Dispersion and emission modelling of
traffic induced road dust

Janne Berger

Thesis for the degree of Philosophiae Doctor

Norwegian Institute for Air Research
Department of Geosciences
Faculty of Mathematics and Natural Sciences
University of Oslo
June 2010

© Janne Berger, 2010
Series of dissertations submitted to the
Faculty of Mathematics and Natural Sciences, University of Oslo
No. 973
ISSN 1501-7710
All rights reserved. No part of this publication may be
reproduced or transmitted, in any form or by any means, without permission.

Cover: Inger Sandved Anfinsen.
Printed in Norway: AiT e-dit AS.
Produced in co-operation with Unipub.
The thesis is produced by Unipub merely in connection with the
thesis defence. Kindly direct all inquiries regarding the thesis to the copyright
holder or the unit which grants the doctorate.

Acknowledgements
A big thank you to my excellent supervisor, dr. Bruce Denby, for guidance, good advice and
useful conversations at our office at NILU. Thank you for bearing with me all these years.
You are an excellent supervisor.
I would like to thank NILU and the INBY department for giving me this great opportunity.
To all my colleagues: thanks for good answers to my questions.
A special thanks to my colleagues at the Meteorology and Oceanography Section, University
of Oslo. To my Ph.D room mates there; you are the best!
A special and big thank you to my human mentor and fantastic fiancé, Trond, for counting to
ten and bearing with me every time my frustration reached new heights.
Thank you to all co-authors for providing data and model results.
Thanks to our two dogs. Probably they don’t know it, but they make me smile regardless of
my mood.

I

List of papers presented in this thesis
Berger, J., Walker, S.E., Denby, B., Berkowicz, R., Løfstrøm, P., Ketzel, M., Härkönen, J.,
Nikmo, J., Karppinen, A., 2010. Evaluation and inter-comparison of open road line source
models currently in use in the Nordic countries. Boreal Environmental Research 15: 00-00
(preprint). Will be published 2010.
Berger, J., Denby, B., 2010. A generalised model for traffic induced road dust emissions.
Part 1: concept and model description. Submitted to Atmospheric Environment.
Berger, J., Denby, B., 2010. A generalised model for traffic induced road dust emissions.
Part 2: model evaluation. Submitted to Atmospheric Environment.
Other papers
Berger, J., Walker, S.E., Denby, B., Berkowicz, R., Løfstrøm, P., Ketzel, M., Härkönen, J.,
Nikmo, J., Karppinen, A., 2008. Evaluation and inter-comparison of open road line source
models currently in use in the Nordic countries. Proceedings of the 12th international
conference on harmonisation within atmospheric dispersion modelling for regulatory
purposes, Cavtat, Croatia, 6-10 October 2008. Croat. Met. J., 43, 47-51.
Berger, J., Walker, S.E., Denby, B., Løfstrøm, P., Ketzel, M. and Berkowicz, R., 2007.
Evaluation and inter-comparison of open road line source models currently being used in the
Nordic countries: a NORPAC project. Proceedings of the 6th International Conference on
Urban Air Quality. Limassol, Cyprus, 27-29 March 2007. Edited by Sokhi, R.S., Neophytou,
M. University of Hertfordshire, Hatfield, UK.
Berger, J., Berkowicz, R., Walker, S.E., Denby, B., Løfstrøm, P., Ketzel, M. and Kukkonen,
J., 2007. Evaluation and inter-comparison of open road line source models currently being
used in the nordic countries: a NORPAC project. Proceedings of the 11th International
conference on harmonisation within atmospheric dispersion modelling for regulatory
purposes,
Cambridge,
UK,
2-5
July
2007.
URL:
http://harmo.org/conferences/Proceedings/_Cambridge/publishedSections/Op119-123.pdf
Härkönen, J., Berger, J., Kauhaniemi, M., Nikmo, J., Karppinen, A., 2008. Utilization of
meandering in a receptor-oriented solution of the line source dispersion equation.
Proceedings of the 9th Highway and Urban Environment symposium, Madrid, Spain, 9-11
June 2008. Edited by Rauch, S., Morrison, G.M., Monzón, A. The AGS, Chalmers University
of Technology, Gothenburg, Sweden, TRANSyT-UPM, Madrid, Spain.
Walker, S.E. and Berger, J. Application of data assimilation in open road line source
modelling. Proceedings of the 6th International Conference on Urban Air Quality. Limassol,
Cyprus, 27-29 March 2007. Edited by Sokhi, R.S., Neophytou, M. University of
Hertfordshire, Hatfield, UK.

II

Acknowledgements ............................................................................................................................... I
List of papers presented in this thesis ................................................................................................II
Other papers.........................................................................................................................................II
1

2

Introduction................................................................................................................................... 1
1.1

Background and problem statement ....................................................................................... 1

1.2

The objectives of this study ..................................................................................................... 2

Dispersion of pollutants from open road networks.................................................................... 3
2.1
Approaches to describe the dispersion of traffic originated pollutants and turbulence ......... 3
2.1.1
The Gaussian plume equation......................................................................................... 3
2.1.2
Lagrangian dispersion technique.................................................................................... 5
2.1.3
Large eddy simulation technique .................................................................................... 6
2.2
Modelling concentration and dispersion of traffic originated pollutants ............................... 6
2.1.4
Review of some traffic dispersion models ....................................................................... 6

3

Emission of suspended PM from traffic.................................................................................... 12
3.1

What is road dust? ................................................................................................................ 13

3.2
Sources and formation of dust .............................................................................................. 14
3.2.1
Road, tyre and brake wear............................................................................................ 15
3.2.2
Resuspension of road dust............................................................................................. 17
3.3

Efforts to reduce road dust emissions ................................................................................... 18

3.4
Model concepts and critical summary .................................................................................. 20
3.4.1
Road dust emission models ........................................................................................... 20
3.4.2
Critical summary of road dust emission models ........................................................... 22
4

Research summary and main conclusions ................................................................................ 24

References............................................................................................................................................ 25
Summary of papers............................................................................................................................. 33

