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Abstract 

Environmental problems such as noise and air pollution are increasingly catching 

people’s attention in recent years owing to the industrialization and urbanization all over 

the world. Therefore it is important to develop effective methods to present information 

on noise and air pollution to the public. One feasible approach is to carry out prediction 

based on traffic data and make noise and pollution maps. GIS is a powerful tool for 

prediction since its spatial analysis function could be used in analysis and calculation. In 

addition the available GIS platforms also provide visualization functions to display the 

analysis results in variety of forms, in both 2D and 3D. This thesis uses noise and air 

pollution as examples to study how to predict noise and pollution from traffic data and 

how to visualize the predicted pollution information in 3D with the help of the existing 

visualization technology. 

Therefore, the thesis has two objectives. The first objective is focused on prediction of 

noise and air pollution using existing prediction models based on vehicle speed and 

traffic volume data. The original spatial road network dataset with traffic information 

was integrated with GIS and analysis and calculations were carried out. Road Traffic 

Noise-Nordic Prediction Method is used for predicting traffic noise while ARTEMIS model 

and OSPM model are applied for traffic air pollution. All analysis and calculations were 

carried out on virtual receiver points generated on ground surface and over building 

facades at different heights. The second objective is focused on 3D visualization of the 

predicted traffic noise and air pollution in ArcScene, Google Earth as well as X3D 

respectively. In ArcScene the virtual receiver points were visualized in their actual 

position with different colors representing noise or air pollution level. Then KML files 

were created from the point shapefiles and imported into Google Earth to show the 

noise and air pollution level in the virtual city available in Google Earth. Finally one layer 

of point shapefile was selected as an example to give the 3D scene in X3D. The selected 

layer of points was first interpolated into a continuous surface and converted into 

contours. Three types of models were developed in this part. First is to visualize contours 

in 3D using both colors and heights to show the noise or air pollution levels. Next the 

interpolated surface was segmented into scattered cells displayed also in colors and 

heights both representing pollution intensity. The last one is using 3D bars to show noise 

or air pollution in colors and lengths.  

The prediction results shows that the either noise or air pollution in the north part of 

central Stockholm is much more serious than in south part and the most polluted area 

appear along the highways. In the same area the pollution levels vary in different heights. 

The 3D visualization in ArcScene and Google Earth could clearly present the differences. 
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However, so far the visualization in X3D only gives 2D information in 3D, which means 

although the 3D scenes were created, the height only noise or air pollution on the 

specific height could be represented. The real 3D representing is still need to be studied.   
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Chapter 1 Introduction 

1.1 Brief Introduction 

Nowadays we are living in a highly modernized society. We create facilities that make 

our life convenient, comfortable and intelligent in all fields. However, the 

development brings us not only convenience but also a series of problems. Human 

activities disturb the balance in nature and make us suffering from all kinds of 

environmental deterioration such as water pollution, air pollution, noise pollution, 

global warming, species vanishing etc. All these problems are threatening our living 

environment and health.  Among these, noise and air pollution are two main 

problems that influence our daily life because they are not only physically but also 

mentally harmful to human beings. People may get acquaint to relative information 

by reading reports. However, statistic figures in the reports are not as informative as 

showing how the pollution influences the living environment for publics. 

Consequently the requirement for visualizing the environment indicators is arising. In 

this thesis, noise and air pollution in urban areas are simulated using prediction 

models and the predicted results are visualized in three different 3D environments: 

ArcScene, Google Earth as well as X3D.  

1.2 Research Background 

1.2.1 Noise and Air Pollution Caused by Traffic 

Traffic, as one of the indispensible factor of human activities, is significantly 

contributing to environmental degradation. Air pollution could be considered as 

the most important problem caused by modern traffic activities since the 

majority of air pollution comes from fossil fuel combustion. As a result of being a 

major consumer of fossil fuel such as diesel and gasoline, the emissions from 

traffic, especially road traffic, is now the major contributor of greenhouse gases 

as well as harmful gases. Traffic accounts for around one third of all final energy 

consumption in the European Environment Agency (EEA) member countries. 

According to Air Pollutant Emissions Country Factsheet of Sweden published by 

EEA in 2010, road transport contributed 44% and 16% of total NOX and NMVOC 

(non-methane volatile organic compounds) emissions respectively in 2009 

(Figure 1.1 ) (European Environment Agency, 2011). As is known that long-term 

exposure to air pollution could cause discomfort in the respiratory system. A 

great deal of scientific research also proved that it could lead to respiratory 

diseases such as chronic bronchitis and asthma. Traffic variables such as traffic 
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intensity were proved to have close association with cardiopulmonary mortality 

as well as lung cancer (Beelen et al., 2008). According to a research carried out in 

2005(Forsberg B et al., 2005), based on the estimated anthropogenic particular 

matter concentrations, in Sweden premature deaths rate of residence in the 

urban area is much higher than those in the natural background due to the long-

term exposure to air polluted by human activities such as transportation. In 

Stockholm lifetime of the former group is on average 7 months shorten by air 

pollution while the latter group lost only 4 months.  

 
Figure 1.1 NOx and NMVOC demissions sectoral share, 2009 

(Source: European Environment Agency, 2011) 

Traffic noise is another important problem arises with the dependence of traffic. 

Traffic noise pollution can be divided into three categories according to the 

modes of transportation, namely road traffic noise, railway noise and aircraft 

noise. Road traffic is occupying the dominant position in all transportation 

related noise sources. In the European Union almost 40% of the inhabitants are 

living in the environment with the noise level exceeding 55 dB(A) during daytime 

and more than 30% during the night (The National Board of Health and Welfare 

et al., 2001) Among all the people who are suffering from annoyance caused by 

noise, there are two million living in Sweden (Swedish Environmental Protection 

Agency et al., 2000). Road traffic may interfere speech communication, induce 

annoyance and sleep disturbance, influence regular work and study. According to 
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a questionnaire survey carried out by Karolinska Institute in Sweden in 2004, in 

Stockholm County, 13% of the sample individuals who exposed to Leq 24 hr>50 

dB(A) suffered from annoyance caused by noise whilst the frequency in the 

group exposed to Leq 24 hr<50 dB(A) was only 2%. Homogeneously the 

frequencies of sleep disturbance were reported to 23% and 13% respectively 

(Bluhm et al., 2004). Another study carried out by National Institute for Working 

Life of Sweden (Lundquist et al., 2000) on primary school students showed that 

pupils in quite study environment obtained better grades than those in poor 

environment. Noise makes them disturbed and hard to focus on what they were 

doing. Furthermore, noise sometimes causes permanent health impairments. 

The most conventional are hypertension and cardiovascular. Acute and chronic 

changes of the physiological stress hormone regulation induced by noise 

exposure may have adverse influence on the equilibrium of vital body functions. 

An experimental study (Bluhm and Eriksson, 2011) on measuring the level of 

saliva cortisol, which reliably reflects free cortisol level in the blood, showed that 

women exposed in noise level above 60 dB(A) have significant elevation in 

morning saliva cortisol level compare to those exposed in noise level lower than 

50 dB(A). In addition, noise exposure also leads to hearing impairments. In a 

developed country more than one third of the hearing loss is partly caused by 

excessive noise exposure (Smith, 1998).  

1.2.2 Legislations and Guidelines  

Noise Legislations and Guidelines 

In the latest 20 years noise pollution has attracts lots of attentions all over the 

world. Government form different countries as well as regional organizations 

have issued legislations or guidelines on the purpose of tackling the harmful 

effects of noise exposure. 

The World Health Organization has published the Guidelines for Community 

Noise in 1999 (Berglund B et al., 1999) elaborating the environmental noise 

sources and measurement, adverse health effects as well as guideline values in 

specific environment (Table 1.1) . 
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Table 1. 1  Guideline values for community noise in specific environments (part) 
(Source: Berglund B et al., 1999) 

Specific environment Critical health effect(s) LAeq [dB] 

Outdoor living area Serious annoyance 55 

Dwelling, indoors 

Speech intelligibility and moderate 

annoyance 35 

Inside bedrooms Sleep disturbance 30 

School class rooms and pre-schools, 

indoors 

disturbance of information 

extraction, message 

communication 35 

Hospitals, treatment rooms, indoors 

Interference with rest and 

recovery 

As low as 

possible 

Industrial, commercial, shopping and 

traffic areas, indoors andoutdoors Hearing impairment 70 

Organizations in Europe took actions against noise by drafting a Green Paper 

(Commission of the European Communities, 1996) and publishing The 

Environment Noise Directive 2002/49/EC (European Parliament, Council, 2002) 

on the purpose of assessing and managing environmental noise. In the Green 

Paper, the Commission put forward a general noise policy on establishing 

common methods for assessing noise exposure, limiting the transmission of 

noise by soundproofing buildings etc. and proposed regulations on reducing 

emissions at source, namely taking action on roads to reduce tire noise, revising 

vehicle tax arrangements involving noise levels, limiting the use of noise vehicles 

etc. (Commission of the European Communities, 1996). Meanwhile, Directive 

2002/49/EC mainly aims at monitoring noise problem, informing and consulting 

the public about noise exposure and side effects induced, developing a long-term 

EU noise strategy, especially in noise-sensitive areas in cities (European 

Parliament, Council, 2002). 

Air Quality Legislations and Guidelines 

European Union has acted at many levels to achieve air quality levels without 
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unacceptable impacts on or risks to human health and environment by 

publishing legislations and co-operating with stakeholders responsible for air 

pollution etc. the European Parliament has proposed a bunch of different 

directives since 1996 aiming at describing the basic principles of assessing and 

managing air quality in member states, addressing the required numerical limits 

and thresholds for the pollutants, establishing reciprocal exchange  of 

information and data form network and individual observing stations within 

member states etc (European Commission Environment, 2011).  In Nation 

Emission Ceilings Directive (NEC Directive) 2009 amended edition, target limits 

for emissions of four key air pollutants (nitrogen oxides, sulfur dioxide, non-

methane volatile organic compounds and ammonia) that may have adverse 

impacts on human health and environment in 2010 were imposed for each 

member state. The criteria of some main countries are listed in the following 

table (European Commission, 2001).  

Table 1. 2 National Emission Ceilings for SO2, NOX, VOC and NH3 to be obtained in 2010 
(Source: European Commission, 2001) 

Country 
SO2 

Kilotonnes 

NOX 

Kilotonnes 

VOC 

Kilotonnes 

NH3 

Kilotonnes 

France 375 810 1050 870 

Germany 520 1051 995 550 

Sweden 67 148 241 57 

United Kingdom 585 1167 1200 297 

1.3 Research Motivation 

As introduced above, since the negative effects of noise and air pollution problems 

are serious, it is important for all to know about how they impact our life. In recent 

years, there have been many scientific researches focus on simulating and predicting 

the situation of noise and air pollution, however usually the outcomes of those 

researches are scientific reports that require professional background to understand. 

In order to make it more acceptable and informative to the public, visualization 

technology is introduced to this area. With the help of visualization technology, the 

pollution situations could be shown on maps. It provides everyone a much 

understandable way to know about the influence of the abstract phenomenon in 

reality and helps to establish the awareness of protecting the environment in public.  
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The inspiration of visualizing environmental indicators in 3D comes with the 

development of 3D visualization technology. Currently 3D visualization is gradually 

becoming the main trend in many fields including geographical information 

visualization. Researchers have been putting a lot of efforts on making 3D scenes of 

the real world so that we could find virtual cities available on the websites or 

freeware such as Google Earth. This may provide us an opportunity to show the 

environmental information in 3D environment so as to make the public have a more 

vivid way of understanding the surroundings they are living in. In addition the web 

based virtual reality technology is improving. A variety of 3D web applications based 

on VRML is continuingly showing up. X3D is a standard XML-based format for 

representing 3D graphics. This also encourages us to implement and publish the 

environment situations.  

1.4 Thesis Objectives and Structure 

1.4.1 Thesis Objectives 

In order to provide more understandable information of noise and air pollution in 

cities and help to raise the environmental protecting consciousness of the public, 

the following scientific questions are introduced.  

a) How to predict noise/air pollution using the available information such as 

traffic data? 

b) How to demonstrate the predicted noise/air pollution results to the 

public and make it more informative and understandable? 

Accordingly, two main objectives are focused on. 

a) Traffic noise and air pollution prediction. 

Noise and air pollution would be predicted based on traffic data 

according to the available prediction models using GIS. 

b) 3D visualization of the predicted noise and air pollution. 

