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Abstract

This thesis describes the development of a methodology to determine large-scale and 

meso-scale atmospheric dispersion patterns. The research is only concerned with 

outdoor exposure to atmospheric pollutants and aims to identify pollution sources 

using dispersion modelling with the assistance of ground level measurements from 

British, French and other monitoring stations and remote sensing technology.

Lagrangian Particle Dispersion (LPD) models compute trajectories of a large number 

of notional particles and can be used to numerically simulate the dispersion of a 

pollutant (passive tracer) in the planetary boundary layer. Two widely used 

atmospheric dispersion models were employed: the Hybrid Single Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model by R. Draxler, and the model 

FLEXPART by Stohl et al. Both models possess forward tracking and inverse (or 

receptor-based) modes. Meteorological data output from the PSU/NCAR Mesoscale 

model (known as MM5), or datasets from the European Centre of Medium-range 

Weather Forecast (ECMWF) are used to drive the dispersion models. Linkage 

routines were developed to interpret the LPD codes with the required meteorological 

information.

This study aims to determine whether current approaches and practice for 

atmospheric dispersion modelling are reliable, consistent and up-to-date. An inter- 

comparison of the models FLEXPART and HYSPLIT is performed for known 

episodes to determine their accuracy, ease of use, effect of source specification and to 

investigate their sensitivity to input data and mesh resolution, and in particular the 

effect of different model formulations and assumptions followed by the models.
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The possibility of identifying emission sources in the near and far field is 

investigated, by modelling dispersion backwards in time, in particular the 

discrimination of multiple sources from receptor data is discussed. The effect of 

meteorological data resolution on the output of LPD models was evaluated and the 

most suitable methodology for better source definition was determined for different 

modelling scales, ranging from the intercontinental transport of airborne pollutants to 

simulating pollution episodes caused by local sources.
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Preface

Overview

This thesis forms part of a wider project, the Anglo-French project ATTMA (Aerosol 

Transport in the Trans-Manche Area), funded under the European Community 

Interreg Ilia scheme. This research was based on air quality data for the Trans- 

Manche region, mostly obtained from the EXPER/PF database the outcome of an 

earlier French-Belgian Interreg III project. It is therefore necessary to describe 

briefly the project ATTMA, the Interreg Ilia Community and the EXPER/PF 

database project in order to place the work of this research within context.

The INTERREG III Community Initiative

The Community Initiative INTERREG III is a programme supported by the European 

Union which aims to promote trans-national and inter-regional co-operation on 

spatial planning by encouraging harmonious and balanced development of the 

European territory.

The overall aim of INTERREG III is to ensure that national borders are not a barrier 

to balanced research and development and the integration of Europe, and to 

strengthen economic and social cohesion in areas of the European Union to their 

mutual advantage.

The Initiative extended from 2000 to the end of 2006 and was financed by the 

European Regional Development Fund (ERDF) which is part of the EU Structural 

Fund.

Page 10



Stylianos Plainiotis 

PhD Thesis

The project ATTMA

In the framework of the cross-border EU Interreg IIIA activity, the joint Anglo- 

French project ATTMA was commissioned to study Aerosol Transport in the 

atmosphere of the Cross-Channel, or "Trans-Manche" region of Nord-Pas-de-Calais 

(France) and Kent (Great Britain).

The air quality of the region is dominated by the industrial area of Dunkerque, in 

addition to transportation sources linked to cross-channel traffic in Kent and Calais 

and Channel shipping.

The objective of ATTMA project was to develop and promote tools, which improve 

the assessment of Air Quality in the Euroregion. The ATTMA project studied 

suspended air particles, drawing special attention to the proportion of fines, i.e. 

PM2.5. ATTMA is linked to the French-Flemish EXPER/PF database which 

collected Particulate Matter (PM) measurements from various local air quality 

networks. This information was complemented by PM maps obtained from remote 

sensing data (SeaWiFS and MERIS satellites). Furthermore the ATTMA project 

researches the particulate matter transport within the Trans-Manche atmosphere 

whilst broadening the use of remote sensing data and atmospheric dispersion 

modelling methods (aims of this research) in order to promote a closest collaboration 

and to extend the use of the project for the purpose of health impact assessment.