III

IV

1
1.1

Introduction
Background and problem statement

Road traffic has become increasingly important in many urban environments and large cities
due to the enlargement of infrastructures resulting from the increase in the world’s
population. According to a report by the UK Department for Transport, the road traffic in
terms of vehicle kilometres was 11 times higher in 2007 than in 1949 in Great Britain (DfT,
2008). However, although road traffic is an important part of people’s life, especially in the
western world, it acts as an important source of many pollutants having adverse effects on
both the environment and health; these pollutants include nitrogen oxides, (NOx), carbon
monoxide (CO), volatile organic compounds (VOC) and particulate matter (PM). According
to the Data Warehouse provided by the UK National Atmospheric Emissions Inventory
(NAEI), road traffic contributed to ~30%, ~37% and ~18% of the total NOx, CO and the
PM10 (particulate matter with diameter smaller than 10 µm) emission levels, respectively, in
2007. The health effects range from airway irritation to more serious effects such as
cardiovascular and respiratory diseases and even cancer (Laden et al., 2000; Lippmann, 2007,
Health Canada).
As a concequence of the increased pollutant levels resulting from road traffic, industry, wood
burning and other urban and rural activities, the levels of NOx, SO2, CO, CO2, PM10, O3, Pb,
etc. are currently legislated according to the European directives 2008/50/EC and
2004/107/EC (EC, 2008; EC, 2005a). In 2015 limit values for PM2.5 will also be introduced.
However, in many cases these limit values are not met (EEA report, 2005). As a
concequence, efforts have been carried out to reduce exhaust emissions, including the
introduction of particle filters in diesel vehicles, the use of biodiesel in the diesel mixture, as
well as the introduction of diesel/hybrid cars. In addition, European emission standards exist,
defined in a set of EU directives, defining acceptable limits for exhaust emissions of NOx,
hydrocarbons (HC), CO and PM of new vehicles sold in the EU. These emission standards
are lowered with time and the stages are referred to as “EURO” followed by a number
denoting the acceptable emission standard.
Road traffic is of particular importance since it causes emissions both in urban and rural
areas, as well as covering both exhaust and road dust emissions. The first mainly covers
emissions of NOx, CO, VOC as well as fine and ultrafine partculate matter (PM2.5), while the
latter covers direct emission and resuspension of road dust due to road surface wear in
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addition to the wear of tyres, brakes, clutches, chassis, etc., leading to emissions of PM in the
size range 1-70 µm (Myran, 1985). Resuspension is the process where particles that have
been deposited onto the road surface, e.g. particles worn off the road, tyres and brakes, as
well as sanding and salting particles, become emitted later due to traffic induced turbulence.
Several studies have reported that PM emissions due to the mehcanical wear of the road, tyres
and brakes as well as resuspension in many cases are equally or more important than exhaust
PM emissions (Lenschow et al., 2001; Luhana et al., 2004; Forsberg et al., 2005). The
estimation of road dust emissions and exhaust emissions is very different since the processes
controlling them are so diverse. For example, NOx emission data from traffic is considered to
be quite certain since the data needed to estimate these emissions are related to vehicle
characteristics such as fuel type, vehicle category and traffic density that is relatively straight
forward information to obtain. With regard to road dust emissions, however, the processes
and physics governing these emissions are many, complex and challenging to model. Other
than the vehicle characteristics that govern the exhaust emissions, road surface characteristics
and meteorological factors are also parameters that play a significant role. The efforts that
have been carried out to reduce the exhaust emissions have little to no effect on road dust
emissions, and the sources of road dust are at present unregulated. Therefore, since the
sources of road dust contribute significantly to the ambient PM levels, as well as not being
well understood, these sources need our attention.
1.2

The objectives of this study

As indicated above, understanding the effect of meteorology, road and traffic characteristics,
as well as the effect of abatement measures on emissions and concentration levels is crucial
with regard to traffic originated pollutants due to their importance in terms of health and
environmental effects. This requries access to up-to-date air quality models that are robust
and able to reproduce the real world in a satisfying manner. To achieve this, model
development is an important action; we must strive to increase the robustness and quality of
all types of air quality models. This thesis is concerned with the evaluation and intercomparison of line source dispersion models as well as the development and evaluation of a
new generalised road dust emission model. The former study is concerned with the analysis
of modelled and measured concentration levels at near-road stations, where we have used
NOx as a tracer, since it can be considered inert in the short time scales associated with the
relatively short distances from the road. With regard to the latter study, models currently
being developed to predict road dust emissions suffer from a lack of important information
2

that is required for their useful implementation. Hence, we have developed and tested a more
generalised road dust emission model, containing thorough process descriptions of the most
important parameters involved.
Emissions and concentrations of pollutants are closely linked; a good emission model can aid
the development of a dispersion model, and vice versa. Furthermore, since the quality of the
model can never exceed the quality of the measurements, it is crucial to conduct
measurement campaigns with good observations of the most important pollutants as well as
of parameters describing meteorology, traffic and pavement characteristics. Then, the
understanding of what controls the emissions and concentration levels becomes clearer and
analysis and model deveopment can be conducted. In the following, we go deeper into the
theory of dispersion of traffic originated pollutants (section 2) and road dust emissions
(section 3), along with small reviews of some developed traffic dispersion models (section
2.2) and road dust emission models (section 3.4).
2

Dispersion of pollutants from open road networks

Traffic exhaust and road dust emissions are the most predominant sources of air pollution,
especially in urban environments. In the 1970’s, the General Motors (GM) were in the
earliest field of collecting experimental data to understand the processes controlling
dispersion and nearby concentration levels due to pollutant emissions from traffic (Cadle et
al., 1976). From that time onwards many studies have been concerned with analysis of
experimental data, as well as with modelling of air pollutant levels at receptor points
relatively close to the road. The models range from simple Gaussian line source models to
more complex models in two and three dimensions. Some extensive reviews have been
carried out in regard to modelling of vehicular exhaust and line source dispersion models
(e.g. Sharma and Khare, 2001; Sharma et al., 2004; Nagendra and Khare, 2002). In the
following sections, some theoretical aspects regarding the spatial and temporal distribution of
any pollutant released into the atmosphere are given, with emphasis on the Gaussian plume
equation, followed by a small review of operational traffic dispersion models.
2.1
2.1.1

Approaches to describe the dispersion of traffic originated pollutants and turbulence
The Gaussian plume equation

A widely used equation is the Gaussian plume equation, giving the concentration at (x, y, z)
on time t of a pollutant emitted from a point source:
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where C (µg m-3) is the concentration of the pollutant at the receptor point located at x m
downwind from the road, y m crosswind from the emission source point and z m above
ground level; Q (µg s-1) is the source emission rate, uh (m s-1) is the horizontal wind velocity
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reflection from inversion lid aloft. H (m) is the emission plume centerline above ground level
and L (m) is the distance from ground level to the bottom of the inversion aloft. For a road of
finite length (i.e. line source), eq. 1 must be integrated over the length of the road. The
conditions under which the Gaussian plume equation is valid are highly idealized due to the
assumptions of homogeneous and stationary turbulent flow, no vertical profile in turbulence
and wind speed, as well as the assumption that the spread of each puff/eddy is small
compared to the downwind distance it has travelled (slender plume approximation).
Turbulent flow is seldom fully homogeneous and stationary, and the wind speed varies a lot
with height near the surface. Hence, the ability of the model to reproduce the measured
concentrations of some pollutant in a satisfactory manner rests on the estimation of the
disperson coefficients (the standard deviations of the emission distribution), ıy and ız, and
how the effective dilution velocity, uh, is modelled. The dispersion coefficients are important
parameters as they determine the amount of dispersion and hence, the concentration at a
4

given receptor point. Furthermore, other than the natural atmospheric turbulence, the
turbulence created by the moving vehicles on the road is highly important close to the source.
Farther away from the source, the atmospheric dispersion plays an increasingly bigger role
relative to the traffic produced turbulence.
The wind speed, uh, in eq. 1 represents the wind speed at the height of the emission source;
hence, we call it the effective dilution velocity. However, since the observed wind speed
usually is measured at a higher level than the height of the source, h, uh has to be estimated.
This can be carried out using the mean wind speed or applying Monin-Obukhov similarity
theory represented by the logarithmic wind speed profile to extrapolate the measured wind
speed down to the height of the emission source.
Eq. 1 has been deduced following a Lagrangian approach, i.e. the concentration changes are
described relative to a moving fluid. However, when following the Eulerian approach, in
which the behaviour of a fluid particle is described relative to a fixed coordinate system, Ktheory (also called mixing length theory) is used, in which constant eddy diffusivities, Kyy and
Kzz, are applied:

Q
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where Kyy and Kzz are the horisontal and vertical eddy diffusivities, respectively, and g1’, g2’
and g3’ are as in eq. 1, but with V y2, z

2 K yy , zz t .

More details on the derivation of eqs. 1 and 2 are well described in Seinfeld and Pandis
(1998).
2.1.2

Lagrangian dispersion technique

In Lagrangian dispersion models, the dispersion is calculated by computing the statistics of
the trajectories of an ensemble of particles. An important parameter in Lagrangian dispersion
models is the autocorrelation function, also called the Lagrangian turbulent velocity
correlation coefficient. Using this function allows calculating the dispersion parameters. In
most cases, the following exponential form of the autocorrelation function, ȡLi Ĳ is used:
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where Ĳ is the time lag, m is the loop parameter controlling the meandering oscillation
frequency associated with the horizontal wind, TLi is the Lagrangian time scale and i = 1,2
and 3 are the components in the x, y and z directions.
2.1.3