Three visualization methods would be provided to show the predicted 

results, in ArcScene, Google Earth and X3D respectively.  
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1.4.2 Thesis Structure 

In Chapter 1 background information of noise and air pollution including their 

effects and related legislations issued by governments and organizations and the 

research motivation, are already introduced. The following part of the thesis will 

include the following contents. 

Chapter 2 gives an overview of the current researches regarding to traffic noise 

and air pollution prediction, the development of geographical visualization 

technology as well as 3D visualization methods of noise and air pollution. 

Chapter 3 presents related information of the study area as well as the data used 

in the research. Data pre-processing approaches are also included in this chapter. 

Chapter 4 sketches an overall methodology of the research, and explained 

implementation methods of the prediction analysis and 3D modeling of both 

noise and air pollution.  

Chapter 5 shows the results of prediction analysis and 3D visualization in 

ArcScene, Google Earth as well as X3D. It also discussed strengthens and 

shortcomings of the results. 

Chapter 6 gives a short conclusion of the research and points out the future 

directions. 
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Chapter 2 Literature Review 

2.1 Noise and Air Pollution Prediction Methods 

It is important to know the noise pollution in ambient area. In some cities there are 

some electronic decibel meters at the crossings of streets, monitoring and showing 

the instant noise level. But those are still limited for everyone to get acquaintance to 

the pollution. Therefore, traffic noise should be predicted according to the traffic 

situations. Recently, environmental agencies and organizations in many countries are 

putting effort in traffic noise prediction and simulation work and making the 

predicted results into maps. Some of the noise maps are available on the internet. 

2.1.1 Traffic Noise Prediction Models  

There are a number of prediction models for road traffic noise since 1950s. The 

earliest road traffic noise prediction model was based on a constant speed of a 

single vehicle and it was dependent on the traffic volume and the distance from 

the emitter to the receiver. The model was published in 1952 in Handbook of 

Acoustic Noise Control (Campbell 2001). Later on the model was improved and 

vehicle speed and percentage of heavy vehicles in the traffic flow were 

introduced in the model as influencing factors in the 1960s (Campbell 2001).  

In the past 30 years, traffic noise prediction models have been further improved 

by the scientists from different countries. For examples, FHWA Traffic Noise 

Prediction Model considered emitter source as constantly travelling point source 

for the United States Department of Transportation Federal Highway 

administration (Campbell 2001). The accuracy of the model was highly 

dependent on the distance from the source to the receiver and percentage of 

heavy vehicles (Campbell 2001). This model was improved by introducing 

acceleration and stop-and-go information including stop signs, toll booths, and 

traffic signals etc. as new relevant factors (Anderson et al. 1996). The new model 

also took atmospheric absorption, topography as well as barriers into account of 

attenuation calculation.  

The CoRTN (short for Calculation of Road Traffic Noise) procedure is a road traffic 

noise estimation method developed for the United Kingdom Department of the 

Environment with the purpose of assisting road design and determination of 

proper compensation of noise influencing private dwellings at public expense 

according to the British Land Compensation Act in the 1970s (Campbell 2001). 
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This model assumed a long homogeneous line source with cylindrical radiation 

and given angles of view in constant speed traffic. The extensive use of curve 

fitting between empirical data helped to simplify the calculation procedure 

(Campbell 2001). For propagation an A-weighted attenuation was used. The 

model is suitable when the distance between the receiver and the line source is 

greater than the space between vehicles (Campbell 2001). 

In France a company named L’acoustique numerique developed commercial 

software package MITHRA for predicting traffic noise from a line source. It takes 

atmosphere correction, diffraction, reflection, local topography, effects of 

building and screens as well as road surface types into account. In addition 

MITHRA has the function of calculating railway noise (Campbell 2001). 

Cammarata et al. introduced neural network architecture as a linear regression in 

earlier models on basis of a BackPropagation Network in 1995. It greatly 

improved the accuracy compared to the traditional semi-empirical models and 

typically regression analysis method (Cammarta et al. 1995). 

Nordic Council of Minister developed a prediction method for especially Nordic 

counties (Nielsen et al. 1996). This method could make estimation on both A-

weighted equivalent continuous sound pressure level and A-weighted maximum 

sound pressure level. It also assumes that the road surface is homogeneous, dry, 

snowless and iceless under a neutral meteorological situation (Bendtsen 1999). 

The noise level of long straight traffic stream is considered as the sum of the 

mean A-weighted level and the other corrections including distance attenuation, 

atmosphere absorption, ground and atmospheric effects attenuation as well as 

topography and screen attenuation. Although the method was designed for 

estimating noise in front of building facades, it could also be used for indoor 

noise prediction (Bendtsen 1999). The model is still used in Nordic countries right 

now. 

2.1.2 Air Pollution Prediction 

Traffic air pollution could be predicted by transport variables and ambient 

environment variables. The prediction procedure could be divided into two steps. 

First, original pollutant concentrations from the emitters should be measured or 

predicted. Afterwards how pollutants propagate in the air would be simulated. In 

this section, we talk about the prediction models and propagation models 

separately. 
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Traffic Air Pollution Prediction Models 

In order to get acquainted to pollution situation, first of all we need to know the 

original emitted concentration. The emitted concentration could be measured in 

stations by environment agency or predicted from the transport variables. Here 

we only talk about the models used to predict emission concentration from 

transport variables. There are a couple of models for predicting traffic emissions 

available.  

a) COPERT 

COPERT is a European road transport emission inventory model for 

calculating emissions from road transport. COPERT software is managed by 

European Commission’s Joint Research Center and coordinated by the 

European Environment Agency (EEA) in the framework of the activities of the 

European Topic Centre for Air Pollution and Climate Change Mitigation 

(EMISIA-Mission for Environment, 2009). As a part of the EMEP/CORINAIR air 

pollutant emission inventory guidebook for calculation of air pollutant 

emissions, COPERT methodology has been gradually optimized and 

customized into the fourth version, COPERT 4. It is also consistent with the 

2006 IPCC Guidelines for the calculation for greenhouse gas emissions. The 

model is widely used in Europe by 22 out of the 27 EU countries 

(Ntziachristos et al., 2009). In COPERT model is an ‘Average – speed’ model 

(Smit et al., 2010) since the emission factors are determined by average 

speed. It requires average speed and vehicle kilometer travelled which are 

relatively easy to obtain from field measurement or traffic models as input. 

About 15 countries were using COPERT III for official emission estimation in 

2003, including Greece, Spain, Italy, Belgium, France, Ireland etc (Ekström et 

al. 2004). Currently it is still widely used in Europe and COPERT IV is available. 

b) ARTEMIS 

ARTEMIS, which is short for ‘Assessment and Reliability of Transport Emission 

Models and Inventory Systems’, aims combining the experience form 

different emission calculation models and ongoing research and achieving a 

harmonized methodology for emission estimation at the national and 

international level (INRETS, 2010). In ARTEMIS four types of emission models 

were developed. ‘Instantaneous-emission’ model, ‘kinematic-regression’ 
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model, ‘traffic-situation’ model as well as ’average-speed’ model (Boulter P, 

McCrae I, 2007). The model is currently used by Swedish Environment 

Research Institute in Sweden for calculating transports emitted pollutants 

and greenhouse gases (Sjödin et al, 2006).  

c) HBEFA  

Handbook Emission Factors for Road Transport (HBEAF) was first developed 

Environmental Protection Agencies of Germany, Switzerland and Austria in 

1995. In HBEFA the emission factors are defined by particular traffic 

situations such as ‘stop-and-go -driving’, ‘free-flow motorway driving’ etc. 

The input data for these models should include VKT data per driving situation. 

Usually the data are obtained from the traffic models (Smit et al., 2010). Now 

the new version HEBAF 3.1 is available and it is in use in Germany, 

Switzerland as well as Austria. Haan and Keller used HEBAF (Haan and Keller, 

2004) to model fuel consumption and pollutant emissions based on real-

world driving patterns. Evaluation of HBEFA was made by Colberg in 2005 

(Calberg et al., 2005) based on the measurement data in Switzerland. 

Dispersion Models 

The dispersion models are used to simulate how air pollutants propagate from 

the line source (roads) to the ambient atmosphere in consider of source 

characteristics (vehicle speeds, traffic volumes, traffic composition etc.), roadway 

geometry (long straight road, turning section), surrounding terrain as well as 

local meteorology. Usually the models designed as computer programs solving 

the mathematical simulation equations, predicting the downwind concentration 

of emitted air pollutants or toxins from line sources. The dispersion models have 

been studied since at least 1960s. The models were being used in the practical 

field of highway planning in early 1970s (Chock, 1977). In a normal condition, the 

models require pollutants concentration emitted from the roadway transport as 

an input to estimate and simulate pollution dispersion and propagation. 

Currently the required indirect inputs could be calculated in many advanced 

emission prediction models introduced above. In this section three of the models 

that would be used in the research will be introduced. 

a) STREET model 

STREET model was proposed by Johnson et al in 1973 (Johnson et al, 1973), it 

is one of the earliest models for estimating traffic emissions in the street. 
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STREET model is an empirical model that assumes the pollutant 

concentration is the sum of emissions from the local street traffic and the 

pollution present in the air that enters from roof level. The street 

contribution is proportional to the local street emissions and inversely 

proportional to the roof-level wind speed (Berkowicz R et al. 1997). 

b) Gaussian Air Pollutant Dispersion Equation 

At present the most famous air pollution dispersion model is Gaussian Air 

Pollutant Dispersion Equation (Gaussian model). It is widely used as the basic 

theory of a great deal of computer programs for calculating air pollution 

dispersion. The Gaussian air pollutant dispersion equations for a point source, 

which is also known as Gaussian Diffusion Equations, was introduced by 

Pasquill in 1961 and then modified by Gifford (Turner D.B., 1970). Pollutant 

concentrations could be calculated with the Gaussian model at several points 

around the emission source. Gaussian model only could be applied when the 

atmosphere condition is stable otherwise the pollutant concentration would 

be overestimated at downwind side.  

c) Operational Street Pollution Model 

OSPM (Operational Street Pollution Model) was developed by the National 

Environmental Research Institute of Denmark. What is different from the 

Gaussian Model is that OSPM is an air pollution dispersion model for 

simulating air pollution in a street canyon, which makes it commonly applied 

in the field of air pollution prediction for traffic air pollution in the urban 

areas in many different countries. Rather than the models which require 

complex numerical input data, OSPM model is a semi-empirical model which 

makes use of a priori assumptions about the flow and dispersion conditions. 

(Berkowicz R, 2000) Because of the buildings along the street canyon when 

the wind direction is perpendicular to the street axis a wind vortex forms. As 

a result the direction of the wind at the bottom level in the street is opposite 

to the flow above the roof level. That makes the pollutants concentrations on 

the lee-ward side (upwind buildings) is higher than the windward side. (Fig 

2.1) In the calculation procedure, first of all the direct contribution would be 

calculated in a simple plume model in an assumed infinite long street 

assuming the traffic and emissions are uniformly distributed across the 

canyon and disregarding the wind diffusion (Berkowicz R, 2000). Both the 

traffic emissions within the area of vortex (direct contribution) and the 
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recirculated pollution (recirculated contribution) contribute to the 

concentration at the upwind side (lee-side) whilst only the recirculated 

pollution would be counted into the concentration at the downwind side 

(wind-side). When the wind speed is 0 or the wind is parallel to the street 

canyon both sides have the same concentrations (National Environmental 

Research Institute, 2011). 

 

Figure 2. 1 Illustration of Flow and Dispersion Conditions in Street Canyons 
(Source: National Environmental Research Institute, 2011) 

2.2 3D Visualization 

2.2.1 3D Visualization for Geographical Information 

At the last decade of 20th century the 3D visualization technology was started to 

be applied on the geo-information. In the recent years the need for 3D 

visualization is significantly increasing in urban planning, strategy decision 

making, environmental quality monitoring and evaluation, hydrological and 

geological hazards monitoring and preventing, real-estate marketing as well as 

energy resources management etc. During the latest 20 years researchers are 

continuously trying to develop 3D GIS systems and some 3D GIS systems are 

already available in the market since early 21thcentury. However there are still 

problems that cannot be solved. For instance in 3D GIS system the data quantity 

could be one problem for visualization. The data amount of 3D objects is always 

larger than that of 2D objects, consequently it requires more advanced 

processors in hardware and more optimized algorithms for representing. 