The partners involved in this project cover a large part of the eligible territory in the 

fields of environmental research or Air Quality Monitoring (Table 1).
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Project Partners Partner Activities

ADRINORD

(Association for the Development of Research and 

Innovation, Nord-Pasde- Calais)

Remote sensing data 
and in situ measurements

Autorite de Gestion (AG)

Conseil Regional de Haute Normandie Cellule INTERREG

IIIA

Local Authority

ATMO Nord-Pas de Calais (free contributor)

APPA

Association for Prevention of Atmospheric Pollution

Remote sensing data 
and in situ measurements

AREMA Lille Metropole

Air Quality Network for the zone of 

Lille

The University of Greenwich (a)

School of Computing and Mathematical Sciences (CMS)

Atmospheric Dispersion 

Modelling(This Research)

The University of Greenwich (b)

Natural Resources Institute

Source Apportionment of 
Characterisation of Airborne Particles

Kent County Council

Environmental Management Local Authority

Table 0.1 ATTMA project partners
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The ATTMA - EXPER/PF database
EXPER/PF (Exposure of communities living in the centre of the Euro-region to 

polluting atmospheric particles: the case of fine particulate matter) is a project under 

the framework of the INTERREG III programme. It was launched in January 2002, 

within the framework of the Interreg III program.

The project's objective was the development and promotion of a cross-border (north 

of France-Flanders) database on atmospheric particulate matter, usable by the 

professionals involved in Public Health, Environment and Regional Planning. Table 2 

illustrates the seven French and Flemish partners of the EXPER/PF project, which 

include three air quality monitoring associations. The project leader is the 

ADRINORD association.

Figure 0.1 Monitoring stations included in EXPER/PF-ATTMA database (source: 

HYGEOS)
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PROJECT PARTNER PARTNER 
ACTIVITIES

ADRINORD

Association for the Development of Research and 
Innovation, Nord-Pasde- Calais

Project leader

APPA

Association for Prevention of Atmospheric
Pollution

Communication
(France)

AREMA Lille Metropole

Air Quality Network for the zone of Lille
Measurements and 

database 
Feeding

HYGEOS

Hydrogeology, Space Observation, Environment
Construction of the 

database

OPAL'AIR

Air Quality Network for the zones of Boulogne,
Calais, 

Dunkerque and Saint-Omer

Measurements & 
database 
Feeding

VLIZ Vlaamse voor de Zee vzw

Coordination & information of maritim research
in Flanders

Communication 
(Flanders)

V.M.M. Vlaamse Milieumaatschappij 

Environmental flemmish Agency
Measurements & 

database 
Feeding

Table 0.2 EXPER/PF project partners (source: Schadkowski C, 2004)
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1. Introduction

Atmospheric pollution is a broad term applied to any chemical, physical (particulate 

matter), or biological substances that in certain levels or concentrations can modify 

the natural characteristics of the atmosphere in a way that it may impair the health of 

plants and animals (including humans) reduce visibility or affect the climate.

Meteorological science is the study of the atmosphere, the complex dynamic natural 

system that is essential to support life on planet earth. Poor air quality due to 

international airborne pollutants is responsible for various environmental and human 

health problems. Although meteorology is an old and well established science, air 

quality science has a much shorter history and although problems of poor air quality 

were experienced before the twentieth century, they were usually treated as regulatory 

issues rather than as a separate science (Boubel et al. 1994}.

The first attempt of controlling atmospheric pollution occurred in 1361, when King 

Edward I of England banned by proclamation, the combustion of sea-coal in London, 

after its smoke had become an issue of health and comfort (Morgan et al, 1984). The 

Public Health Act of 1848 began the process of waste regulation in Great Britain, 

identifying the need for clean air, clean water, healthy and appropriate nourishment 

and accommodation as being essential for good health (Alderslade, 1998).

Recently, monitoring of air quality has become one of the most active areas of 

research within the European Union, due to the fact that poor air quality still affects 

human health in most of the countries of the European region, despite the effort to 

reduce the concentrations of many pollutants (World Health Organisation Regional 

Office of Europe, 2006). A variety of outdoor and indoor airborne pollutant sources
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contribute to health risks, and the harmful properties of many common pollutants are 

still under intensive research.

The British Parliament's Environment Act 1995 created a number of new agencies 

and set new standards for environmental management. It set up:

  The Environment Agency

  The National Park authorities

  The Scottish Environment Protection Agency (SEPA)

The Environment Act 1995 and subsequent regulations provided a statutory duty for 

Local Authorities to review air quality in relation to specified pollutants. The 

examined pollutants, known to have an effect on health, to some degree or other, 

were {Environment Act, 1995):

o 1,3-Butadiene 

o Benzene

o Carbon Monoxide

o Nitrogen Dioxide

o Ozone

o Particulate Matter

o Sulphur Dioxide

o Lead
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The European Council aimed to develop a comprehensive strategy through the setting 

of long-term air quality objectives. A series of Directives were introduced to regulate 

levels of certain pollutants and to monitor their concentrations in the air. The EU- 