Large eddy simulation technique

Large eddy simulation (LES) is a numerical technique used to solve the partial differential
equations governing a turbulent flow. Based on the theory of self similarity (Kolmogorov,
1941), which states that large eddies are dependent on the flow geometry, while the smaller
ones are self similar, large scale motions are calculated, while the effect of smaller scales are
modelled using a sub-grid scale model.
2.2

Modelling concentration and dispersion of traffic originated pollutants

The types of air pollutant emission sources are commonly characterized as point, line, area or
volume sources. Eq. 1 can be applied with respect to all these kinds of sources; however, with
regard to the modelling of traffic originated pollutants, the most common approach is to
consider the road as a line source, since the road can be considered as a linear, onedimensional line. Furthermore, differences in the local terrain imply different approaches to
describe dispersion. Generally, in urban environments with high buildings surrounding the
road (street canyons) the concentration of the traffic originated pollutants are higher than in
open areas; the high buildings prevent the dispersion of pollutants outside the urban
environment. In rural areas with fewer buildings or other obstacles surrounding the road,
usually associated with highways, there are few obstacles preventing dispersion of the
pollutants, and the concentration at a specific location is lower than in a street canyon. In this
study, we have focused on open road line source modelling in rural environments. In the
following, a review of some operational open road line source models is given.
2.1.4

Review of some traffic dispersion models

Table 1 contains a summary of some operational open road line source models and their
characteristics.

6

Table 1: Summary of a selection of operational open road line source models and their
characteristics.
Model type,

Parameterisation Parameterisation Parameterisation Reference
of ıy and ız
of traffic
of uh
produced
turbulence

OMLHighway

Semiempirical,
analytical for
crosswind,
empirical for
along-wind
directions

PasquillGifford
dispersion
curves (Gifford,
1961)

Monin-Obukhov
Based on traffic
produced turbulent similarity theory
kinetic energy,
traffic density,
traffic speed and
vehicle size

Jensen et al.
(2004),
Olesen et
al. (2007)

The
HIWAY
models

Numerical,
Richardson
extrapolation

PasquillDependent on
Monin-Obukhov
Gifford
aerodynamic drag, similarity theory
Uc (Petersen, 1980)
dispersion
curves (Gifford,
1961)

Petersen
(1980), Rao
and Keenan
(1980)

PasquillDependent on
Monin-Obukhov
Gifford
aerodynamic drag, similarity theory
Uc (Petersen, 1980)
dispersion
curves (Gifford,
1961)

Härkönen
(2002),
Kukkonen
et al. (2001)

CAR-FMI Analytical

The
CALINE
models

Semiempirical,
separates
between
crosswind and
along-wind
directions

PasquillDependent on
Monin-Obukhov
aerodynamic drag, similarity theory
Gifford
Uc (Petersen, 1980)
dispersion
curves (Gifford,
1961)

Beaton et
al. (1972),
Benson et
al. (1986)

WORM

Numerical,
Gaussian
quadrature

Choice between
CAR-FMI,
HIWAY2 or
OML-Highway

Choice between
Monin-Obukhov
CAR-FMI,
similarity theory
HIWAY2 or OMLHighway

S.E.
Walker,
personal
communicat
ion

ROADW
AY

Empirical, Ktheory

PasquillGifford
dispersion
curves (Gifford,
1961)

Monin-Obukhov
similarity theory
-

Eskridge
and
Thompson
(1982)

7

Based on the General Motors (GM) experimental data, a number of traffic dispersion models
were tested and developed in the USA; The California model (CALINE) is a Gaussian based
model developed in the 1970’s (Beaton et al., 1972), the latest version being CALINE 4
(Benson et al., 1986). It separates between crosswind directions and wind directions parallel
to the road and uses a semi-empirical solution to eq. 1 which can be used for several road
conditions, including intersection, bridge and depression. The model treats the road as a
series of finite line sources located normal to the wind direction. In the later versions the
model was developed with regard to dispersion of inert pollutants from more complex road
environments. ıy is calculated using the standard deviation of the wind direction, ıș (Draxler,
1976), while ız is calculated using traffic produced, thermal and atmospheric turbulence.
Another Gaussian based model developed at the US EPA is the HIWAY models, of which
the first version was developed in the 1970’s (Zimmermann and Thompson, 1975). The
model assumes that for “at-grade” highway each lane is comprised out of several finite line
sources with uniform emission rate, and the calculation of the downwind concentration
depends on stability conditions. For a “cut section” the top of the cut is modelled as an area
source, divided into ten line sources of equal strength. In the 1980’s HIWAY underwent
several revisions, i.e. HIWAY2 (Petersen, 1980), HIWAY3 (Rao and Keenan, 1980) and
HIWAY4. ıy and ız are calculated as a combination of atmospheric and traffic produced
turbulence; during the development of the model, new expressions for traffic produced
turbulence were introduced:

V z0

3.57  0.53U c

(4)

V y0

2V z 0

(5)

where ıy0 and ız0 represent the traffic produced turbulence in the lateral and vertical direction,
respectively, and Uc is the aerodynamic drag depending on the wind speed and the angle
between the wind speed vector and the road. Also, a modification of the Pasquill-Gifford
curves (Gifford, 1961) is applied, using the stability regimes stable, unstable and neutral
conditions. In order to integrate eq. 1 along the line source, the trapezoidal rule together with
Richardson extrapolation is used. Another model based on the GM experimental data is
ROADWAY (Eskridge and Thompson, 1982), which is a model finite difference model using
K-theory (eq. 2). The model emphasizes the importance of traffic turbulence using vehicle
wake theory in which the surface layer is described by surface layer similarity theory.
8

Other than the models developed in the USA, several other models have more or less
successfully described traffic dispersion and pollutant levels near trafficked roads; among
these are CAR-FMI, OML-Highway, WORM and GRAL. CAR-FMI (Contaminants in the
Air from a Road) (Härkönen, 2002; Kukkonen et al., 2001) has been developed at the Finnish
Meteorological Institute (FMI). It consists of an emission model, a dispersion model and a
statistical analysis of the estimated time series of the concentrations. In the dispersion model,
in order to calculate the pollutant levels due to road traffic, eq. 1 is used, i.e. the model
regards the road as a finite line source and eq. 1 is then integrated along the length of the line
source as is the case with the HIWAY model. However, CAR-FMI assumes total reflection
from the ground, ignores reflection at the mixing height and allows any wind direction with
respect to the line source (Härkönen, 2002). The atmospheric dispersion coefficients are
modelled using Pasquill-Gifford curves, while traffic produced turbulence is modelled
according to eqs. 4 and 5.
OML-Highway model is a part of the OML model system, which is a Gaussian atmospheric
dispersion model developed at the National Environmental Research Institute, Denmark, in
the 1990’s (Jensen et al., 2004; Olesen et al., 2007). Several model versions have been
developed to assess pollutant emissions from point, area and line sources, such as industrial
activity, domestic heating, traffic, as well as the assessment of ammonia depostition and
regulation of odour. OML underwent a review in 2005/2006, where the model performance
was evaluated using more experimental data than previously. To estimate dispersion and
concentration levels due to highway traffic a version called OML-Highway has been
developed. It calculates the concentration at a receptor point using a double integral in the
crosswind and along-road wind directions. Eq. 1 is integrated along the line source for
crosswind directions. For wind directions parallel to the road it uses the Romberg integration
technique (Press et al., 1992) with Richardson’s extrapolation of the trapezoidal rule. The
main difference from other Gaussian line source models is that it bases the parameterisation
of traffic produced turbulence on traffic produced turbulent energy, e (m2 s-2), which is a
function of traffic number, speed and vehicle size. The traffic produced turbulence, here
denoted ı0, decays in a exponential manner with distance from the source:

V0 t

ª

§

t ·º

V initial  uTPT W «1  exp¨  ¸»
© W ¹¼
¬

(6)
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where ıinitial = 3.2 m is the initial dispersion near the source, uTPT = e1/2 (m s-1) is a velocity
parameter related to traffic produced turbulence (TPT), Ĳ (s) is the time scale for decay of ı0
and t (s) is the transport time (Jensen et al., 2004). This parameterisation has proved to work
well even for low wind speed conditions (Jensen et al., 2004; Ketzel, M., personal
communication).
The WORM model (Weak Worm Open Road Model) is a newly developed model at the
Norwegian Institute for Air Research (S.E. Walker, personal communication). Based on an
inter-comparison between four open road line source models in the Nordic countries
conducted by Berger et al. (2010), the model now contains parameterisations from the models
OML-Highway, HIWAY2 and CAR-FMI. The objective is then to choose a set of
parameterisations for a given meteorological condition and traffic situation, to obtain the best
result with regard to dispersion and observations. In addition, WORM integrates eq. 1 using
the Gaussian quadrature method (Kythe and Schäferkotter, 2005), which is also accurate for
wind directions parallel to the road.
GRAL (GRAz Lagrange model) (Oettl et al., 2001a) is a Lagrangian dispersion model
making use of the autocorrelation function for the horizontal wind component according to
the model of Wang and Stock (1992); the new positions for a particle at time t + ¨W h are then
given by
x t  't h

x t  >u  u ' t  't h @'t h

(7)

y t  't h

y t  >v  v' t  't h @'t h

(8)

where
u ' t  't h

U u u ' t  V u 1  U u2

v' t  't h

U v v' t  V v 1  U v2

12

12

F

(9)

F

(10)

where x and y are the particle position at time t and t +¨W h, u and v are the mean
components of the wind vector in the x and y directions, respectively, u’ and v’ are the
velocity fluctuations, ıu and ıv are the standard deviations of the velocity components, Ȥ are

random numbers with zero mean and a standard deviation equal to 1, ȡu and ȡv are the
intercorrelation parameters and ¨Wh is a random time step for which the horizontal velocity
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fluctuations remain constant. Vertical dispersion is treated according to Franzese et al.
(1999), which satisfies the well-mixed criterion under stationary and horizontally
homogeneous turbulence:

w t  't v

a w, z 't v  >C 0 H z

z t  't v

z t  w t  't v 't v

@1 2 dW  w t

(11)
(12)

where w is the vertical velocity of a particle, C0 = 2.1 is a universal constant, İ ] is the
ensemble-average rate of dissipation of turbulent kinetic energy, dW are the increments of a
Wiener process with zero mean and variance ¨Wv. Since the model takes into account
enhanced horizontal meandering, it has proved to perform well under low winds (Oettl et al.,
2001b). For a more detailed description of this model, the reader is referred to Oettl et al.
(2001a).
In order to improve traffic dispersion models, proper evaluation against several good quality
experimental data as well as comparisons with other similar models are crucial actions.
Marmur et al. (2003) compared CALINE4 and HIWAY2 based on their application on an
“at-grade” and a “cut/depressed” road section in Israel; when applied to “at-grade” road
sections, their performance was similar with respect to the measurements. For
“cut/depressed” sections, however, HIWAY2 performed better during unstable conditions,
while CALINE4 better predicted peak concentrations. The main problem with the Gaussian
approach of describing dispersion and near-road pollutant levels from an open road network,
is the disability to accurately reproduce the dispersion characteristics and concentration
during low wind speed conditions and/or for wind directions parallel to the road. A regular
problem during low wind speed conditions is overestimation of the pollutant levels and
hence, underestimation of the dispersion. This mainly happens because of unsufficient or lack
of proper description and parameterisation of traffic produced turbulence, which has proved
to by important, especially near the source. Levitin et al. (2005) evaluated and compared
CALINE4 and CAR-FMI against measurements near a major road in Finland. They found
that both models correlated well with measurements, although the performance was better at
a larger distance from the road. However, for low wind speed conditions and wind directions
close to parallel to the road, the performance of both models deterioated, i.e. the
concentrations were overestimated. In Oettl et al. (2001b) CAR-FMI was compared with the
Lagrangian dispersion model GRAL using the same dataset as that in Levitin et al. (2005).
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For low wind speeds and wind directions parallel to the road, where the performance of
CAR-FMI deterioated, GRAL managed to reproduce the measurements better. This was
found to be due to GRALs treatment of flow meandering due to traffic produced turbulence,
based on the formulation of Wang and Stock (1992), which leads to increased dispersion
during low wind speed conditions.
3

Emission of suspended PM from traffic

The study of airborne particulate matter (PM) is an area of interest due to the implications on
health and climate. Emissions from non-exhaust sources (road wear, break and tyre wear) is
one of the major contributors to poor air quality, particularly in countries where traction
control methods such as the use of studded tyres, sanding and salting are applied during
winter time (Kupiainen, 2007; Norman and Johansson, 2006; Gustafsson et al., 2008a,b). The
health effects related to PM10 include respiratory morbidity (wheeze, reduced lung function)
and mortality, cardiovascular morbidity and mortality, and cancer (Downs et al., 2007;
McCreanor et al., 2007; Laden et al., 2000). According to Clean Air For Europe (EC,
2005b), long-term exposures to PM2.5 were associated with ~350 000 premature annual
deaths in 2000. Predicting road dust emissions, through the use of models, is a major
challenge and has only been addressed to a limited extent. In addition, although the emissions
of exhaust particles are regulated by law, the sources of road dust are at present unregulated.
As mentioned, significant efforts have been made over the years in order to reduce exhaust
emissions. As a result, road dust emissions are at present almost equally, or in some cases,
more important than exhaust emissions. According to Luhana et al. (2004), in the Hatfield
tunnel in the UK, diesel and petrol exhaust accounted for ~47% of the net PM10
concentrations, while the resuspension of road dust, and emissions due road, tyre and brake
wear together amounted to ~46% of the net PM10 concentrations. Lenschow et al. (2001)
reported that ~50% of the PM10 emissions caused by traffic are attributable to road dust
resuspension, and ~50% attributable to exhaust and emissions due to tyre wear at a traffic site
in Berlin. In addition, the use of studded tyres increase the PM levels dramatically; according
to Forsberg et al. (2005), due to the use of studded tyres, ~90% of the PM10 levels during
springtime in Stockholm are mechanically generated particles due to road wear and
resuspension. Furthermore, the existing limit values for PM10 are often exceeded. According
to the European directives 2008/50/EC (EC, 2008), daily averages cannot exceed 50 µg m-3
more than 35 times a year, and the annual average cannot exceed 40 µg m-3. In many cities in
Europe these limit values are not met. For example, in a case study in Stockholm the daily
12

averages of the three streets involved exceeded the limit value during all the years from 19992004 (Norman and Johansson, 2006). The same has been the case in Trondheim, Norway, in
the years 1999-2007, although the PM10 levels show a downward trend due to a reduction in
the share of vehicles using studded tyres, as well as development of more durable pavements
(Snilsberg, 2008).
This section is concerned with the physical processes and parameters governing road dust
emissions, followed by a review of regulatory road dust emission models including their
characteristics and shortcomings.
3.1

What is road dust?