Motivations of Using 3D visualization in Geo-information 
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Originally the motivation of using 3D visualization in the field of Geo-information 

could be attribute to the simple transformation from 2-dimention to 3-

dimemtion due to the raw data. For instance in architecture and landscape 

planning 3D raw data finally lead to the need of 3D representation.   

Moreover the development of technology in computer graphics hardware has 

been driven by game industry, which enables 3D visualization technology to be 

used in the field of Geo-information. The 3D graphic industry also provides the 

necessary tools and methods for the expressive and effective 3D representation 

(J. Wood et al., 2005).  

Finally the 3D visualization technology could provide users an interactive 

exploration and an animated representation close to the real world, which brings 

users intensive and intuitive sensorial stimulations so that makes the product 

more informative and impressive. 

Current 3D GIS 

a) Google Earth 

The most famous 3D GIS product known by the public is Google Earth. 

Google Earth is a virtual globe, map and geo-informational program created 

by Keyhole Inc, which was acquired by Google in 2004. Currently it has two 

levels of licenses available for non- professional users and professional users 

respectively. The standard file format that could be displayed on Google 

Earth is KML that stands for Keyhole Markup Language. KML is and XML-

based language for displaying 3D geographical data in an Earth browser such 

as Google Earth and Google Maps and it has been accepted as an OGC 

standard. Now Google Earth has been developed with 3D extensions which 

enable 3D objects displaying on it. Public users are able to contribute to 

Google Earth by creating buildings in a realistic style in the real world they 

are acquainted with. In some cities, 3D city models have been published on 

Google Earth. Researches in related field based on 3D models on Google 

Earth also have been carried out. A web-based simple interactive map of 

strategic health authorities based on Google Map and Google Earth was 

developed in England in 2005 (Boulos, 2005). Smith (Smith, 2006) used 

published weather information by integrating multi-radar and multi-sensor 

products into Google Earth. Lloret et al. (Lloret et al. 2008) proposed an 

approach of visualizing simulated future landuse in 3D on Google Earth in 

2008. 
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Figure 2. 2 Central Stockholm on Google Earth 
(Source: overview and detailed view with 3D buildings) 

However Google Earth can only be considered as a product of 3D Geo-

information representation since it only supports displaying and viewing 

geographical data without functions of manipulating and analyzing etc. 

Currently some major GIS vendors have provided 3D modules in the 

traditional GIS software that enable users to analyze and process 

geographical datasets. 

b) ArcGIS 

ArcGIS, the most widely used professional commercial GIS software 

produced by Esri, also provides 3D analysis and visualization modules. ArcGIS 

3D Analyst extension provides two 3D visualization environments, ArcGlobe 

and ArcScene with distinct characters for different purposes. The most 

important difference between ArcGlobe and ArcScene is that ArcGlobe is 

specially designed for visualizing very large datasets while ArcScene is suit for 

smaller scale of study area with fewer amounts of data because it loads all 

data into memory. On the other hand ArcScene supports VRML import and 

export while ArcGlobe can display KML file. Both of the two modules fully 

integrated with the geoprocessing environment which allows users to carry 

out many analysis procedures just like in the 2D environment of ArcMap. As 

the most popular 3D GIS platform, ArcGIS are used for in many fields. 

ArcScene has been used for creating virtual campuses (Hong et al., 2008). It 

is also used in visualization of natural disasters such as landslide deformation 

(Zhang K and Zhang S, 2008) and earthquake focal mechanisms (Labay and 

Haeussler 2007).  

c) Web-based 3D Technologies 
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Since the 90s in last century, with the springing up of internet, standards 

formats for presenting 3D graphics particularly designed for World Wide 

Web such as VRML, CityGML, X3D and 3Ddom were emerging. Now we 

especially introduce X3D, which is used for 3D visualization in this research. 

X3D is open standard file format and run-time architecture to present and 

communicate 3D scenes and objects using XML (Web 3D Consortium). It is 

developed and supported by Web 3D Consortium as a successor of VRML 

language by adding XML capabilities to integrate with other World Wide 

Web technologies. It is also an interchange format for integrated 3D graphics 

and multimedia. 

X3D supports both 2D graphics such as text, 2D vector and planner shapes 

displayed within the 3D transformation hierarchy and 3D graphics such as 

polygonal geometry, parametric geometry, hierarchical transformations as 

well as lighting, materials and texture mapping. In addition animation and 

spatialized audio and video are available for X3D. It also enables user 

interaction in X3D browsers.  Users are also able to create user-defined data 

type to extend browser functionality (Ranon R). The conceptual X3D 

applications includes graphic and/or aural objects that can be loaded from 

local storage or over the network. These objects can be updated dynamically 

in different ways based on delivery context and contents designed by 

developers (Geroimenko V and Chen C, 2005). X3D allows users to define 

and compose sets of 2D and 3D multimedia objects in a world coordinate 

space it established in the virtual environment and define object behaviors. 

Users may induce other files and applications with hyperlinks. It also allows 

connection to external modules or applications throughout scripting and 

programming languages. The compatibility with the existing ISO VRML97 

specification enables the reused of the existing work (Geroimenko V and 

Chen C, 2005). 

X3D is composed by 3 separate ISO specifications. X3D framework & SAI 

(Scene Access Interface) explains structural and runtime models and external 

programming functionality in abstract terms. X3D encodings specifies XML 

and Classic VRML encodings of X3D files. X3D language bindings depict of the 

services in the X3D architecture to the ECMAScript and Java programming 

language (Ranon R). X3D objects and services are divided into components 

with multiple levels of increasing capability. There are approximately 30 

components available in X3D, each with multiple levels, such as Geometry2D, 

Geometry3D to representing geometries, environmental effects. lighting, 
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sound to enable environmental representations etc. In X3D the virtual 

environment is made up of many graphics nodes which are modeled by a 

directed and acyclic tree structure - scene graph. X3D node is part of a single 

component (Brutzman D and Daly L, 2007). Components at specific levels 

used in the implementation of common functionality and requirements are 

grouped into profiles (Geroimenko V and Chen C, 2005). The function of 

profiles is to providing increased functionality for immersive environments 

and enhanced interactivity or to provide focused data interchange formats 

for vertical market applications within a small downloadable footprint 

composed of modular blocks of functionality (Web 3D Consortium). 

Generally X3D profiles are could be divided into four groups, namely 

Interchange, interactive, immersive as well as full profile. The relationship 

among the profiles is illustrated in the following figure. 

 
Figure 2. 3 A Graphical Depiction of the Four Main X3D Profiles Showing the Nesting of These Profiles. 

(Source: Web 3D Consortium) 

X3D is widely used in different fields such as engineering application, medical 

care, scientific research, military missile training,  game industry, education, 

real estate and  constructing industry as well as geographical information 

related applications including virtual urban planning, virtual tourism etc. 

d) Other 3D GIS 

Other GIS vendors are investigating in the market of providing solutions for 

3D visualization and analysis. ERDAS Inc developed a GIS module Imagine 

virtualGIS with 3D visual analysis tools (Alias A-R, Morakot P, 2008). Autodest 

Inc provided a model-based infrastructure planning and management 

application AutoCAD Map 3D which supports GIS data with intelligent 

industry data models and tools in the AutoCAD-based environment. This 
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application now is also commercially widely used in enterprises and 

governments (Autodest, 2011).  

However the existing GIS which are considered as capable to handle 3D data 

could not be considered as real 3D GIS system.3D GIS are not a simple 

extension by the third dimension onto 2D GIS. It requires a thorough 

investigation of many aspects of GIS including a different concept of 

modeling, representation and aspects of data structuring. Most of today’s 3D 

GIS products only have the ability to deal with the surface data or x, y 

coordinates with a third dimension of other attribute, for example DTM, 

rather than real spatial data. The real 3D GIS, as it were, rarely exist (Alias A-

R, Morakot P, 2008).  

2.2.2 Noise and Air Pollution Visualization 

Geovisualization technology has been used in many different fields including 

environment quality monitoring and evaluation to support the decision making 

of governments. Many environmental indicators, unlike other tangible and 

constant geographical objects, for example buildings, are always invisible 

phenomenon. Consequently a different representation approach is needed. As is 

mentioned in the previous section, one of the main reasons for 3D 

geovisualization technology is widespread is that it takes the advantages of the 

game industry and computer graphic industry, which help to provide techniques 

for representing the entities in the real world rather than invisible phenomenon. 

So apparently the researches focusing on the visualization of noise and air 

pollution are limited. 

Traditional 2D Noise and Air Pollution Visualization Approaches 

Noise and air pollution are both continuously spatially distributed environmental 

phenomena. According to the theory of thematic cartography, the traditional 2D 

approach for continuously distributed and smoothly changed phenomenon could 

be isopleth mapping. Values are classified into sub-divisions and the boundaries 

of each sub-division are located on the map according to the original data. Finally 

a range of colors are used to represent the noise levels. The values could be 

represented using one hue of color for example light blue for low noise values 

and dark blue for high values, or using increasing or decreasing lightness of colors 

for example from light green to green then to dark green or neighboring hues of 

colors for example green for low values, yellow for middle values and red to high 

values. (Kraak M-J, Ormeling F, 2003)Mapping data could be obtained by 
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interpolating from discrete sample points data or predicting by the prediction 

models. The interpolation and prediction procedures are usually performed using 

GIS software which has cartography tool kits integrated. There are a couple of 

examples of traditional 2D noise and air pollution maps for Stockholm below. 

 
Figure 2. 4 2D Noise Pollution Map and Air Quality Map in Stockholm inner city 

(Source: Stockholms Stad, 2011a and Stockhlms och Uppsala Läns Luftvprdsförbund, 2006) 

As airborne particulate matters pollution could be detected by satellites, high 

resolution remote sensing imagery is also used for air pollution mapping. 

Sifakis.N introduced the mapping approach of air pollution using SPOT data in 

1992.Firstly solar and observation angle variations are calibrated. Then the 

remaining deviation of apparent radiances could be attributed to the pollutants. 

This method offers an overall view of air pollution over an extended area 

(Sifakis.N, 1992).  

3D Noise and Air Pollution Visualization 

In recent years a couple of researches on 3D noise or air pollution visualization 

have been carried out instead of the traditional 2D noise or air pollution mapping. 

In 2004 Butler published the new 3D noise map of Paris on Nature. Millions of 

virtual microphones were created all over Paris both vertically and horizontally as 

the receptors. The original noise levels were modeled using traffic and 

topological information. The noise levels in the third level were represented as 

the façades of the buildings from which users were able to obtain the 

information of which buildings suffered much from traffic noise. (Figure 2.5, left) 

(Butler D, 2004) Hong Kong Environmental Protection Department proposed a 

similar approach of 3D noise visualization in 2006 based on the CoRTN prediction 

method, using traffic noise prediction model to simulate noise levels on the 
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facades of buildings and integrated it with VRML to enhance the perceptions of 

noise pollution to the public. (Figure 2.5, right) (Law C.W., Lee C.K., Tai M.K, 2006)  

Stoter from ITC, the Netherlands, produced a 3D noise map of the city of Delft. In 

his research also tens of thousands of virtual observation points were generated 

and be interpolated into a noise surface at the terrain height. Afterwards the 

noise surface was used as input for interpolating the noise levels on different 

heights on building facades so that both the noise levels on the ground surface 

and any height on building facades could be seen. (Stoter J, Kluijver H, Kurakula V, 

2008) Novak form University of Windsor, Canada produced a 3D noise map with 

the help of commercial software Brüel&Kjær Lima™. Not only transportations but 

also some major industrial sources were considered as contributors in the 

research. (Novak C et al., 2009) Farcas F from Linköping University and Sivertun Å 

from Swedish National Defense College implemented an extension including 7 

different noise calculation tools to ArcMap GIS package based on the Nordic 

Prediction Method in 2009. These tools focus on noise level calculation for roads, 

buildings, generated receiver points, building façades as well as different receiver 

heights. Population exposure was taken into account in the research. Population 

was considered as receiver points in one of the tools and in addition population 

compositions (sex, age, etc.) could be queried using SQL. However, all the 

functionalities are realized in ArcMap therefore the some of the maps created by 

the tool kit are not real 3D maps. Usually the calculation results are visualized 

using 2D noise maps in a 3D environment. When the population is considered as 

the receiver points the noise level on the population points is displayed on height 

proportional with the noise. (Fig 2.6, left) When the calculation is carried out for 

different receiver heights, it visualizes the noise levels on every virtual receiver 

points using points cloud (Fig 2.6, right) (Farcas F, Sivertun Å, 2009). 