Framework Directive on Air Quality was developed on the 27th of September 1996 

and established a list of 13 pollutants for which requirements should be described in 

subsequent Daughter Directives. The first Daughter Directive, namely 1999/30/EC, 

gave air quality norms (limit values and alarm thresholds) for sulphur dioxide (SO2), 

nitric or nitrogen oxides (NOx), PM10 and lead. The second directive, namely 

2000/69/EC gave limit values for carbon monoxide (CO) and benzene. The third 

Directive (2002/03/EC) proposed target values and thresholds for ozone. No legal 

limit values were proposed by the EU-Commission for ozone, as it does travel over 

borders, and also it is a secondary pollutant, whose production is highly influenced by 

meteorological parameters (INTERREG III Project EXPER/PF, 2005).

Different methods exist for evaluating air quality. Such methods include the use of 

direct observation and measurement, mathematical models, remote sensing and air 

quality indicators, such as those derived from effects on the environment or human 

health. The most universally accepted methods are through measurements of the 

concentrations of specific atmospheric substances near to ground level and through 

the use of a variety of mathematical models to predict the transport and dispersion of 

airborne pollutants in the lower atmosphere. Other methods include the use of remote 

sensing tools, for example by the analysis of satellite data.

This research is concerned with the application of mathematical models to 

numerically simulate the dispersion of airborne pollutants in the lower atmosphere. 

Data from air quality monitoring stations and remote sensing data were used to 

initiate the models (input data) or to validate the output results.
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It is often required to identify the source of pollution which may lie outside the limits 

of jurisdiction of any local authority. For this reason inverse (or receptor) modelling 

can be applied to draw source-receptor probabilities (Flesch et al, 1995) (Seibert et 

al., 2004). It is one of the objectives of this work to investigate the applicability of 

inverse modelling techniques in air quality assessment.

As many important problems related to environmental and health impact assessments 

and other quantitative policy studies involve issues of science or engineering that are 

not well defined, such as meteorological forecasting, it is of great importance to 

adequately characterise and deal with uncertainties such as as those associated with 

air quality modelling techniques. It is one of the primary objectives of this work to 

investigate the accuracy and sensitivity of the available atmospheric dispersion 

modelling tools.
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1.1 Lagrangian Particle Dispersion Models

The simulation of the transport and dispersion of pollutants from their sources and 

within a moving fluid, such as the Earth's atmosphere may be performed by two 

approaches: the Eulerian or the Lagrangian.

The Eulerian approach calculates the pollutant concentration changes over a fixed 

gridded region (domain) based on numerical calculations of the basic conservation 

equations (i.e. mass, momentum, energy) and with the assistance of appropriate initial 

and boundary conditions. Although the Eulerian modelling permits simple treatment 

of nonlinear processes arising from interactions of pollutants from multiple and 

diverse sources (i.e. photochemistry), the approach is often criticised for its 

limitations in the spatial resolution of the processes leading to high computational 

complexity and the appearance of artificial diffusion (Nielinger et al, 2004:, A. Stohl, 

2005).

Lagrangian Particle Dispersion (LPD) models compute trajectories of a large number 

of notional particles and can be used to numerically simulate the dispersion of a 

passive tracer in the lower atmosphere. Each Lagrangian particle carries a certain 

amount of gaseous or aerosol mass. The particle transport is then determined by 

average wind velocity components and turbulence conditions, modelled in most 

Lagrangian particle models as a Markov process using linear Langevin stochastic 

differential equations (Gifford, 1982; Sawford, 1984}. The concentration is usually 

calculated by counting particles or time-intervals of particles within the grid volumes. 

Although artificial numerical diffusion does not occur with the Lagrangian method, a 

vast number of particle-trajectories have to be calculated (since statistical accuracy is
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important), which may lead to computing resource-consuming simulations, 

especially, when a high resolution domain is required (Nielinger J., 2004). 

Lagrangian Particle Dispersion models are described in further detail in Chapter 3.

Fisher et al (2002) have shown the advantages of applying two or more dispersion 

models for assessing the air quality impact of atmospheric pollutant sources, each of 

which is reported to perform better than the other in certain circumstances. This 

research uses and compares two widely used particle dispersion models: the Hybrid 

Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model and the model 

FLEXPART. Both models possess the forward tracking and inverse (or receptor- 

based) modes. Both models in this study use meteorological datasets derived from the 

MM5 mesoscale model or datasets from the ECMWF MARS archive which are also 

used as initial and boundary conditions for the MM5 model. The two models make 

use of the available meteorological data in different ways and it is important to 

understand the assumptions made by each model and the implications for the 

accuracy in defining trajectory paths and source regions. These differences will be 

explained in Chapters 4 and 5.
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1.2 Obj ectives of the Research

This thesis is submitted as part of the research: "Aerosol Transport in the Trans- 

Manche atmosphere - Lagrangian particle dispersion and trajectory modelling" that 

investigates the air pollution dispersion across the English Channel, in collaboration 

with local authorities and other universities in Southern England and France. The 

specific aims of the research are:

  To determine, through modelling, pollutant dispersion patterns within the 

Trans-Manche region and identify sources responsible for episodes 

detected, using ground monitoring data from British and French networks 

and with the assistance of satellite images.

