34725 1.8 375 579.6 295162.5 0.7 
30/7/2004 11.00-12.00 35611 1.8 375 579.6 302693.5 0.7 
30/7/2004 12.00-13.00 32258 1.8 375 579.6 274193.0 0.8 
30/7/2004 14.00-15.00 35849 1.3 625 453.6 304716.5 0.9 
30/7/2004 16.00-17.00 38023 0.9 750 352.8 323195.5 0.8 
3/8/2004 12.00-13.00 35417 1.8 375 579.6 301044.5 0.7 
4/8/2004 10.00-11.00 41296 0.9 1750 352.8 351016.0 1.8 
5/8/2004 9.00-10.00 31213 1.3 2500 453.6 265310.5 4.3 
5/8/2004 11.00-12.00 31083 1.8 1125 579.6 264205.5 2.5 
5/8/2004 15.00-16.00 39364 2.2 1000 680.4 334594.0 2.0 
6/8/2004 9.00-10.00 34161 1.8 1875 579.6 290368.5 3.7 
6/8/2004 10.00-11.00 37213 1.8 1250 579.6 316310.5 2.3 
6/8/2004 11.00-12.00 35506 1.3 1000 453.6 301801.0 1.5 
6/8/2004 12.00-13.00 32222 1.3 875 453.6 273887.0 1.4 
6/8/2004 13.00-14.00 31552 1.3 875 453.6 268192.0 1.5 
6/8/2004 14.00-15.00 37014 0.9 875 352.8 314619.0 1.0 
6/8/2004 15.00-16.00 36559 1.3 1125 453.6 310751.5 1.6 
9/8/2004 9.00-10.00 32121 1.3 2000 453.6 273028.5 3.3 
9/8/2004 10.00-11.00 34180 1.3 1250 453.6 290530.0 2.0 
9/8/2004 11.00-12.00 32266 1.3 750 453.6 274261.0 1.2 
9/8/2004 12.00-13.00 29761 1.8 1000 579.6 252968.5 2.3 

10/8/2004 13.00-14.00 36678 0.9 625 352.8 311763.0 0.7 
      K average = 1.6 

According to Table F-1, the new K constant of CO on windward side is 1.6  
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Table F-2 The method to adjust K value of PM10 on windward side  
 
Date Hour Q (ug/m,s) U (m/s) CWobs (ug/m3) W(U+0.5)H Q(H-z) K 

22/7/2004 12.00-13.00 115 1.3 47 453.6 977.5 21.8 
22/7/2004 13.00-14.00 116 0.4 60 226.8 986.0 13.8 
23/7/2004 13.00-14.00 115 1.3 61 453.6 977.5 28.3 
23/7/2004 14.00-15.00 112 2.2 54 680.4 952.0 38.6 
26/7/2004 8.00-9.00 102 0.9 95 352.8 867.0 38.7 
26/7/2004 9.00-10.00 118 1.3 67 453.6 1003.0 30.3 
26/7/2004 11.00-12.00 119 1.3 53 453.6 1011.5 23.8 
26/7/2004 12.00-13.00 111 1.3 57 453.6 943.5 27.4 
26/7/2004 13.00-14.00 116 1.3 67 453.6 986.0 30.8 
26/7/2004 14.00-15.00 120 1.8 67 579.6 1020.0 38.1 
26/7/2004 16.00-17.00 110 1.8 50 579.6 935.0 31.0 
27/7/2004 9.00-10.00 118 1.3 47 453.6 1003.0 21.3 
27/7/2004 10.00-11.00 123 1.3 51 453.6 1045.5 22.1 
27/7/2004 15.00-16.00 104 1.8 55 579.6 884.0 36.1 
29/7/2004 9.00-10.00 118 0.9 63 352.8 1003.0 22.2 
29/7/2004 10.00-11.00 117 1.3 55 453.6 994.5 25.1 
29/7/2004 11.00-12.00 120 1.3 51 453.6 1020.0 22.7 
29/7/2004 12.00-13.00 113 1.3 49 453.6 960.5 23.1 
29/7/2004 13.00-14.00 113 1.3 51 453.6 960.5 24.1 
29/7/2004 14.00-15.00 114 1.3 63 453.6 969.0 29.5 
29/7/2004 15.00-16.00 105 0.9 49 352.8 892.5 19.4 
29/7/2004 16.00-17.00 103 2.2 58 680.4 875.5 45.1 
30/7/2004 9.00-10.00 125 2.2 26 680.4 1062.5 16.6 
30/7/2004 10.00-11.00 116 1.8 16 579.6 986.0 9.4 
30/7/2004 11.00-12.00 112 1.8 29 579.6 952.0 17.7 
30/7/2004 12.00-13.00 115 1.8 31 579.6 977.5 18.4 
30/7/2004 13.00-14.00 113 1.3 40 453.6 960.5 18.9 
30/7/2004 14.00-15.00 111 1.3 44 453.6 943.5 21.2 
30/7/2004 15.00-16.00 107 0.9 51 352.8 909.5 19.8 
30/7/2004 16.00-17.00 110 0.9 47 352.8 935.0 17.7 
3/8/2004 12.00-13.00 114 1.8 32 579.6 969.0 19.1 
4/8/2004 10.00-11.00 136 0.9 80 352.8 1156.0 24.4 
5/8/2004 9.00-10.00 109 1.3 92 453.6 926.5 45.0 
5/8/2004 11.00-12.00 124 1.8 59 579.6 1054.0 32.4 
5/8/2004 15.00-16.00 105 2.2 52 680.4 892.5 39.6 
6/8/2004 9.00-10.00 120 1.8 59 579.6 1020.0 33.5 
6/8/2004 10.00-11.00 122 1.8 40 579.6 1037.0 22.4 
6/8/2004 11.00-12.00 127 1.3 34 453.6 1079.5 14.3 
6/8/2004 12.00-13.00 118 1.3 35 453.6 1003.0 15.8 
6/8/2004 13.00-14.00 118 1.3 34 453.6 1003.0 15.4 
6/8/2004 14.00-15.00 121 0.9 40 352.8 1028.5 13.7 
6/8/2004 15.00-16.00 109 1.3 34 453.6 926.5 16.6 
9/8/2004 9.00-10.00 119 1.3 47 453.6 1011.5 21.1 
9/8/2004 10.00-11.00 117 1.3 23 453.6 994.5 10.5 
9/8/2004 11.00-12.00 111 1.3 44 453.6 943.5 21.2 
9/8/2004 12.00-13.00 128 1.8 52 579.6 1088.0 27.7 