 
Figure 2. 5 3D Noise Visualization in Paris and Hong Kong 

(Source: Butler D, 2004 and Law C.W., Lee C.K., Tai M.K, 2006) 
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Figure 2. 6 3D Noise Visualization in Skåne Region 

(Source: Farcas F, Sivertun Å, 2009) 

Compared to noise mapping, there are fewer researches aiming at 3D air 

pollution visualization. In 2006 Sifakis N improved his approach using air quality 

satellite imagery data overlapping on DEM deriving a 3D representation of air 

pollution in Greater Athens Area in Greece. (Figure 2.7, left) As is shown in the 

following figure although the remote sensed air quality data is displayed with the 

help of 3D DEM, it doesn’t include information on differences of pollution levels 

for varying heights. (Sifakis N, Lossifidis C, Sarigiannis D, 2005) University of Mary 

land conducted a 3D Air Quality system (3D-AQS) which uses a range of satellite 

and ground-based remote sensing instrument to provide air pollutants 

distribution information vertically and horizontally. (3D-AQS, 2008)In addition 

King’s College London has published a web-based 3D map of air pollution in 

London online that enables public users to visualize the air quality in the areas 

that they live in central London. Pollution concentrations are shown for 2003 and 

predictions of future air quality in 2010. There is also an option that users can 

select the type of pollutants (NO2-annual mean, NOX-annual mean, 

PM10exceedences, PM10 annual mean) (Figure 2.7, right),(London Air, 2011). 

 
Figure 2. 7 3D Urban Air Pollution Map Using EO Data & London Air Pollution Map 

(Source: Sifakis N, Lossifidis C, Sarigiannis D, 2005 & London Air, 2011) 
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Figure 2. 8 3D Air Pollution over Building Facade 
(Source: Wang G, van de Bosch F.H.M, Kuffer M, 2008) 

However the 3D air pollution map of London is 2D air pollution map in a 3D 

environment, namely only building models in the map are represented in 3D. It is 

still lack of the pollution information on different height levels. In other words, no 

matter using the remote sensing approach or predicting air pollution using the 

prediction models, the created 3D air pollution maps are not real 3D. In 2008 

Wang from ITC, The Netherlands presented a 3D modeling method. The 

generated receiver points were evenly distributed horizontally and vertically over 

the building façades and all points along the same horizontal axis have the same 

pollution level. Then pollutant concentration values over the building façades 

were interpolated using natural neighbor approach (Figure 2.8) (Wang et al., 

2008). 
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Chapter 3 Study Area and Data Description 

3.1 Study Area 

3.1.1 General 

The research is carried out over the central part of Stockholm County. Stockholm 

County consists of 11 municipalities among which Stockholm Municipality, the 

capital of Sweden, is the largest city in the country as well as in Scandinavia. It 

locates at the south east of Scandinavia, on the south-central east coast of 

Sweden, surrounded by Lake Mälaren and Baltic Sea. The total amount of area of 

Stockholm County is 6,519 km2 while in which approximate 5.8% (381 km2) is 

urban area. Over 30% of the city area is covered by waterways meanwhile 

another 30% is made up of green spaces. Stockholm is the most populous city in 

Sweden with a population of 0.85 million in the municipality, 1.37 million in the 

urban area and around 2.1 million in the metropolitan area. This is approximately 

22% of the total population in Sweden (Wikipedia 2011).  

3.1.2 Traffic and Environment 

Stockholm has a worldwide reputation for its good living environment. The 

whole city is surrounded by green lands and water. Large parts of the city’s 

natural areas and parks are easily to be accessed. The government of Stockholm 

pays a lot of attention to environment protection. In recent years they put 

amount of efforts in reducing the city’s greenhouse gas, harmful chemicals and 

toxins emissions, controlling water pollutions etc. Stockholm city was granted the 

2010 European Green Capital Award by the EU commission and has been 

celebrated as Europe’s first green capital (Stockholms Stad, 2011b).  

However, as the most populated city in Scandinavia, Stockholm apparently 

cannot avoid being affected by human activities, in which traffic should be 

counted as the first dominator for environmental problems. About 10% of the 

population is suffering from asthma or allergy caused by road traffic pollution 

(Stockholms Stad, 2011c) and in addition road traffic is the dominant source of 

noise.  

Just like all the other regional central city, Stockholm has a complex traffic 

network, convenient public transport facilities and millions of journeys every day. 

According to the travel survey carried out by SIKA (Statens institute 

förkommunikationsanalys, Swedish Institute for Transport and Communications 
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Analysis) in 2007, during 2005 to 2006, the most transportation method was car, 

which contributed approximately 64% of total kilometers. On an average day, the 

population traveled4 times further by car (53%) than by public transportation 

(14%) within the limit of the whole country. Moreover, gasoline was occupying 

the dominant place of fuel used in cars, which was about 8 times as much as 

diesel (SIKA, 2007). By the end of 2008, the total number of passenger cars in use 

in Sweden is approximately 4,000,000 which means in every 1000 Swedes 463 

were using a car for their daily travel. While according to the Nordic Major City 

Statistics published by NORDSTAT project, in Stockholm, the number 

approximately 400 in the whole county and 380 in the city area in 2007, which is 

only lower than Reykjavik in all five Nordic capital cities (NORDSTAT, 2008). As 

you can imagine it is conceivable that the situation may have not changed much 

these years.  

As the biggest environmental trouble maker, traffic has already attracted 

attention of stakeholders. The government and city planners are working actively 

to improve the situation. This is done by planning new roads, measuring air 

quality and noise level as well as introducing environment friendly vehicles and 

renewable fuels to the city. More traffic projects such as the Citybana is being 

carried out while green cars are being popularized to the public. According to the 

statistics from SIKA, by the end of 2008, the percentage of environmental 

passenger cars has raised from 0.03% in 1999 to 3.8% (SIKA, 2007).  

3.1.3 Noise 

Noise is one of the biggest environmental problems in Stockholm. Noise 

pollution is significantly increasing in the last decade. Noise sources can be traffic, 

construction, recreational as well as industrial activities while in Stockholm road 

traffic could be considered as the most important contributor. Fig 3.1 

demonstrates the percentage of population in Stockholm County who reported 

for traffic noise disturbance at least once a week from 1997 to 2007. (Bluhm G, 

Eriksson C, 2011) Now the government of the city is planning to carry out some 

environmental programs focusing on reducing traffic noise. The efforts they are 

trying to do are to replace the road surfaces and the control the speed in specific 

areas. Some relevant departments of the government, for instance Public 

Transport Authority, Transport Administration as well as Police, are responsible 

for monitoring the disturbances by traffic noise. Residents in the city may have 

the right to report the unsatisfactory if they feel the traffic noise does influence 

their daily life. Since 1980, city planners already took the influence of noise into 
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account when they were doing the planning so that the buildings constructed 

after that time all have the function of noise reduction. For people who live in 

the buildings constructed before that time, they may get grants if their 

residential properties are exposed to a higher noise level exceeding 62 dB (A) 

sound level. On April 1, 1996, the government promulgated a rule that only 

environmentally certified heavy vehicles were allowed to travel in the inner city 

area, which is so called the green zones (Stockholms Stad, 2011d). 

 
Figure 3. 1 Noise pollution and change over time  

(Source: Bluhm G, Eriksson C, 2011) 

3.1.4 Air Quality 

The air we breathe is vital to our health. Breathing in the polluted air 

continuously can cause discomfort with asthma and other respiratory diseases. 

Furthermore, traffic emissions may also have implications for the incidence of 

lung cancer or cardiovascular system diseases. Due to the emissions from road 

traffic, the air in Stockholm is not as clean as we expect. During the last 20 years, 

the air quality in Stockholm has become much better thanks to the application of 

catalytic convertors in vehicles. However although the concentration of sulfur 

dioxide and benzene and carbon monoxide can comply with the air quality 

standards used in Sweden in the recent days, the air quality standards for 

particulate matters (PM10) and nitrogen dioxide are hardest to satisfy. In the 

surrounding areas of the approach roads and along some downtown streets the 
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concentration of the pollutants should be the highest (Stockholms Och Uppsala 

Läns Luftvårdsförbund 2011a).  

The government now is putting efforts on monitoring and improving the air 

quality. A unit within Stockholm City's Environment and Health Administration 

called SLB analysis is responsible for operating the air quality management in 

Stockholm and carrying out consultancy work. They operates Stockholm – 

Uppsala Air Quality Management Association, the regional air quality system 

which detects the emission sources, measures air quality and meteorological 

parameters as well as models dispersion and deposition of air pollutants 

instantaneously (Stockholms Och Uppsala Läns Luftvårdsförbund 2011b). Air 

Pollutant Emissions Country Factsheet of Sweden published by European 

Environment Agency in 2010 shows that the total NOX and NMVOC emissions has 

decreased around 50% in 2009 compared to 1990 (European Environment 

Agency, 2011) . 

3.2 Data Description and Preprocessing 

3.2.1 Map Projection and Reference System 

In the research all the datasets are assigned Transverse Mercator as the map 

projection and SWEEF99_TM as the reference system. 

3.2.2 Road Network Data 

The prediction of noise and air pollution in the project is basically based on the 

traffic information which is generally integrated with the road network. The road 

network dataset used in the project is provided by Trafikverket in Nationella 

Vägdatabasen (NVDB). Originally the dataset consists of tens of shapfiles 

containing variety of traffic information. However in the attribute tables in each 

shapefile only one field is interested and most of the shapefiles are totally 

unnecessary, so that preliminarily preprocessing work was done before the 

dataset is used for prediction.  

First of all the favorable shapefiles containing information of average speed, 

functional road classes, and road width and vehicle volume were chosen and 

joined into one shapefile according to the primary key ‘RLID’ which is the 

identification information for the features in all the shapefiles. Afterwards other 

information was collated to make sure every single feature in the dataset has the 

interested information for prediction. 
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Functional Road Classes 

According to the feature type introduction provided by Trafikverket, all the roads 

in Stockholm could be divided into 10 functional road classes based on how 

important the road is for connection possibilities for the entire road network. 

Class 0 stands for the most important roads while Class 9 represents the least 

important ones (Tab 3.1 ) (Mattsson M-O, 2008) . 

Table 3. 1 Functional Road Classes  
(Source:Mattsson M-O, 2008) 

Functional 

Road Class 
National Road Network 

0 

Most important roads, consist of the national network (European 

highways, motorways consist or connect to a European highway) 

1 

Next most important roads, constitute a coherent network at the 

national level 

2 
Roads further condense the road network at the national level 

3 
Roads consist of the regional road network 

4 

High standard secondary county roads (with speed limits of 

90km/hour) 

5 

Low standard Secondary and tertiary county roads (with speed limits 

of 70km/hour) 

6 
Roads consist of national roads with lowest standard 

7 

8 

9 

Other least important roads 

 

Furthermore, the functional road classes are classified into four qualitative 

requirement classes (Q-class) so as to make the establishment of different quality 

requirements for different parts of the road network possible (Table 3.2 ) 

(Mattsson M-O, 2008) . 
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Table 3. 2 Qualitative Requirement Classes (Q-class)  
(Source: Mattsson M-O, 2008) 

Q-class Functional Road Class 

1 Functional Road Class 0-3 

2 Functional Road Class 4-5 

3 Functional Road Class 6-8 

4 Functional Road Class 9 

In the research dataset the first two Q-classes and Functional Road Class 6 and 7 

are included for analysis regarding to the importance of the roads and the given 

speed information of the road network.  

Vehicle Speed 

It is preferable to utilize average speed of the road network in the calculation of 

both noise and air pollution. However the average speed is unavailable in the 

dataset thus speed limit is used instead.  

In the original dataset of NVDB, the speed limit of the roads range from 20km/h 

to 110km/h. In light of the statistic of the speed limit of all the roads included in 

the research dataset, the speed levels could be reclassified into four groups. 