Road dust is dust generated as a result of the mechanical wear of the road surface. In
addition, tyre, brake and clutch wear, as well as corrosion of vehicle components and street
furniture, de-icing salt, grit from traction sand, etc are important non-exhaust emission
sources. In this thesis we use the term “road dust” since we do not cover the other nonexhaust sources in any great detail. Road dust emissions cover both direct emissions due to
mechanical wear and resuspension of dust on the road surface and shoulder. While exhaust
particles mainly lie in the nucleation or accumulation size mode, i.e. particles with diameters
d < 50 nm and 0.05 µm < d < 2.5 µm, respectively, particles attributed to mechanical wear
that become emitted as TSP, typically lie in the size range 1-70 µm (Myran, 1985), with a
peak at the coarse size mode, i.e. 2.5 µm < d < 10 µm (Thorpe et al., 2007). Particles with
diameters up to 100 µm can become suspended, but d §PLVFRQVLGHUHGDVL]HOLPLWIRU
particles if they are to remain airborne for longer periods of time, as these particles typically
have settling velocities smaller than the vertical velocities in the turbulent boundary layer
(Kupiainen, 2007).
The composition of road dust varies with location, season and other parameters. Typically, it
is composed of 60% sand, 20% fine sand and 20% silt (Luhana et al., 2004). However, traces
of lead, copper, calsium and zink from tyre and brake wear are also present. In a test study
conducted by Kupiainen et al. (2005), where traction sand was applied on the pavement, 90%
of the TSP (total suspended particles) were aluminosilicates, which are found in hornblende,
a tracer for pavements, in addition to quartz and K-feldspar, which serve as tracers for antiskid aggregates. Hence, the formed dust consisted of dust from both the pavement and the
traction sand, with the amount of quartz and K-feldspar increasing with increasing load of
traction sand. Gustafsson et al. (2008b) reported that as a result of studded tyre use, mineral
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particles from the pavements (Al, Si and K) totally dominate the wear, regardless of
pavement type.
3.2

Sources and formation of dust

The factors and processes affecting road dust emissions are many and complex. Fig. 1
presents a simplified diagram describing the main sources and processes controlling road dust
and other non-exhaust emissions, as well as their dependencies on vehicle, traffic and
pavement characteristics and meteorology; particles generated from road, tyre and brake
wear, as well as deposition of any external sources as sanding, salting and exhaust will either
become directly emitted, determined by the function fdirect, or deposited onto the surface,
determined by the function (1-fdirect). A fraction of the resulting dust load on the road surface
and shoulder will eventually become resuspended, controlled by the functions groad and
gshoulder, respectively, while some particles will be removed due to runoff, controlled by the
function grunoff. The direct and resuspended emissions, as well as PM from any other sources
(long-range transport from industry, wood burning, other road environments, etc.) all
contribute to the total airborne PM (TSP). The main factors controlling road dust emissions
are also presented in the diagram. In the following the processes controlling road, tyre and
brake wear, as well as road dust resuspension will be discussed.
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Figure 1: Main sources and factors affecting road dust emissions.
3.2.1

Road, tyre and brake wear

Road wear is closely linked to tyre wear as it occurs as a result of the tyre-road-interaction.
The wear rates depend on numerous factors such as tyre type, vehicle type, vehicle speed,
road geometry, surface properties, driving behaviour and meteorology. A range of road wear
rates have been reported in the literature; 3.8 mg veh-1 km-1 (Muschack, 1990), 90-440 mg
veh-1 km-1 in New Zealand (Kennedy et al., 2002) and 7.9-38 mg veh-1 km-1 depending on
vehicle category (Lükewille et al., 2001). However, in the Nordic countries, North America
and Japan where traction control methods such as studded tyres and/or dispersion of traction
sand or de-icing material on the road are applied during the winter to increase traffic safety,
the road wear is much more pronounced. In Norway (Oslo) and Sweden (southern parts) the
share of studded tyre use during winter time is ~20% and ~40%, respectively (Norwegian
Public Roads Administration and Omstedt et al., 2005), while in Finland the use rate is ~80%
(Kupiainen, 2007). According to the Norwegian Institute for Air Research (NILU, 1996),
studded tyres wore off ~250 000 tonnes of asphalt each year in Norway in the mid 1990’s.
Lindgren (1996) reports a wear rate of 24 g veh-1 km-1 for studded tyres during winter time in
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Sweden. Another traction control method widely used in e.g. the Nordic countries is traction
sand/anti-skid aggregate which increases the wear of the pavement when the tyres interact
with the sand on the road surface; according to Kupiainen et al. (2005), loose particles on the
road surface act as studs when tyres interact with the surface, leading to increased road wear.
In addition, the “road-sand-tyre” interaction may cause breakage of the larger particles into
smaller resuspendable sizes. This process is called the sandpaper effect. Kupiainen (2007)
studied this phenomenon and reported that aggregates with high resistance to fragmentation
resulted in high relative contributions from the pavement. In the same study the PM
concentrations increased with increasing amount of anti-skid aggregate. According to
Tervahattu et al. (2006), the abundance of particles from the pavement is highly dependent on
the fragmentation resistance and grain size of the sanding aggregates, as well as the hardness
of the pavement. In Kupiainen et al. (2005) the use of traction sand and studded tyres gave
the highest particle concentrations, followed by friction tyres and the same traction sand.
Furthermore, studies have shown the impact vehicle speed has on road wear; Kupiainen
(2007) carried out indoor road simulator tests, and found that at a speed of 15 km h-1 studded
tyres resulted in an average PM10 concentration that was four times higher compared with
non-studded winter tyres and that the effect became more pronounced at higher vehicle
speeds due to the increased tyre and road wear. Gustafsson et al. (2008b) found that the use
of studded tyres resulted in particle concentrations 60-100 times higher (at speeds of 30, 50
and 70 km h-1) than when friction tyres were used. Road moisture also increases the road
wear; according to Folkeson (1992), the road wear is two to six times higher for a wet surface
than for a dry surface. This is mainly because under wet conditions, particles attach more
easily to the surface, rather than becoming emitted, leading to an increase of the road dust
depot. Hence, due to the sandpaper effect a wet surface may cause enhanced wear.
Tyre wear occurs as a result of the interaction and frictional energy developed at the road-tyre
interface (Veith, 1995), and the wear rate is dependent on numerous factors such as tyre
characteristics (size, tread depth, tyre pressure and temperature), vehicle characteristics
(weight, engine power and location of driving wheels), road surface characteristics and
driving behaviour. In general, tyre wear is enhanced during acceleration, braking and
cornering. A new tyre on an average European car will loose ~1-1.5 kg of its weight before it
must be replaced. This corresponds to a service lifetime of three years or 50 000-60 000
vehicle km (Boulter, 2005). A range of values have been reported in the literature; e.g. Legret
and Pagotto (1999) reported a tyre wear rate of 68-136 mg veh-1 km-1, depending on vehicle
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category, while 16 mg veh-1 km-1 has been reported by Lee et al., 1997). According to Luhana
et al. (2004), the tyre wear decreases as the mean trip speed increases, mainly because of
more frequent braking and cornering in urban areas than on highways where the vehicle
speed is higher and more constant.
Brake wear occurs during forced deceleration due to large frictional heat generation (Luhana
et al., 2004), and hence increases in areas where braking is needed such as crossings and
slopes. In addition, some factors affecting brake wear are type of brakes (disc brakes or drum
brakes), composition of the friction material and driving behavior. Under normal usage, it is
expected that front disc and rear brakes last for ~56 000 and 112 000 vehicle km, respectively
(Garg et al., 2000). Some brake wear rates reported in the literature range from 11-29 mg veh1

km-1, depending on vehicle category (Garg et al, 2000) and 20-47 mg veh-1 km-1, depending

on vehicle category (Legret and Pagotto, 1999) and 8.8 mg veh-1 km-1 (Luhana et al., 2004).
As with tyre wear, Luhana et al. (2004) reported a decreasing pattern of brake wear with
increasing mean trip speed because of less braking on highways where the speed limits are
higher than in urban areas.
The values reported here show that road wear is ~100 times larger when studded tyres are
used as compared to tyre and brake wear, while summer tyres cause road wear in the same
size order as tyre and brake wear.
3.2.2