  To develop and introduce a dispersion modelling methodology that can be 

applied by the for air quality assessment within the Trans-Manche region.

  To investigate the accuracy and the limitations of dispersion modelling 

tools and the spectrum in which they can be applied to assist the air 

quality assessment

  To evaluate the effect of meteorological data resolution on the output of 

LPD models

  To determine the most suitable methodology for better source description 

for different modelling scales, ranging from global to local domain sizes.

  To improve the Lagrangian dispersion modelling tools.
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1.3 Outline of present contribution

This research made a number of significant and original contributions in the area of 

Lagrangian Particle Modelling. Contributions described in this dissertation can be 

summarised as follows:

  Two widely used Lagrangian Particle Dispersion models, namely FLEXPART 

and HYSPLIT were compared and their differences were explored.

  The major recent pollution episodes that affected the area of Trans-Manche 

were investigated and their sources where identified through receptor 

modelling.

  As part of this research various input/output facilities for the community 

based Lagrangian Particle dispersion model FLEXPART were developed, and 

became then available to the international FLEXPART community.

  The MM5 version of FLEXPART (version 3.1) was maintained, and features 

from the ECMWF reference version (version 6.2) were introduced.

  Performance was demonstrated with real world examples of the sensitivity of 

the LPD models to grid resolution, input data and configuration settings.
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Since this research is concerned with air quality modelling it is important to introduce 

certain useful definitions regarding the atmosphere and air quality. First, the basic 

characteristics of the Earth's atmosphere are described as regards to air flow dynamics 

and atmospheric pollutants. The section continues with an overview of methods for 

air quality assessments, namely ground based sampling, remote sensing and air 

quality modelling.

Earth's atmosphere is a complex, dynamic system that is essential to support life on 

the planet. Discussion of the vertical profile of Earth's atmosphere is needed to 

understand the dynamics of airborne pollutant dispersion in the atmosphere. The 

vertical profile of atmosphere may be divided into several distinct layers namely:

made up of the layer called 

or the (PBL) and the 

and the Ozone Layer;

Many atmospheric dispersion models are referred to as boundary layer models 

because they can model air pollutant dispersion mostly within the ABL. This research 

also concentrates on the Atmospheric Boundary Layer (ABL).
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The troposphere is lowest layer of the atmosphere and where 

most weather phenomena take place; it is the region of rising and falling parcels of 

air. It counts for about 80 percent of the mass of the overall atmosphere and ranges in 

thickness from 8 km at the poles to 16 km over the equator. The air pressure at the top 

of the troposphere is only 10% of that at sea level (0.1 atmospheres).

The troposphere can be divided into two parts: The lowest part namely the 

extending upward from the surface to a height that ranges from 100 m to 3000 m, and 

above it, the The PBL is of the most important layer regarding the 

emission, transport and dispersion of airborne pollutants. In the PBL layer physical 

quantities such as flow velocity, temperature, moisture etc., display rapid fluctuations 

(turbulence) and vertical mixing is strong. Therefore, in any weather prediction 

model, the PBL must be parameterised as a mechanism for turbulence (Stull, 1988). 

The air temperature of the PBL decreases with increasing altitude until it reaches the 

that caps the atmospheric boundary layer. In the inversion layer the 

temperature increases with increasing altitude.

Above the PBL is the free atmosphere where the wind is approximately gaiostrophic 

(parallel to the isobars) while within the PBL the wind is affected by surface drag and 

turns across the isobars. The free atmosphere is usually non turbulent, or only 

intermittently turbulent.

The next layer above the troposphere is the 

stratosphere, where air flow is mostly horizontal. It is situated between about 10 km 

and 50 km altitude above the surface at moderate latitudes, while at the poles it starts
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at about 8 km altitude. This layer plus the troposphere make up 99% of the total mass 

of the atmosphere. The ozone layer in the upper stratosphere has a high concentration 

of ozone. This layer is primarily responsible for absorbing the ultraviolet radiation 

from the Sun. There is considerable recent concern that specific compounds released 

by natural processes or human activities may be depleting the ozone layer, with 

serious future consequences for life on the Earth.