(Table 3.3) 

Table 3. 3 Speed Limit Groups 

New Speed limit level (km/h) Real Speed limit (km/h) 

30 20-30 

50 40-50 

70 60-80 

90 90-110 

Vehicle Volume 

In NVDB the vehicle volume data is only available for European highways and 

motorways containing the information of annual average daily traffic flow. The 
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data was measured 2 to 6 times over the weekdays and weekends in random 

selected points within every single road section. It provides the number of 

vehicles for 2-axle vehicles, lorries which is always considered as 3-axle vehicles 

as well as all vehicles which includes the former two per 24 hour. Since the 

calculations require the traffic flow information of both light and heavy vehicles, 

lorries would be considered as heavy vehicles and 2-axle vehicles would be 

considered as light vehicles. Approximate estimation was made on basis of both 

the traffic volume data and the statistic data from Official Statistics of Sweden, 

the proportion of heavy and light vehicles in Stockholm could be considered as 

12% and 88% respectively (Official Statistics of Sweden 2009). Light vehicles 

could be further divided into two types according to the fuel type, namely 

gasoline engine vehicles and diesel engine vehicles. Gasoline engine vehicles 

account for approximately 90% of the total amount and diesel vehicles account 

for 10% (Official Statistics of Sweden 2009) Fuel type for all heavy vehicles could 

be considered as diesel. 

In regard to the relative lower standard roads which don’t have any traffic 

volume information available, estimations were made to assign values in order to 

make sure every road section has the necessary information. Estimations were 

on the basis of topological relations, geographical locations as well as speed limit 

of the road sections. Here are the main principles. 

a) Topologically adjacent (not intersected) road sections may have the same 

traffic volume 

b) If traffic volume is unavailable for the topological adjacent road sections 

either, geographically neighboring road sections may have the same traffic 

volume 

c) If one road section has two topological adjacent road sections with different 

traffic volume, road sections with the same speed limit may have the same 

traffic volume. 

The estimation and assignment work was done manually after the necessary 

road classes and vehicle speed were determined. 

As the traffic volume vary from 50 to 10000 vehicles per 24 hours, it is necessary 

to classified them into several categories. In consider of the traffic volume values 

distribution and the predicted initial noise level pattern a manual classification 

method was applied in the principle of keeping a balanced quantity of road 
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sections in each category, namely there should not much significant difference 

between each category. The reclassification was carried out on the basis of the 

average number of all vehicles (including both light and heavy) per 24 hour. 

Table 3. 4 Traffic Volume Categories 

Traffic Volume Category (Veh/24 

h) 
Real Traffic Volume (Veh/24 h) 

60000 ≥40000 

35000 20000 – 39999 

11000 10000 – 19999 

8000 7000 – 9999 

5500 5000 – 6999 

2500 2000 – 4999 

As is demonstrated in the above table, the average daily vehicle number which is 

included in any interval in the right column would be approximately taken place 

by the number in the corresponding left column. The reason for having 5 

categories for the group from 0-10000 while only 3 for the group from 10000 to 

100000 is according to the noise prediction method, the initial noise level which 

determined by vehicle speed and traffic volume varies much less significantly 

with traffic volume while the number is increasing. For instance initial noise level 

increases around 6 dB when traffic volume grows from 200 to 1000, while only 3 

dB when the traffic volume vary from 1000 to 2000 for light vehicles at the speed 

65 km/h. The rest might be deduced by analogy. 

Dual Roads and Other Unnecessary Details 

The original road network was probably constructed by vehicle holding GPS 

devices travelling road by road as there are a bunch of dual roads and 

unnecessary details. Dual roads were induced by the physical isolations in the 

middle of the roads although they belong to the same road (same functional 

class, same speed limit as well as same traffic volume). Dual roads would possibly 

cause over estimation of noise and air pollution since it would be calculated 

twice as two separate roads. So as to avoid of re-calculation, dual roads an 
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unnecessary details were deleted manually before the dataset was used for 

prediction. Fig 3.2 illustrates the difference between the original roads dataset 

and after – preprocessing roads dataset. 

 

Figure 3. 2 Dual Roads and Unnecessary Details Preprocessing 

3.2.3 Buildings 

In the building dataset only the main large buildings are represented while some 

small ones are neglected. So as to model the noise and air pollution in 3D, 

obviously the height information is needed for each identical building. However 

unfortunately the height information is unavailable in the dataset, the assumed 

average building height, 15.5m would be assigned to all the buildings. (All the 

noise and air pollution sources are considered as 0.5m height from the ground 

surface.) 

In addition, for the reason that the modeling procedure either for noise or air 

pollution would be carried out in two parts, namely central Stockholm and the 

whole Stockholm County, the central Stockholm would be defined as the most 

densely built up areas (Figure 3.2).  

For the purpose of visualization at the final stage, Google Earth would be used as 

the background since we are lacking of appropriative 3D building models. 
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Figure 3. 3  Pre-defined Central Stockholm Area 

3.2.4 Elevation 

The DEM is generated from the contour lines by creating TIN then transformed to 

raster with the pixel size 10m×10m, elevation range from 0 to 90m. The original 

data is obtained from DigitalaKartbiblioteket provided by Lantmäteriet. 
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Chapter 4 Methodology 

4.1 Framework 

The main framework of the research is using GIS to analysis traffic induced noise and 

air pollution based on the prediction models and visualized the analysis results in 3D 

respectively ArcScene, Google Earth as well as X3D. The procedure could be 

described in Figure 3.2. 

a) Road dataset with properties of speed limit and traffic volume is used as the 

base of analysis. 

b) The Nordic Prediction Method was used both in initializing the emitted noise 

from the roads and noise propagation analyzing in the street horizontally and 

vertically. The analysis procedure was carried out in ArcScene. The prediction 

method will be introduced detail in the following chapters. 

c) The initial air pollution emission concentrations were predicted according to 

ARTEMIS model which will be described later on. OSPM model was used for 

simulating the propagation of air pollutants in the street canyons. These steps 

were also implemented in ArcScene. 

d) The predicted results in ArcScene were transferred into KLM files and 

imported into Google Earth for 3D visualization. 

e) X3D scenes were created using the predicted results in three styles-contour 

model, scattered cells model as well as box model. 
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Figure 4. 1 Procedure of Noise and Air Pollution Prediction and 3D Visualization 

4.2 Implementation 

4.2.1 Generating Receiver Points  

First of all receiver points receiver points were generated for prediction. 

Generally speaking all the analysis procedures were based on the receiver points 

generated in this step by calculating noise levels and air pollutant concentrations 

of the receiver points. This step was divided into three parts, namely generating 

receiver points over building facades, generating outdoor receiver points and 

generating indoor receiver points. 

Receiver Points over Building Facades 

In this part the points were generated using script Create points along lines or 

polygons available from ArcScripts. 

The original idea of this part was to create receiver points over building facades 

with different heights, for example 0.5m, 3.5m, 6.5m, 9.5m, 12.5m and 15.5m 

and compute the distances from the points to the source used in both noise and 

air pollution prediction respectively. (For simple calculation, the height levels 

were using 0.5m, 3.5m etc. instead of 0m, 3m etc. because the height of the 

source was considered to be 0.5m above the road surface.) The distance 

between two points with the same height level was 5m. The Z values of the 
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points were the sum of the elevation of the points acquired from the DEM 

dataset and the height differences from the points to ground surface (0.5m, 3.5m, 

6.5m, 9.5m, 12.5m and 15.5m). Then the receiver points distributed over the 

building facades as the following figure illustrates.  

 

Figure 4. 2 Vertical Distribution of Receiver Points over Building facades (front view and side view) 

Outdoor Receiver Points 

Outdoor receiver points were generated within the whole study area using the 

Hawth’s Analysis Tools for ArcGIS - Generate regular points’ tool, which is used to 

generate regular points evenly within a polygon Beyer H) in different height 

corresponding to points over building facades. The Z values of the points were 

also the sum of elevation got from the DEM dataset of the study area and the 

height differences from the points to ground surface.  

Indoor Receiver Points 

Indoor receiver points were also generated using Hawth’s Analysis Tools for 

ArcGIS - Generate regular points’ tool within the polygons representing buildings 

in different heights.  

4.2.2 Noise Prediction  

Affecting Factors of Noise Level 

Road traffic noise is affected by many factors. On the basis of the methods 

introduced above, generally the most three important factors are traffic volume, 

vehicle speed and the traffic composition. 

a) Traffic volume (veh/hour) 

Obviously, the busier the road is, the bigger the traffic noise will be. 



 

36 
 

b) Vehicle speed (km/hour) 

As the traffic speed increases, the noise level will also increase. 

c) Traffic composition (%) 

Traffic composition means the number of the heavy vehicles, namely 

buses, trucks etc., in the traffic flow. Heavy vehicles always contribute 

more than passenger cars in noise pollution. 

In addition, there are some other factors that influencing traffic noise. For 

instance, from the road point of view, material of road surface, road gradient, 

from the vehicle point of view, the tire material and the frequency of stopping 

and starting, from the propagation attenuation point of view, distance from 

receiver to the noise source, the landuse type in the ambient area, the barriers 

such as buildings and screens, the terrain around the noise source as well as 

atmosphere absorption, atmospheric and ground effects (reflection, diffraction 

and scattering) are all influencing the traffic noise. 

Road Traffic Noise – Nordic Prediction Method 

As is introduced in Chapter 2, Road Traffic Noise – Nordic Prediction Method is 

the traffic noise prediction method proposed by Nordic Council of Ministers in 

Denmark in 1996 according to the traffic situations in the Nordic cities. Therefore 

it is used for traffic noise in this research. 

• Preconditions 

The prediction method is valid for a distance up to about 300m from the road 

center to both sides with the moderate meteorological conditions (0-3m/s 

downwind along the roads) (Nielsen H.L. et al., 1996).  

To simplify the calculations, every road is considered to have constant traffic 

flow, regardless of stop-and-go, acceleration etc. 

• Required Data and Description 

Calculating the primary descriptor of noise from road traffic, A-weighted 

equivalent continuous sound pressure level, abbreviated as LAeq, requires the 

following parameters. (Nielsen H.L. et al., 1996) 

a) Traffic volume for both light and heavy vehicles 
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b) Speed limit 

c) Distance to road central line 

d) Height of road surface relative to the surrounding ground  

e) Barriers (position, height and thickness) 

f) Receiver locations 

g) Ground surface type 

Traffic volume for light and heavy vehicles and speed limit are the most 

important factors that influencing road traffic noise. As is mentioned in the 

previous Chapter, according to the statistic data from Official Statistics of 

Sweden, the proportion of heavy and light vehicles in Stockholm could be 

considered as 12% and 88% respectively.  Speed limit is used for calculating 

because either the real speed or the average speed is not available in the 

datasets. Distance to road central line would be calculated in the procedure 

of analysis. DEM data is used to obtain the information of height of road 

surface relative to the surrounding ground, which determines if the noise 

could propagate because of the terrain variation. For Instance it cannot 

spread anymore when there is an area with the elevation higher than the 

source point and the receiver point in between. Receiver locations and types 

of ground surfaces are also used to calculate the attenuation during 

propagation. Unfortunately the information of noise barriers is not available 

in the research. 

• Calculation Procedure 

Originally the calculation could be carried out in five steps, however, for most 

basic calculations only the first three steps are applied owing to the less 

accurate requirement. Here are the detailed introductions to the calculation 

steps. 

Step1 – Initial noise level, ,10Aeq mL
 

Initial noise level means the un-attenuated reference value at the distance 

10m from the center line of a road, denoted as ,10Aeq mL . For simple, the 

following diagrams are used for calculating the initial noise level. It is 
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determined by the speed limit and the traffic volume for light and heavy 

vehicles. Here are the detailed directions for estimating the initial noise level. 

(Nielsen H.L. et al., 1996) 

 
Figure 4. 3 Basic Noise Values 

(Source: Nielsen H.L. et al., 1996) 

a) Find the AEL value in the upper left diagram according to the speed limit 

for both light and heavy vehicles respectively. 

b) Move horizontally to the right diagram until meets the bold vertical line 

which indicates 8640 vehicles/24h.  

c) Then move along the tilted lines up or down towards the real traffic 

volume to get the AeqL values at the left side of the diagram for both 

light and heavy vehicles respectively. 

d) Using the difference between the AeqL of light and heavy vehicles and 

the lower left diagram to identify the number to add to the higher AeqL

between the AeqL of light and heavy vehicles.  

Step2 – Distance correction, AVL∆  

For rough calculation of the distance correction on the ground level, 

regardless of ground, screen etc, when the receiver points are at a distance of 

10m away from the road central line, the distance correction is -3dB per 
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doubling of distance (Nielsen H.L. et al., 1996). This rough calculation could 

be applied for the calculation for the whole Stockholm County (including rural 

areas), especially for the receiver points far away from the source in the 

suburb area.  