Resuspension of road dust

As indicated in fig. 1, resuspension is the process where particles that have been formed
earlier due to wear of the road, tyres, brakes, road surface, etc. deposit onto the road surface,
and become resuspended later mainly due to mechanical emission through interaction
between the tyres and the surface, and vehicle induced turbulence. The factors influencing
resuspension are many and complex. The most important ones are road dust on the road
surface and shoulder (road dust depot or dust/silt loading), meteorological factors
(precipitation, humidity, temperature, wind speed), traction control methods, amount of
traffic, vehicle type, vehicle speed, road cleaning and pavement properties. In addition, the
separation between direct emissions due to road, tyre and brake wear and road dust
resuspension is a challenging task, and has only been addressed to a limited extent; according
to Thorpe et al. (2007), resuspension comprises 20-22% of the total PM10 emissions.
Lenschow et al. (2001), however, reported that resuspension is the predominant source of
road dust PM10 near roads. Furthermore, Harrison et al. (2001) reported that approximately
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half of the roadside PM10 levels originated from resuspended road dust, while the other half
originated from exhaust particle emissions. Even higher shares are reported by e.g. Forsberg
et al. (2005). The main reason for the different results is the use of studded tyres during
winter time in some countries; during snowy winters the particles formed due to the enhanced
road wear, as well as tyre and brake wear, deposit onto snow piles or wet road surface. When
the spring arrives the surface dries up and the large dust depot resuspends, causing high peaks
in the PM10 concentrations (Omstedt et al, 2005; Ketzel et al., 2007).
The effect of tyre type, road moisture, vehicle category and vehicle speed on resuspension
has been adressed in a number of studies; according to Johansson (2007), the resuspension
was measured to 16-43% and >87% when using studded and non-studded winter tyres,
respectively. With regard to surface moisture, studies have shown that when the surface is
wet the road dust emissions are low; Thai et al. (2008) showed that PM3-10 and PM10 were
negatively correlated with precipitation. Furthermore, Nicholson and Branson (1990) showed
that resuspension is greatest immediately after the road has dried up. This is supported by
Kuhns et al. (2003) who reported that the emission potential was closely related to the period
since the last rainfall. With regard to vehicle type, studies have shown that HDV (heavy duty
vehicles) contributes significantly to resuspension; larger vehicles create more aerodynamic
drag in the wake of the vehicle and thereby cause enhanced traffic induced. Thorpe et al.
(2007) reported that PM2.5-10 emission factors range from ~171 to ~183 mg km-1 for HDV and
from ~1.1 to ~5.1 mg km-1 for LDV (light duty vehicles) for one set of background data.
Abu-Allaban et al. (2003) found that the resuspension emission factors for HDV are 8 times
larger than for LDV. Vehicle speed is also an important factor as several studies have shown
that the PM emissions increase with vehicle speed. In addition, the rolling tyres squeeze the
air beneath the tyres and generate a shear due to tyre rotation. Hussein et al. (2008) showed
that the particle mass concentrations behind the studded tyre at a vehicle speed of 100 km h-1
were ~10 times higher than that at 20 km h-1. Hagen et al. (2005) reported results from a
measurement campaign in Oslo where the speed limit on a major road in Oslo was reduced
from 80 to 60 km h-1. As a result the average vehicle speed was reduced with ~12.5%, and
the resulting reduction in net concentration of PM2.5-10 was 30-35%.
3.3

Efforts to reduce road dust emissions

Several measures have been introduced to reduce road dust emissions. Among these
measures are the reduction of the share of studded tyres which has proved to have a large
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beneficial effect; according to Norman and Johansson (2006), a 10% reduction in the share of
vehicles using studded tyres resulted in a reduction of the weekly averaged PM10 levels (due
to local road wear) of 10 µg m-3. In order to reduce the studded tyre share, taxational
measures have been introduced in the larger cities of Norway. In some countries (e.g.
Belgium, Japan, Germany, United Kingdom) the use of studded tyres is totally prohibited.
Furthermore, several regulations with respect to the use of studded tyres have been
introduced since they were first introduced in the early 1960s. The regulations deal with
composition of the stud to reduce stud protrusion, stud weight and number of studs per tyre;
for example, according to Angerinos et al. (1999), a reduction of the weight of the stud of
1.7-1.9 g to 1.1 g will potentially reduce the the road wear by ~30%.
A number of studies have studied the effects of application of dust-binding material onto the
road and road cleaning; Aldrin et al. (2008) used a generalised additive model to assess the
effect of salting with magnesium chloride, as well as sweeping and washing of the road on
the PM concentration in a road tunnel. The analysis revealed no clear effect of sweeping and
washing, while the estimated effect of salting immediately after the salting took place was a
70% reduction compared to the corresponding PM level without salting. With regard to
sweeping and washing, similar results were reported by Kuhns et al. (2003) and Norman and
Johansson (2006). The latter study also assessed the effect of applying calcium magnesium
acetate (CMA) on streets in the city of Stockholm and reported a 35% reduction of the daily
PM10 under dry conditions. The reported minimal effect of road cleaning may be due to use
of less efficient cleaning equipments or that the duration of the measurements are too short to
reveal the true effect. It may have an effect on the long term due to the removal of large
particles that otherwise would be crushed into smaller resuspendable sizes do to the
sandpaper effect.
Many studies have also revealed the effect vehicle speed has on road wear and the PM levels
(e.g. Hussein et al., 2008; Etyemezian et al., 2003a; Kupiainen et al., 2005). As a
concequence, on some large streets in Oslo, Norway, the speed limit is reduced from 80 km
h-1 to 60 km h-1 during the studded tyre season. Hagen et al. (2005) reported a net reduction in
the PM10 and PM2.5-10 levels of 30-40% due to the reduction in speed limit (the share of
studded tyres was ~10% lower during the season with reduced speed limit than the previous
season).
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3.4

Model concepts and critical summary

This section describes some model concepts that have been developed in order to describe
road dust emissions, followed by a critical summary of these models. A common concept in
such models is ‘emission factors’, EF, which is usually defined as the mass of PMx per
vehicle kilometre travelled (mg veh km-1) relating the quantity of a released pollutant with the
activity that causes the release. A wide range of emission factors for road, tyre and brake
wear, as well as for resuspension, are available from literature, e.g. Gehrig et al. (2004), AbuAllaban et al. (2003), Thorpe et al. (2007), Etyemezian et al. (2003a,b). However, due to
differences in ambient meteorological conditions, duration of measurement campaigns,
properties of pavements, tyre type, etc, large differences between emission factors for a
particular road dust source usually occur.
3.4.1

Road dust emission models

Omstedt et al. (2005) developed a model for vehicle-induced non-tailpipe emissions taking
specifically into account the effect of road surface moisture content on the road dust layers.
They make use of the fact that the dust load increases due to sanding and road wear, which is
strongly dependent on the use of studded tyres, and decreases due to runoff and resuspension:

E

N  EFdirect  EFresuspension

(13)

where E (g m-1 s-1) is the total emission of particles from the road, N (veh s-1) is the number
of vehicles, and EFdirect and EFresuspension (g veh-1 m-1) are the emission factors for direct and
resuspended emissions, respectively. Furthermore,

EFresuspension

f q  l  EFref , w int er

(14)