Above the stratosphere is the mesosphere and 

above that is the ionosphere (or thermosphere), where many atoms are ionised (have 

gained or lost electrons so they have a net electrical charge).
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Atmospheric pollution, is a broad term applied to any chemical, physical (particulate 

matter), or biological substances that in certain levels or concentrations can modify 

the natural characteristics of the atmosphere in a way which may impair the health of 

plants and animals (including humans), or reduce visibility.

Air pollution caused by natural processes has occurred on Earth since the planet's 

formation: Phenomena such as forest fires, volcanic eruptions, desert dust storms, 

meteorite impacts, and high winds are all natural sources of air pollution. 

Anthropogenic problems of poor air quality were not observed before the 16th 

century. In the nineteenth and early twentieth centuries, the majority of problems 

related to poor air quality were caused by chimney and smoke stack emissions of coal 

combustion products and the chemical industry (Y. Ji and S. Plainiotis, 2006). Since 

the 1970s, further environmental problems are increasingly recognised to be related to 

atmospheric pollution, such as regional acid deposition, global ozone reduction, 

Antarctic ozone depletion, and global climate change (Table 1.1).

The on ambient air quality assessment and 

management was adopted by the Environment Council in 1996. This Directive 

revised the previously existing legislation and the introduced new air quality 

standards for previously unregulated air pollutants, setting the timetable for the 

development of daughter directives on a range of pollutants.
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Table 1.2 Limit values for the protection of for SO2 coming into force on 1/1/2005 

and alert threshold for SO2 in 2001 (1999/30/EC) (Interreg III Project EXPER/PF, 2005)



Stylianos Plainiotis 

PhD Thesis

(Monn, and Becker, 1999) (Samet, et al, 2000) 
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(EXPER/PF, 2005).

Table 1.3 EU limit values and the UK Air Quality Strategy objectives for paniculate 

matter (measured as PM10). (Adaptedfrom AQEG, 2005)

Table 1.4 Limit values for PM2.5 from the US Environmental Protection Agency 

(EPA) (Adapted from EXPER/PF, 2005)



Stylianos Plainiotis 

PhD Thesis



Stylianos Plainiotis 

PhD Thesis

Table 1.5 Ozone thresholds for the protection of human health and vegetation valid 

until 8/9/2003 (adaptedfrom Interreg III Exper/PF, 2005)
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L < 20 km,

20 km < L < 1000 km, and

L > 1000km,

L 
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ft

Table 1.6 Atmospheric scale definitions, where L is horizontal length of the 

atmospheric motions. (Adaptedfrom Thunis andBorstein 1996)
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-a, -ft, 

-a, -ft, -y) -a, -ft) 

a) Lh < 20 km

1996), 

et al., 2003). 

b) 20km<L< 22000 km,
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1996).

c) (characteristic lengths exceeding 1,000 km);



Stylianos Plainiotis 

PhD Thesis



Stylianos Plainiotis 

PhD Thesis



Stylianos Plainiotis 

PhD Thesis

monitoring, modelling, policy planning by policy 

execution. 
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Table 1.7 Definitions of types of monitoring site (Source: Air Quality Expert Group, 

2005)
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Figure 1.4 On this SeaWiFS image, acquired on September 3, 1999 over the Strait of 

Dover, we clearly see an aerosol plume crossing the Strait of Dover (Adapted from 

InterregIIIATTMA, 2005).

pm 

pa 
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et al, 1997) 
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Figure 1.5 TOMS Aerosol Index capturing dust from the Sahara desert crossing the 

Atlantic and Pacific oceans. Asian dust and pollution travel to the Pacific Northwest. 

Source: Jay Herman (NASA GSFC)
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Table 2.1 Application areas of various air pollution model categories depending on 

the scale of the dispersion phenomenon (1: regulatory purposes; 2: policy support; 3: 

public information; 4: scientific research) (adapted from Moussiopoulos 1996).



Stylianos Plainiotis 

PhD Thesis

et al, 

et al., 

-3 -2 -1 0 12 3 
Distance from plume or puff center in units of number of standard deviations.

Figure 2.1 Standard deviation in Gaussian plume models Source: The comet 

program, USA's National Center for Atmospheric Research, USA
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Figure 2.2 Computational Methods on Eulerian and Lagrangian approaches. 

(Adapted from (Draxler et al, 1998)
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Flow around buildmas

Figure 2.3 Numerical analysis of wind effect to high-density buildings with CFD 

code Phoenics  (Source: Y. Ji and S. Plainiotis, 2006).
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Figure 3.1 Typical atmospheric dispersion modelling system
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