However for receiver points at a short difference to the source and with a 

height difference from the source in the city central area, the height 

difference could not be neglected. To determine the distance correction from 

the receiver points which have a height difference from the source, the 

following parameters should be calculated first (Nielsen H.L. et al., 1996). 

a) The horizontal distance, a , that is the perpendicular distance from the 

projection of receiver point in the same horizontal plane with the road 

to the road section. 

b) The difference in height, m bh h− , above the same horizontal plane 

between the receiver point to the road surface.  

The parameters are illustrated in the following figure. 

 
Figure 4. 4 Distance between Receiver Point and Road Central Line 

Afterwards the following equation is applied for calculation of the distance 

correction for the receiver points with a height difference from the source. 

(Nielsen H.L. et al., 1996).Here all noise sources are considered to have a 0.5 

height difference from the road surface due to the height of vehicles. 

2 2( 0.5)
10 lg

10
m b

AV

a h h
L

 + − −
 ∆ = − ⋅
     

eq. 4.1 

Step3 – Ground and Screen correction, MSL∆  

The ground and screen correction is influenced by many parameters including 
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the noise spectrum of the sound source, the height of the sound source 

above the road surface and relative to the surrounding terrain, the position 

of the receiver relative to the road surface and the surrounding terrain, the 

acoustic properties of the ground surface as well as the weather conditions 

etc (Nielsen H.L. et al., 1996). However in the research it is too complicated to 

take all the parameters into account. On account of being simple, only height 

of the road surface above the ground and height of the receivers would be 

considered. 

Finally all the corrections are added to the basic noise level. 

,10Aeq Aeq m AV MSL L L L= + ∆ + ∆
  

eq. 4.2 

Prediction of Noise 

• Determination of Initial Noise Level 

The next step of traffic noise prediction is to determine the initial noise levels 

on basis of vehicle speed, traffic volume as well as traffic composition. This 

procedure was carried out manually since in data preprocessing procedure 

the road network was divided into 4 categories according to speed limit. In 

each category 3 to 5 different traffic volume (12% and 88% for heavy and 

light vehicles respectively) levels are included.  

The initial noise level was determined following the instructions in section 

4.2.1.3, Step 1. The results are showed in the table below. (Approximations 

were taken when two or more digits occurred after the decimal point during 

the calculation.)  
Table 4. 1 Initial Noise Levels (dB(A)) 

Speed 

(km/h) 

Traffic Volume (Veh/24h) 

60000 35000 11000 8000 5500 2500 

30 -- -- -- 64 62.5 58.5 

50 74 71.5 66.5 65 63 -- 

70 78 75.5 70.5 68.5 -- -- 

90 81 78.5 73.5 -- -- -- 

• Distance Correction  

Distance correction was applied for all the receiver points. For simple in the 

research we assumed that every receiver point was only affected by one road 
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section, namely the one closest to it. 

First of all points were generated along the road central line with an interval 

of 3m. The points were assigned initial noise level the same as the road 

sections they belonged to.  Z values were also acquired from the DEM dataset. 

(To be clear these points are called road points for short in the following 

description.) Afterwards the nearest distance from every receiver point to the 

closest road point was calculated and stored in receiver point’s attribute table 

with the road point ID information as well, thus the Z information of road 

point and the initial noise could be acquired by joining the attribute tables of 

both receiver points and road points together. The distance correction for the 

receiver point could be computed using eq 4.1. The parameters in our case 

are stated below.  

a  is the shortest distance from the receiver point to the road central lines 

(distance from the receiver point A to the closet point along the road central 

lines B) 

mh  is the height of the receiver point (elevation from DEM+ height 

difference(3.5m, 6,5m…)). 

bh  is the height of the closest road point (elevation from DEM). 

0.5 is the assumed height of the noise source, 0.5m. 

The distance correction should be a negative figure since noise attenuates as 

distance increases. However there were a bunch of points whose distance 

corrections were positive and obviously the reason was the distance from the 

receiver point to the road point is smaller than 10m. In that case the points 

with a positive distance correction were assigned 0 instead.  

Finally the noise levels of the receiver points were determined by the sum of 

the initial noise level and the distance correction. 

• Noise levels for Indoor Receiver Points 

As we don’t predict indoor noise in this research, the noise levels for indoor 

receiver points were uniformly assigned 25 dB to all indoor points since it is 

the approximate minimum value as we predicted for the outdoor points.  
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4.2.3 Air Pollution Prediction 

Prediction of Initial Emission Concentration 

Similar to noise prediction, first initial emission concentration in every road class 

defined in previous chapters needed to be determined. In the thesis only NOX is 

selected as an example since NOX is one of the most important the equal 

standard pollution loading of NOX is much larger than CO meanwhile the capacity 

of NOX is smaller than CO. In other words, if the impact of NOX is acceptable, 

others could also be accepted.  

• Emission Factors Estimation 

ARTEMIS model introduced in Chapter 2 was used as traffic air pollution 

prediction model since it is right now being used in Sweden for calculating 

transports emitted pollutants and greenhouse gases. ARTEMIS Model 

includes four types of models suitable for different situations, instantaneous 

emission models, a kinematic regression model, a traffic situation model and 

average speed model. Since the average speed (speed limit) for roads is the 

most important available information, the average speed model is used for 

prediction. 

According to the principle of ARTEMIS model, emission factor of an air 

pollutant is affected by vehicle load, vehicle fuel type, gradient of road, 

ambient weather conditions, European emission standard, as well as driving 

conditions (cold start and hot emission, acceleration, stop-and-go) etc. other 

than average speed (Boulter P  McCrae I, 2007). So as to simplify the 

prediction, only vehicle load, vehicle fuel type and European emission 

standard are taking into account and traffic situation is considered to be free-

flow.  

As is mentioned in Chapter 3, Vehicle load, namely light vehicles (passenger 

cars) and heavy vehicles are respectively 88% and 12% according to the 

Swedish official statistics (Official Statistics of Sweden 2009). And light 

vehicles were divided into gasoline engine vehicles and diesel engine vehicles, 

approximately 90% and 10% respectively Official Statistics of Sweden 2009). 

In this case, all vehicles were separated into the following three types, 

gasoline-light-vehicles, diesel-light-vehicles and heavy vehicles. 

European emission standard is another important factor that affecting 
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predicted emission factor. It represents the vehicle emission performance 

which defined by engines. So far European Union has issued and 

implemented five emission regulations. Euro V is now in use since 2008. Euro 

I to Euro IV were implemented in 1992, 1996, 2000 and 2005 respectively 

(DieselNet, 2010). In other words, all vehicles constructed during 2000 to 

2005 apply Euro III, namely they comply emission standard stated in Euro III. 

According to the statistics, vehicles in use in Sweden constructed before 1996 

account for 28%, during 1996 to 2000 account for 26%, during 2000 to 2005 

account for 29% and after 2005 account for 17% (Official Statistics of Sweden 

2009). On average, Euro III was selected as the emission standard in the 

research.  

Figure 4.5, 4.6 and 4.7 show the predicted emission factors of NOX for 

different vehicle types and different emission standards varying with average 

speed. From the figures we could roughly estimate emission factors (Table 

4.2). 

 

Figure 4. 5 Estimated Emission Factors of NOX for Gasoline Light Vehicles 
(Source: Boulter P  McCrae I, 2007) 
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Figure 4. 6 Estimated Emission Factors of NOX for Diesel Light Vehicles 
(Source: Boulter P  McCrae I, 2007) 

 

Figure 4. 7 Estimated Emission Factors of NOX for Heavy Vehicles 
(Source: Boulter P  McCrae I, 2007) 

Table 4. 2 Estimated Emission Factors (g/km∙s) 
Spe

ed (km) 

Gasoline-light-

vehicles 

Diesel-light-

vehicles 
Heavy vehicles 

30 0.09 0.8 10 
50 0.08 0.7 7.5 
70 0.07 0.7 7 
90 0.06 0.75 5 
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• Initial Emission Concentration 

The initial emission concentration of the line source, namely the central line 

of road, was calculated from the emission factor of a single vehicle and the 

emission traffic volume using the following equation. 

3
3

1

10
24 3600

i i

i

A E
Q −

=

⋅= ⋅
⋅∑

 
eq 4. 3 

Where  

Q  (g/m∙s) is the total emission concentration of a given air pollutant, in the 

case NOX. 

iA  (veh/24h) is average number of vehicles of type i  in 24 hours. As 

mentioned in the previous section, vehicle type is defined by both load and 

fuel type. 

iE  (g/km∙s∙veh) is the emission factor for vehicle type i  achieved from 

emission factor prediction model in the previous section. 

The initial air pollutant concentrations are listed in Table 4.3 

Table 4. 3 Estimated NOX Emission Concentration (mg/m∙s) 

Speed 

(km/h) 

Traffic Volume (Veh/24h) 

60000 35000 11000 8000 5500 2500 

30 -- -- -- 0.124 0.0855 0.0389 

50 0.713 0.416 0.131 0.095 0.0653 -- 

70 0.665 0.388 0.122 0.0887 -- -- 

90 0.496 0.289 0.091 -- -- -- 

 

Pollution Emissions Dispersion in Street Canyon – OSPM Model 

Pollutants emitted from road traffic propagate in the air with the wind and 

change directions when they meet buildings along the street, so that a vortex is 

formed. OSPM model is used to simulate the dispersion procedure pollutants 

propagate in street canyon. In the research it is used as prediction model for 

analyzing and predicting concentration of NOX along the roads and over building 

facades.  
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OSPM model developed by the National Environmental Research Institute of 

Denmark is a parameterized semi-empirical dispersion prediction model 

(Berkowicz R et al. 1997). The emission concentration is calculated by the 

combination of emissions within the vortex (direct contribution) and 

recirculation pollution (recirculation contribution) (Berkowicz R, 2000). Thus the 

prediction procedure could be divided into two parts. 

Part 1 Direct Contribution 

Both the traffic and traffic emissions are uniformly distributed across the canyon 

and the roads are considered as infinitesimal line source perpendicular to wind 

direction at the street level. Cross wind diffusion was disregarded and line 

sources were treated infinite long. The emission concentration in the street Q

(g/m∙s) could be calculated using 

 
Q

dQ dx
W

=
 

eq 4. 4 

Where 

W  (m) is the width of the street canyon. In the research all width of street 
canyon is considered as 10m. 

x  (m) is the distance from the line source, which is an independent variable in 
the prediction model. 

The emission concentration (direct contribution, dC (g/km∙s)) at a receiver point 

with a distance x to the line source could be descript using 

( )
2

d
b z

dQ
dC

u xπ σ
=

⋅
                                      

eq 4. 5 

 namely  

( )
2

d
b z

Q dx
dC

W u xπ σ
=

⋅
   

eq 4. 6 

where  

bu  (m/s) is the street level wind speed, given by  
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( )
( ) ( )( )0 0

0

ln /
1 0.2 sin

ln /b t

h z
u u p

H z
= − ⋅ ⋅ Φ  eq 4. 7 

( )z xσ is the vertical dispersion parameter, assuming that the dispersion is only 

determined two mechanisms - wind and traffic in the street. It is given by 

 ( ) 0z w
b

x
x h

u
σ σ= +   eq 4. 8 

 In equation 4.6 and 4.7, parameters are illustrated below. 

tu  (m/s) is the wind speed at the top of the street canyon. Wind direction and 

speed information is not available thus a moderate wind speed, 5m/s is taken in 
calculation. 

0h  (m) is the initial dispersion in the wakes of vehicles and it is assumed to be 2 

(Berkowicz R et al. 1997). 

H  (m) is the average deep of the street canyon, in our case, 15.5m (same as the 
height of the buildings). 

0z is roughness length, 0.6m (Berkowicz R et al. 1997). 

p  is the ratio of height of the buildings on the upwind side to the average depth 

of the canyon. Since in the research height information of each building is lacking 
and all buildings were considered as the same height, the value of p  is 1. 

Φ  is the angle of roof level wind direction with respect to the street axis. In our 
case it is always considered as 90⁰ for simple calculation. 

wσ  is the vertical turbulent velocity fluctuation, which is given by  

 ( )
0

2 2
w b wuσ α σ= +   eq 4. 9 

 and  
 α  is a constant which is given a value of 0.1(Berkowicz R et al. 1997). 

0wσ is the traffic created turbulence which is calculated using  

 
0

2 2 2
w b V Dσ =

 
eq 4. 10 

 In which  

b  is an empirical constant related to aero dynamic drag coefficient and 0.3 is 
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used in the current version of OSPM model (Berkowicz R et al. 1997). 