10/8/2004 13.00-14.00 115 0.9 50 352.8 977.5 18.0 
      K average =24.3 

According to Table F-2, the new K value of PM10 on windward side is 24.3  
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APPENDIX G 

 

Table G-1 The wind speed at roof level and at 10 meters from ground level (from 

PCD) during July and August 2004 on Ladprao road 

 
Wind speeds (m/s) Date Hour 

Roof level 10 meters from ground level 
22/7/2004 12.00-13.00 1.3 0.6 
22/7/2004 13.00-14.00 0.4 0.6 
23/7/2004 13.00-14.00 1.3 0.5 
23/7/2004 14.00-15.00 2.2 0.8 
26/7/2004 8.00-9.00 0.9 1.8 
26/7/2004 9.00-10.00 1.3 1.2 
26/7/2004 11.00-12.00 1.3 0.9 
26/7/2004 12.00-13.00 1.3 0.9 
26/7/2004 13.00-14.00 1.3 0.7 
26/7/2004 14.00-15.00 1.8 1.0 
26/7/2004 16.00-17.00 1.8 0.8 
27/7/2004 9.00-10.00 1.3 1.7 
27/7/2004 10.00-11.00 1.3 1.7 
27/7/2004 15.00-16.00 1.8 0.7 
29/7/2004 9.00-10.00 0.9 1.5 
29/7/2004 10.00-11.00 1.3 1.6 
29/7/2004 11.00-12.00 1.3 2.0 
29/7/2004 12.00-13.00 1.3 1.7 
29/7/2004 13.00-14.00 1.3 2.1 
29/7/2004 14.00-15.00 1.3 1.9 
29/7/2004 15.00-16.00 0.9 1.8 
29/7/2004 16.00-17.00 2.2 0.9 
30/7/2004 9.00-10.00 2.2 2.7 
30/7/2004 10.00-11.00 1.8 2.9 
30/7/2004 11.00-12.00 1.8 1.9 
30/7/2004 12.00-13.00 1.8 2.1 
30/7/2004 13.00-14.00 1.3 2.3 
30/7/2004 14.00-15.00 1.3 1.8 
30/7/2004 15.00-16.00 0.9 1.8 
30/7/2004 16.00-17.00 0.9 1.7 
3/8/2004 12.00-13.00 1.8 0.9 
4/8/2004 10.00-11.00 0.9 1.2 
5/8/2004 9.00-10.00 1.3 1.4 
5/8/2004 11.00-12.00 1.8 0.8 
5/8/2004 15.00-16.00 2.2 1.0 
6/8/2004 9.00-10.00 1.8 1.3 
6/8/2004 10.00-11.00 1.8 1.8 
6/8/2004 11.00-12.00 1.3 1.9 
6/8/2004 12.00-13.00 1.3 1.8 
6/8/2004 13.00-14.00 1.3 1.8 
6/8/2004 14.00-15.00 0.9 1.8 
6/8/2004 15.00-16.00 1.3 1.7 
9/8/2004 9.00-10.00 1.3 1.3 
9/8/2004 10.00-11.00 1.3 1.3 
9/8/2004 11.00-12.00 1.3 1.8 
9/8/2004 12.00-13.00 1.8 0.9 

10/8/2004 13.00-14.00 0.9 1.8 
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