EFresuspension

f q  EFref , summer

(15)

where fq is a reduction factor related to moisture content, l is the dust load (normalised to the
number of sanding days during winter time), depending on runoff, suspension due to road
wear and the share of studded tyres, and EFref,winter and EFref,summer (g veh-1 m-1) are reference
emission factors estimated using local measurements of NOx. EFresuspension is separated into a
summer and a winter part because the dust layer is not so important during the summer
relative to the winter, especially in Nordic conditions where traction control methods are used
during winter.
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The EMEP CORINAIR emission model (EMEP CORINAIR, 2003) depends on vehicle
category and vehicle speed; in order to calculate PM10 emissions from road, tyre and brake
wear, the following expressions are used:
E R ,m,k

N k  M k  EFR

k

 f R ,m

ET , m , k

N k  M k  EFT

k

 f T ,m  S T V

E B ,m,k

N k  M k  EFB

k

 f B ,m  S B V

(16)

where the subscripts i = R, T, B correspond to road, tyre and brake wear, respectively, and m
and k correspond to size class and vehicle class, respectively. Ei,m,k (g) is the total PM
emissions due to wear source i size class m and vehicle class k, Nk (veh s-1) is the number of
vehicles in vehicle class k, Mk (km) is the average mileage driven per vehicle in vehicle class
k, EFi,k (g km-1) is the mass emission factor from wear source i and vehicle class k, fi,m is the
mass fraction of wear particles from wear source i that can be attributed to size class m and
Si(V) is a wear correction factor for a mean travelling speed V. The expressions for Si(V) are
based on the work of Luhana et al. (2004) who found a decreasing trend of tyre and brake
wear for increasing vehicle speed, as mentioned in section 3.2.1. No speed correction are
found for road wear due to little information on airborne emission rates from pavement wear.
Particle emissions from each of the three sources using relevant emission factors are given in
EMEP CORINAIR (2003).
The Norwegian Institute for Air Research (NILU) in Norway has developed a road dust
emission model in which the resuspension of PM2.5-10 is related to the share of studded tyres,
s (%) and heavy traffic, TT (%), traffic speed V (m s-1), vehicle numbers and road wetness,
RW (Tønnesen, 2000). The emission of PM10, E(PM10) (g veh-1 km-1), is expressed as
E PM 10

E PM 2.5  E PM 10 2.5

(17)

where
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E PM 2.5
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¹

(18)
(19)
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where Eref(PM2.5) (g veh-1 km-1) is the emission of PM2.5 in the reference situation, a and b
are empirical resuspension values specific for each site, Vref (m s-1) is a reference speed
related to the speed limit at the site, RP is a factor related to the use of studded tyres and
E(EP) (g veh-1 km-1) is emission of exhaust particles. RP is expressed as
RP

0.98  s  0.02

(20)

where s (%) is the share of studded tyres.
The USEPA AP-42 model (US EPA, 2006) calculates emissions from brake wear, tyre wear
and “fugitive dust” emissions from paved and unpaved roads:
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(22)

where Edaily and Ehourly (g veh-1 km-1) are the daily and hourly emission factor for particles,
respectively, k (g veh-1 km-1) is a base emission factor dependent on particle size, l75 (g m-2) is
the dust load less than or equal to 75 µm, m (tonnes), is the average weight of the vehicles
and P is the number of days with at least 0.254 mm precipitation. The silt loading is
determined by vacuuming the travelled portion of the paved road. The model was developed
using a larger dataset consisting of about 60 data points for a variety of roads and the term in
the parenthesis was then determined by regression analysis of the data. A modified version of
this model is in use in Germany, where the modifications involved separation of exhaust and
road dust contributions and adjustments to the constant values (Rauterberg-Wulff, 2000,
Gamez et al., 2001). However, this model overpredicted the emissions at highways, and the
whole concept of AP-42 was abandoned in favour of providing emission factors as functions
of “traffic situations”, e.g. motorway, city main roads, etc. (Ketzel et al., 2007). A more
detailed description of USEPA AP-42 can be found in Venkatram (2000) and Boulter (2005).
3.4.2

Critical summary of road dust emission models

In general, the majority of the road dust emission models described above apply local air
quality measurements or empirical constants specific to the one or very few road
environments; e.g. the a and b values in the model of Tønnesen (2000) (eq. 18), specific for
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roads in Oslo, Norway, and the factor k in the AP-42 model (eqs. 21 and 22). In particular, in
the model of Omstedt et al. (2005), which is developed to handle the seasonal variations in
PM typical for countries using studded tyres during winter time, the reference emissions
factors for PM, EFref,winter and EFref,summer, are determined by using the tracer method with
NOx as tracer; hence, the model becomes tuned towards a specific site, although the other
terms are more general. The tracer method assumes that the ratio between the net observed
concentration of NOx, CNOx,net, and the emission factor of NOx, EFNOx, (both considered to be
relatively certain) is equal to the ratio between the net observed concentration of PM, CPMx,net,
and the emission factor of PM, EFref:

C PM10 ,net

C NOx ,net

EFref

EFNOx



(23)

The EMEP CORINAIR, on the other hand, does not take into account resuspension and
hence, cannot take into account seasonal variation and reproduce the spring time peaks in
PM10 in countries where traction control methods are used. Furthermore, no speed correction
is included for road wear, although many studies reveal the importance of vehicle speed on
road wear (Gustafsson et al., 2008a, Kupiainen et al., 2005). In addition, more detailed
information is required with regard to the relative effects of different tyre and road surface
combinations, road wear emission factors and resuspension (EMEP CORINAIR, 2003). The
model of Tønnesen (2000) is critizised for not taking into consideration different pavement
types, and for relating the resuspension to modelled emissions of exhaust particles, the latter
being emphasized by Bringfelt et al. (1997), who stated the emission factor for resuspended
particles increases with increasing vehicle speed, while this is not the case for exhaust
particles. In addition, the model does not include any explicit description of resuspension.
The AP-42 model has been critizised for using silt loading (l) as input, which can be quite
ambiguous. Venkatram (2000) concluded that the estimates of PM10 emissons from paved
roads were not reliable.
Model inter-comparison studies are important to develop road dust emission models. Ketzel
et al. (2007) compared the model of Omstedt et al. (2005) with several other models, among
them being the tracer method (eq. 23). The models were applied onto datasets from streets in
Stockholm, Sweden, and Copenhagen, Denmark. It is interesting to note that when applied
upon the Danish measurements, the model of Omstedt et al. (2005) did not perform better
than the tracer method. This was mainly because there is less seasonal variation in
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Copenhagen in terms of PM levels, as studded tyres are not allowed. Other than indicating
that the emissions are dependent on external factors not described by the model of Omstedt et
al. (2005), this also illustrates the general importance of comparing models and applying then
upon several other datasets other than the ones upon which they are developed.
In order to aid the development of more general model frameworks with process descriptions
of the parameters involved, detailed measurement campaigns should be conducted in the
future in order to better understand the mechanisms controlling direct emissions and
resuspension. The campaigns should include measurements of surface conditions such as
surface temperature, wetness, freeze and drainage, as well as measurements of road wear and
dust depot on the road surface and shoulder with analysis of source apportionment and size
distributions.
4