V (km/h) is average speed of vehicles. Speed limit is used instead in the research. 

D  is the density of the moving vehicles.  

2
vehN S

D
V W

⋅=
⋅

  eq 4. 11 

vehN  ((24h)-1) represents the number of cars passing the street per time unit, 

which could be achieved from traffic volume in the original dataset. 

2S (m2) is the horizontal area occupied by a single vehicle. 3m2 is used in the case. 

For simple calculation, D  is pre-calculated and the results are showed in Table 
4.4. 

Table 4. 4 Density of Moving Vehicles 

Speed 

(km/h) 

Traffic Volume (Veh/24h) 

60000 35000 11000 8000 5500 2500 

30 -- -- -- 0.0033 0.0023 0.001 

50 0.015 0.0088 0.0028 0.002 0.0014 -- 

70 0.0107 0.0063 0.002 0.0014 -- -- 

90 0.0083 0.0049 0.0015 -- -- -- 

Then values of 
0

2
wσ  are listed in Table 4.5. 

Table 4. 5 Square of Traffic Created Turbulence 

Speed 

(km/h) 

Traffic Volume (Veh/24h) 

60000 35000 11000 8000 5500 2500 

30 -- -- -- 0.27 0.1856 0.0844 

50 3.375 1.9688 0.6188 0.45 0.3094 -- 

70 4.725 2.7563 0.8663 0.63 -- -- 

90 6.075 3.5438 1.1138 -- -- -- 

   

The value of bu could also be calculated according to equation 4.7.  bu  is 

approximately equals to 1.5m/s. 

Next the vertical turbulent velocity fluctuation wσ  could be calculated using 

equation 4.9. The values are showed in Table 4.6. 
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Table 4. 6 Vertical Turbulent Velocity Fluctuation 

Speed 

(km/h) 

Traffic Volume (Veh/24h) 

60000 35000 11000 8000 5500 2500 

30 -- -- -- 0.541 0.456 0.327 

50 1.843 1.411 0.801 0.687 0.576 -- 

70 2.179 1.667 0.943 0.675 -- -- 

90 2.469 1.888 1.066 -- -- -- 

Finally direct contribution dC could be calculated using the equations and 

parameters introduced above. 

Part 2 Recirculation Contribution 

A simple box model is used for calculating recirculation contribution.  The length 
of the vortex is usually assumed to be twice as the height of the up wind building 
(31m) (Berkowicz R et al. 1997). In our case, wind direction is considered 
perpendicular to the street axis and the width of the street canyon is 
approximately 10m, consequently the street canyons are fully occupied by the 
vortex. Therefore the emission concentration at downwind buildings is totally 
contributed by recirculation contribution while the emission concentration at 
upwind buildings counts both direct contribution and recirculation contribution 
and the contribution of the former is much larger than that of the latter. The 
recirculation path is illustrated in Figure 4.8 and Figure 4.9.  

 

Figure 4. 8 Recirculation zone in the street canyon (overlook) 
(Source: Berkowicz R et al. 1997) 
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Figure 4. 9 Recirculation zone in the street canyon (side-look) 
(Source: Berkowicz R et al. 1997) 

However wind direction information is not available in the research, the 
recirculation contribution would be ignored and the emission concentration took 
direct contribution instead and building facades on both sides of the streets 
canyon has the same air pollutant concentration. 

Air Pollution Concentrations for Receiver Points 

Receiver points generated for noise visualization were also used in air pollution 

visualization. 

• Outdoor Receiver Points 

Air pollutant concentrations for all outdoor receiver points were calculated 

based on the initial emission concentration of the road line source using 

OSPM model. As all the other parameters were approximately estimated or 

indirectly calculated, the pollutant concentration only varies with the 

distance from receiver point to the line source. The calculation method of 

distances was introduced in the previous sections, same as the distances 

used for calculation of noise pollution. 

• Indoor Receiver Points 

All indoor receiver points were considered not influenced by air pollution 

from the road. In other words, the air pollutant concentration of indoor 

receiver points was assigned 0. 

4.2.4 3D Visualization 
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3D Visualization in ArcScene with Point Data 

First the generated receiver points with different noise and air pollutant 

concentration values could be visualized in ArcScene. In order to make 

visualization clearly and efficiently only receiver points over building facades and 

outdoor points on the ground level were used for visualization in ArcScene. Color 

scale ranging from green to red represents noise levels from low to high. 

3D Visualization in Google Earth with Point Data 

The layers visualized in ArcScene could be converted to kml file which is able to 

be important and displayed in Google Earth. The 3D buildings and virtual scene in 

Google Earth provides a more actual view of the analysis result.  

3D Visualization in X3D 

• X3D Visualization Framework 

So far, the predicted values were represented in a huge amount of point data 

in shapefile which could be visualized in ArcScene and Google Earth in 3D 

environment. X3D could help with visualization in different ways. The general 

visualization framework is demonstrated in Figure 4.10. 

First of all the original point shapefile needed to be rasterized. Interpolation 

of observation points with identical height levels (from ground to points) was 

carried out to get continuous surfaces of noise levels and air pollutant 

concentrations on different heights separately. All points including outdoor 

points, indoor points as well as points over building facades in each height 

level were used for interpolation. This step was implemented in ArcMap 

using IDW interpolation method. 

By interpolation and conversion we’ve got raster files in TIFF format. Noise 

and air pollution concentration contours were extracted from the 

interpolated raster files. The original shapefile contours were read as Java 

objects of MultiLineString class which was used to present line string 

geometry. Then IndexedLineSet function in VRML was invoked to visualize the 

contours in X3D. These contours also show how noise and air pollution 

distribute in a specific height level.  
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Figure 4. 10 Framework of 3D Visualization in X3D 

A scattered cells model and a box model were designed for visualizing 

pollutions with the city model. In the scattered cells model the interpolated 

raster files were segmented into scattered cells. Each cell has a noise/air 

pollutant concentration value. Noise/air pollution distribution at a specified 

height level were visualized in both colors and heights of the cells. Raster files 

needed to be converted to ASCII files before this was implemented. The 

conversion was carried out in ENVI.  Also using the converted ASCII files 

Box model were created. Every point in the box model represents the 

predicted noise/air pollutant concentration value at the actual position. X3D 

support gradual changing colors with values. In other words, the box model 

was generated using the predicted values in limited heights. The points 

without predicted values were filled with colors provided by X3D. Both the 

scattered cells model and box model called IndextedFaceSet function for 

visualization. 

To help with visualization buildings could not be neglected. The original shape 

file buildings were read as Java objects of MultiPolygon class and visualized 
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also using IndexedLineSet function.  

• Contour Model 

As introduced above the extracted contours were read as objects of 

MultiLineString Class from the encapsulated shapefile class. MultiLineString is 

a pre-defined class in JTS (Java Topology Suite) for representing polyline 

geometry using a series of coordinate pairs of nodes. For instance, 

Geometry = ‘MultiLineString((1 1,5 5),(1 3,3 1, 2 4))’; 

In the statement each coordinate pair represents the coordinates of one 

node of the line strings and a series of coordinate pairs represent one line 

string. Several line strings compromise an object in MultiLineString. The 

following pseudo code was used for read shapefiles as MultiLineString object. 

First of all variants were defined. 

 public Geometry geo; 

 public Long val; 

 float[] coord; 

 int[] idx; 

 public NoiseLine(Geometry geometry, Long integer) { 

  geo = geometry; 

  val = integer; 

  setLine();} 

Secondly the MultiLineString object is identified. And coordinates of the all 

nodes in the object is got. 

 MultiLineString mls  = (MultiLineString)geo; 

 int n = mls.getNumGeometries(); 

 Coordinate[] cs = mls.getCoordinates(); // get all nodes coordinates 

 coord = new float[cs.length*3];    // create a new coordinate  matrix  

 idx = new int[cs.length+1];     //create a index matrix 

 for(int i=0;i<cs.length;i++){     //for-loop, to get x, y, v value from all nodes 

  coord[3*i]=new   Double(cs[i].x-Tools.minx).floatValue();   

 coord[3*i+1]=new Double(cs[i].y-Tools.miny).floatValue();  

 coord[3*i+2]=val-30;                                                                  // set origin 

  idx[i]=i;}                                                                 // index for every node 
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After reading the MultiLineString objects, all nodes were given indices.  

IndexedLineSet is helpful in representing the contours using the indexed 

nodes.  IndexedLineSet is a fundamental geometry primitive that support 

drawing of lines (The Annotated VRML 97 Reference, 1999a). IndexedLineSet 

represents a 3D geometry formed by constructing polylines from 3D vertices 

in the coord field. IndexedLineSet uses the indices in its coordIndex field to 

specify the polylines by connecting vertices from the coord field (The 

Annotated VRML 97 Reference, 1999a). Here is an example of IndexedLineSet 

function. As is expressed, the MultiLineString object is drawn by drawing the 

points in the coordIndex successively.  

 
Figure 4. 11 IndexedLineSet Illustration 

(Source: The Annotated VRML 97 Reference, 1999a) 
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The following pseudo code was used to draw contours in the 3D scene. 

  X3DNode shape = mainScene.createNode("Shape"); 

        SFNode shape_app = (SFNode)(shape.getField("appearance")); 

        X3DNode app = mainScene.createNode("Appearance"); 

        X3DNode mat = mainScene.createNode("Material");        // create 3D 

scene 

 

        SFNode shape_geometry = (SFNode) (shape.getField("geometry")); 

 

        double[] c = getColor(new Float(noiseline.value));         //color index 

        float r = new Float(c[0]/255); 

        float g = new Float(c[1]/255); 

        float b = new Float(c[2]/255);                           // set colors to 

contours 

IndexedLineSet uses the coordinate indices to find the coordinates of each 

point and draw the points one by one.         

        IndexedLineSet ex=(IndexedLineSet) 

mainScene.createNode("IndexedLineSet"); 

        Coordinate xn = (Coordinate)mainScene.createNode("Coordinate"); 

        Color clr = (Color)mainScene.createNode("Color"); 

        float[] cf = {r, g, b}; 

        clr.setColor(cf); 

        xn.setPoint(noiseline.getCoord()); // get coordinates of vertex 

        ex.setColorPerVertex(false);   //color per polyline 

        ex.setCoord(xn);      //coordinates of all nodes 

        ex.setCoordIndex(noiseline.getLineIndex()); //coordinate index 

        ex.setColor(clr);     //set colors 

 

        shape_geometry.setValue(ex);    

• Scattered Cells Model 

Scattered cells models were generated from the converted ASCII files. The 

size of the original interpolated raster files were 576 rows x 546 columns, 

which is too large for visualizing in X3D. When the images were being read, 

they were compressed to 100x100 for noise visualization and 50x50 for air 

pollution visualization by using the average value of every five cells in both 
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rows and columns.  

The cells of the images were drawn using IndexedFaceSet. IndexedFaceSet 

represents a 3D shape formed by constructing faces or polygons from 

vertices listed in the coord field. The coord field contains a Coordinate node 

that defines the 3D vertices referenced by the coordIndex field. 

IndexedFaceSet uses the indices in its coordIndex field to specify the 

polygonal faces by indexing into the coordinates in the Coordinate node (The 

Annotated VRML 97 Reference, 1999b). Figure 4.12 illustrates the structure of 

IndexedFaceSet. Each face of the tetrahedron was defined by four points in 

the point field. Only Indices were given in the coordIndex field rather than 

coordinates of all points. 

 
Figure 4. 12 IndexedFaceSet Illustration 

(Source: The Annotated VRML 97 Reference, 1999b) 

Before creating scattered cells model some necessary variables were defined. 

float x, float y, represent the planar coordinates of one cell, float w, float h 

represent the width and length of each created scattered cell, and float v 

means the value of the cell. The following pseudo code illustrated how the 

scattered cells model was created. 
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IndexedFaceSet ex = (IndexedFaceSet) 

mainScene.createNode("IndexedFaceSet"); 

        Coordinate xn = (Coordinate)mainScene.createNode("Coordinate"); 

         

        float[] pos = {x,y,v,x+w,y,v,x+w,y+h,v,x,y+h,v}; //position of one cell, one 

cell is defined by four points 

        xn.setPoint(pos);       //get coordinates of points that define one cell 

        ex.setCoord(xn);    // coordinates of points 

        int[] idx = {0,1,2,3,-1};    // coordinate index, -1 means the end of 

one cell 

        ex.setCoordIndex(idx);    // set coordinates 

index 

         

        shape_geometry.setValue(ex);    

• Box Model 

In the box model also IndexedFaceSet was used to create box. Every box was 

defined by 8 points as is illustrated in Figure 4.13. The coordinates of every 

point are also showed in the figure. 

 
Figure 4. 13 Box Definated by 8 points 

Following pseudo code is used to visualize the boxes.    

                       

 IndexedFaceSet ex = (IndexedFaceSet) 

mainScene.createNode("IndexedFaceSet"); 

        Coordinate xn = (Coordinate)mainScene.createNode("Coordinate"); 
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 float[] pos = 

 {x,y,0,x+w,y,0,x+w,y+h,0,x,y+h,0,x,y,v,x+w,y,v,x+w,y+h,v,x,y+h,v}; 

                                      // coordinates of the 8 points used to define the box 

        xn.setPoint(pos); // get coordinates of points that define one cell 

        ex.setCoord(xn);   // coordinates of points 

        int[] idx = {0,1,2,3,-1,4,5,6,7,-1,0,1,5,4,-1,1,2,6,5,-1,2,3,7,6,-1,3,0,7,4,-1}; 

 // each box is defined by 6 surfaces, coordinate index to define the 

surfaces 

        ex.setCoordIndex(idx);  //set coordinate index 
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Chapter 5 Results and Discussion 

5.1 3D Visualization in ArcScene with Point Data 

Figure 5.1 is the overview noise level of Stockholm city center visualized in ArcScene. 

As predicted, the highest noise level in the study area is approximately 25 dB and the 

highest is 74 dB. From this figure we could easily find that noise distributes along 

roads. There is much difference between noise levels that origin from different 

classes of roads. Noise on high ways that have heavy traffic flow and higher average 

speed is apparently much higher than that in the local roads. Noise levels also vary 

obviously with distance from road sources to the receiver points. The highest value 

probably occurs along the high ways, for instance E4 while the lowest value may 

appear in the area relatively far away from the roads, for example in the center of 

the old town.  

 
Figure 5. 1 Noise Levels in Stockholm City Center – Overview 

Air pollution also has similar distribution to noise. In the predicted results, according 
to a rough statistics, the NOX concentration values for receiver points range from 
0.005 g/km∙s to 0.28 g/km∙s. approximately 30000 out of almost 830000 points in 
total have the value higher than 0.02 g/km∙s while 60000 have the value lower than 
0.002 g/km∙s. 99% receiver points have the values lower than 0.04 g/km∙s, which 
corresponds the European Air Quality Standards for NOX forced for implementation 
at the beginning of 2010 (European Commission Environment, 2011). As Figure 5.2 
shows, air pollutants also distributed long roads and the concentration decreases as 
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the distance increases. What differs from noise contribution is that on roads with 
same traffic flow, the higher the average speed is, the lower the pollutant 
concentration is. The reason is vehicles emit more pollutants when they are traveling 
at a low speed. Therefore crowded narrow urban roads in the cities which 
sometimes have got traffic jams are always contributing more to air pollution than 
highways.  

 

Figure 5. 2 NOX Concentration Distribution in Stockholm City Center – Overview 

The following figures show the details of the 3D noise map and air pollution map in 
ArcScene. In the 3D scene noise and pollution with height information were 
represented as the point-wall over building facades. From the Fig. 5.3 it is easy to 
identify how much difference of noise there is between road classes and so does air 
pollution in Fig 5.4. Fig. 5.4 illustrates air pollution on different classes of roads. It 
indicates that in the areas with red points the air is relatively more polluted than in 
the areas with yellow points. The areas with blue points are safest to air pollution.  
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Figure 5. 3 Noise levels of Different Classes of Roads 

 

Figure 5. 4 Air Pollution of Different Classes of Roads 

In Fig. 5.5 and Fig 5.6 points with different colors ranging from orange to yellow and red 
to yellow separately  on the building facades indicates the noise and air pollution 
differences between the bottom levels to the top levels of the buildings. 
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Figure 5. 5 Noise Levels on Building Facades 

 

Figure 5. 6 Air Pollution on Building Facades 

5.2 3D Visualization in Google Earth with Point Data 

With the help of Google Earth, users are able to find out the predicted noise and air 

pollution level for a specific point outside a building. The following figures 

demonstrate the visual effect of noise and air pollution levels over building facades 

and on the streets on a Google Earth scene. 
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Figure 5. 7 Noise Levels Visualized on Google Earth 

 

Figure 5. 8 Air Pollution Visualized on Google Earth 

As it is show in the figures, receiver points and Google Earth 3D building facades are 
not superpose to each other. The reason is the building dataset used for analysis 
does not fix the Google Earth 3D building accurately. In addition, we are lacking of 
the height information of the buildings therefore on the top part of some high 
buildings there are no predicted noise levels.  
 
 



 

64 
 

5.3 3D Visualization in X3D 

5.3.2 Contour Line Model 

For clear visualization contour lines were extracted from interpolated surfaces. 

Figure 5.9 demonstrates contour lines extracted from the 0m interpolated noise 

surface. As Figure 5.9 shows each contour line has a noise value represented by 

both color and height. Lines with higher noise values are displayed above those 

with lower values. It also indicates that noise varies with distance to road central 

lines. The far the line from the road central line, the lower noise value it has.  

 

Figure 5. 9 Noise Levels Visualized by Contour Lines with Different Heights (Ground Level) 

Figure 5.10 is the air pollutant concentration on the ground level expressed using 
contour lines. In this figure air pollution distribution is also visualized using 
contour lines. However what is different from noise visualization is that air 
pollution doesn’t have the 10 meter buffer zone from the road central lines 
which have the same initial noise level. Air pollutant concentration is considered 
to decline from the road central lines. Consequently the contour lines on the 
roads are more densely than the noise contour model. Small circles were formed 
due to interpolation result.  

  
Figure 5. 10 Air Pollution Visualized by Contour Lines with Different Heights (Ground Level) 
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5.3.3 Scattered Cells Model 

The interpolated continuous surfaces were scattered into cells and distributed 

based on different Z values representing noise levels or air pollutant 

concentrations which also expressed using colors. Figure 5.11 shows the noise 

distribution on ground level. Similarly red represents areas with higher noise 

level (busy roads) whilst green indicates ones with lower noise level (indoor or 

outdoor area far away from busy roads). In the third dimension cells also have 

distinct difference. It is obvious that red cells are much higher than green ones. 

 
Figure 5. 11 Noise Levels Visualized by Scattered Cells with Different Heights 

Figure 5.12 is air pollution scattered cells model. As is seen scattered cells in main 
roads varies much in height while those in less important roads are more densely. 

  
Figure 5. 12 Air Pollution Visualized by Scattered Cells with Different Heights 

5.3.4 Box Model 

With all receiver points a semi-transparent box was generated to show pollution 
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levels in different physical height.  As is shown in the figure there is a gradual 

transition both horizontally as noise distribution in the same height and vertically 

from ground level to the top. Every single point in the box model represents the 

predicted noise level at the exact location. In other words users are able to get 

information of any location in the valid space. 

 

Figure 5. 13 Noise Levels Visualized by box with Different Heights 

 

Figure 5. 14 Air Pollution Visualized by box with Different Heights 

 
5.4 Validations 

The prediction results were compared with maps of noise and air pollution provided 
by Stockholms Stad and Stockhlms och Uppsala Läns Luftvprdsförbund respectively.  

The range of predicted outdoor road traffic noise is between 25dB and 66.5dB. The 
highest values are along the main roads at the ground level while the lowest values 
are distributed in the area that is apart from the main roads at the top level (15.5m). 
As the left figure in Figure 5.15 shows the predicted noise is slightly bigger in the 
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north part of the urban area than in the south part. In the south part the highest 
values appear along several roads. From the noise map available on Stockholms Stad 
it is obvious that the north part is much noisier than the south part and the highest 
value is over 70 dB. 
 

 

  Figure 5. 15 Comparison of Predicted Noise distribution and True values  
(Source: Stockholms Stad, 2011a) 

Similar results show in air pollution prediction. From Figure 5.16 right, the true 
values of air pollution in central Stockholm, we could come to a conclusion that the 
north part is more polluted than the south part. However the predicted map doesn’t 
show the obvious difference.  

 
Figure 5. 16 Comparison of Predicted NO2 Pollution distribution and True values 

(Source: Stockhlms och Uppsala Läns Luftvprdsförbund, 2006) 
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5.5 Discussion 

The predicted results are not as accurate as we expected, the problems might come 

from the following aspects. 

First, the most important reason should be the quality and accuracy of the original 

datasets. The data used in this study was very limited as a result some assumptions were 

made. In the road network dataset traffic volume information was not available for 

every road segment. For the segments without any traffic volume data assumptions 

were made according to the information of connected road segments and other roads of 

the same classes. Moreover speed limit was used instead of real-time speed which also 

contributed inaccuracy.  

Secondary, not all the influencing factors were taken into account for the purpose of 

making the prediction procedure simple or lacking of relevant information. For instance 

in both noise and air pollution prediction barriers were not considered because no 

information was available. All vehicles were considered to have free-flow activities 

instead of cold-start and stop-and go. Wind direction was an important factor in air 

pollution prediction, however, it was also unavailable in the study. All these factors 

influence accuracy of the predictions. 

From the perspective of visualization, in ArcScene and Google Earth real 3D visualization 

was provided, however the 3D visualization was not as efficient as we expected owing to 

the load capacity. This could be realized by using different level of detail (LoD) adapted 

to displaying extent or using raster images instead of point-wall. In the first approach 

only part of points would be displayed when it is viewed in a large scale while when 

zoomed into details more points show up. This could be realized using the Region 

function in Google Earth. In the second method points could be interpolated into a 

raster file then converted into kml files. Although right now the interpolation method 

could be done in ArcScene, the height information of the points would be lost after 

conversion, thus it is difficult to import it into Google Earth and visualized in 3D. In X3D 

the 2D information was showed in a 3D approach, namely both heights and colors 

represent noise or air pollution concentration levels. 
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Chapter 6 Conclusions and Future Research 

6.1 Conclusions 

This research demonstrated that traffic data based noise and air pollution prediction 

could be integrated with GIS and a visual result could be provided to users using GIS 

software. If the traffic data could be provided regularly on time for instance monthly 

or seasonally it is possible to carry out the analysis and make a visualized result to 

the public so as to inform everyone that whether their living environment is within 

the experts-recommended condition. X3D provides more clearly 3D visualization in 

different ways and could be published on the internet. However there are some 

problems to be solved and the results could be further improved.   

First of all in the prediction procedure, only several influencing factors were taken 

into account in order to simplify the prediction. In reality the situation could be 

much more complicated if the result need to be more accurate. For example for 

noise prediction barriers and reflection effects etc. are important influencing factors 

that affect noise propagation in the real world. And wind direction influences much 

on air pollution distribution in street canyons.  Meanwhile vehicle activities (cold-

start, stop-and-go etc.) also affect initial air pollutant concentration prediction 

results.  

Secondly the loading data capability of Google Earth is relatively limited while using 

point-wall as visualization result needs to load very huge amount of point data into it. 

Consequently the visualization procedure on Google Earth needs to be speed up.  

Finally the contour model, scatter cells model and box model in X3D actually only 

provide 2D information. In the 3D box model it is not clear enough to identify the 

noise and air pollution level at a specific point due to the semi-transparency 

visualization. The idea to improve visualization is to create walls over building 

facades in X3D. The expected outcome could be semi-transparent walls over building 

facades with variant colors so that users could easily find out the pollution level of a 

given point on ground surface and building façade.  

6.2 Future Research 

In order to improve the prediction and 3D visualization results of invisible 

environment indicators, in the near future attention would be paid to the following 

aspects. 
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a) The prediction procedure could be made more accurately by integrating 

more conditions into GIS, such as barriers. Buildings could act as barriers as 

well because the receiver points which don’t face to the roads would have 

lower levels than others. Scripts could be designed to detect the receiver 

points which have obstacles (building polygons) between roads and 

themselves.  For air pollution prediction wind direction could be introduced 

to distinguish the upwind side and downwind side in street canyon. 

b) More informative and clearer 3D visualization in X3D approach needed to be 

figured out. For instance to create semi-transparent wall over building 

facades using point shapefiles by generating small surfaces using the 

neighboring four points.  

c) X3D support online interaction. Consequently in the future internet 

applications could be implemented and published so that users would be 

able to interact with the visualization results.  
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