Research summary and main conclusions

Road traffic is a highly important source of a range of pollutants having adverse health and
environmental effects. Hence, efforts to reduce traffic related emissions are beneficial for
both health and the environment in the long term. Development of models describing traffic
related emissions and dispersion of pollutants will in the end lead to robust models that well
reproduce available air quality measurements. Furthermore, such models will aid the analysis
of existing mitigation measures, as well as developing new ones, to reduce the emissions of
traffic related pollutants. With this background, the main objective in this thesis is to evaluate
and develop models related to the emissions and dispersion of traffic induced road dust. This
thesis emphasizes the importance of using models as tools for increasing our general
understanding of traffic related emissions and dispersion.
The first study deals with the modelling of the dispersion and resulting concentration levels
of NOx at distances up to 100 m from major roads in rural areas, using four Gaussian open
road line source models developed in Norway, Denmark and Finland. These models were
applied to datasets from measurement campaigns conducted in rural areas near major roads in
the mentioned countries. NOx was considered since it was measured at all sites, its emissions
are well known and since it can be treated as a tracer for the short time scales involved. When
comparing the models with the measurements we found that the results are sensitive to the
parameterisation of traffic produced turbulence (TPT), especially at distances close to the
road in combination with low wind speeds. The Danish model OML-Highway performed
best at all sites due to its parameterisation of TPT based on turbulent kinetic energy. Future
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models should also be aware of their description of effective transport velocity, as well as
Lagrangian time scales.
The second study is concerned with the development of a more generalised model framework
to describe road dust emissions, i.e. emissions of particulate matter (PM) from the road
surface due to road surface wear as well as resuspension of deposited material on the road
surface and road shoulders. There is a need for a more generalised road dust emission model
since the majority of already developed road dust emission models contain empirical
constants or functions related to local air quality measurements. As such, the applicability of
these models on other road environments is limited and they cannot be used for analysis of
mitigation measures related to road dust emissions. The model concept described in this study
accounts for the main processes controlling road dust emissions and does not depend on local
measurements; it is based on measurements of road, tyre and brake wear to obtain the
relevant emission factors. A mass balance concept is used for describing the variation in dust
load on the road surface and shoulders. Furthermore, the model separates the direct emissions
and resuspension and treats the road surface and shoulder as two individual sources. When
applying the model onto two datasets from measurement campaigns conducted at major roads
in and outside Oslo, Norway, during the studded tyre season, it performed well during warm
periods and less well for temperatures close to or below 0 ºC in combination with
precipitation. In particular, it overestimated the PM10 concentrations under heavy
precipitation events, since it does not take amount of precipitation into account, and
underestimated the PM10 levels during periods in which salting occurred; the model does not
include salting as an additional mass source. As such, refinements of the parameterisations of
road surface conditions are needed and measurement campaigns with the aim of
understanding the effect of road surface conditions on road dust emissions should be
conducted. In spite of the current limitations, the model provides a well described conceptual
framework and describes processes that no model has ever done before. The model will in the
future provide the potential for good air quality planning.
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Summary of papers
Paper 1: Berger, J., Walker, S.E., Denby, B., Berkowicz, R., Løfstrøm, P., Ketzel, M.,
Härkönen, J., Nikmo, J., Karppinen, A., 2010. Evaluation and inter-comparison of open road
line source models currently in use in the Nordic countries. Boreal Environmental Research
15: 00-00 (preprint). Will be published 2010.
In this paper, a modified version of the US EPA model HIWAY2, the Finnish CAR-FMI
model, the Danish OML-Highway model and the Norwegian WORM model are intercompared and evaluated. All these models are Gaussian open road line source models. The
overall aim is to determine under which conditions the models perform well or poorly. The
models are applied onto three datasets from measurement campaigns conducted at open road
environments in Oslo, Norway, Helsinki, Finland, and Copenhagen, Denmark. We assess the
results with regard to normalisation, wind speed, wind direction, horizontal profiles and
atmospheric stability. We use NOx in the model simulations, since its emissions are well
known and it can be treated as a tracer for the short time scales involved. In general, a
decrease of the correlation between model estimates and observations is evident when
normalising the data with NOx emissions, due to the significant positive correlation between
observed concentrations and emissions. Furthermore, a reduction of bias is evident when
normalising the Norwegian and Danish data, due to overestimation of the dispersion at lower
emission values. In general, OML-Highway performs best, particularly for higher emission
values when the influences of traffic density and vehicle speed on traffic produced turbulence
are higher. This is due to a more advanced parameterisation of traffic produced turbulence
based on turbulent kinetic energy. With regard to horizontal profiles, the relative bias for
CAR-FMI increases with increasing distance from the road, indicating that the Lagrangian
time scales are too short. In the future, OML-Highway’s parameterisation of traffic produced
turbulence should be implemented in open road line source models. In addition, it is
important that the effective transport velocity and Lagrangian time scales are well described.
Paper 2: Berger, J., Denby, B., 2010. A generalised model for traffic induced road dust
emissions. Part 1: concept and model description. Submitted to Atmospheric Environment.
This is the first paper in a two part series of studies concerning the development and
evaluation of a generalised road dust emission model. Most of today’s road dust emission
models are based on local measurements and/or contain empirical emission factors that are
specific for a given road environment. Hence, they are less applicable to other road
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environments with different meteorological conditions and traffic characteristics. The aim
with this study is to develop a more generalised model using process descriptions of the most
important parameters involved, preferably without any tuning towards the dataset upon which
it has been developed. The model framework presented in this paper uses road, tyre and brake
wear rates to determine the emission factors for direct road dust emissions. The mass balance
concept is used to estimate the dust load on the road surface and road shoulder. Furthermore,
the model separates the road dust emissions into a direct part and a resuspension part, and
treats the road surface and road shoulder as two different sources. In this paper we discuss the
parameterisations that are needed to complete the model and a review of results reported in
the literature is given. We analyse the model under highly idealized conditions to see the
connection between the different parts of the model (i.e. the production of dust load on the
road surface and shoulder, the functions controlling the amount of dust particles becoming
directly emitted or resuspended, as well as the dust load on the road surface and shoulder and
their time scales).
It is highly challenging to obtain full information on all parameters that may affect road dust
emissions. Nevertheless, estimates of the time scales for the build up of road dust on the road
surface and road shoulder have been obtained; the former is less than one hour under the
majority of traffic conditions while the latter ranges from weeks to months. The model also
manages to reproduce the observed increase in road dust emissions directly after drying due
to build up of mass on the road surface and shoulder during precipitation events. The model
enables a broader conceptual view of the phenomenon of road dust and other non-exhaust
emissions and provides a framework on which to base further studies.
Paper 3: Berger, J., Denby, B., 2010. A generalised model for traffic induced road dust
emissions. Part 2: model evaluation. Submitted to Atmospheric Environment.
This is the second paper in a two-part series of studies concerning the development and
evaluation of a generalised road dust emission model. In this paper the model is compared
with PM10 measurements from two major roads; Aker Hospital in Oslo, Norway, and
Nordbysletta, 20 km outside Oslo. Both measurement campaigns were conducted during the
studded tyre season. Analysis of the results showed that the model gave excellent results
under warm conditions, and needs refinement of the road surface condition parameterisations
under other conditions. In particular, the model underestimated the net PM10 levels for
temperatures around 0 ºC mainly due to the observed salt contribution; the model currently
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does not include salting as an additional mass source. In general, the model outputs as well as
the PM10 concentrations are highly sensitive upon the effect of precipitation. Since the model
does not take the amount of precipitation into account, it overestimates the observations
under relatively high precipitation events.
In spite of the current limitations of the model, the model reflects a number of processes that
no other model has ever done before, e.g. with regard to the particle redistribution rates (fand g-functions), the treatment the road shoulder as an individual source and giving as output
the time scales for build up of road dust on the road surface and shoulders. We have indeed
developed a generalised road dust emission model that does not rely on local measurements;
the basic emission factors are adjusted to road wear information that can be more easily
obtained than air quality data from road network measurements. Overall, the model presents a
generalised conceptual framework for further development and can lay the course for future
measurement campaigns. As more monitoring data is obtained and specific parameterisations
are refined, the model will in the future enable improved estimates of road dust emissions and
provide the potential for good air quality planning and management.
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WUDIÀFSURGXFHGWXUEXOHQFHWKLVPRGHOSHUIRUPHGEHVWDWKLJKHUHPLVVLRQYDOXHVZKHQWKH
LQÁXHQFH RI WUDIÀF GHQVLW\ DQG YHKLFOH VSHHG RQ WUDIÀF SURGXFHG WXUEXOHQFH ZDV KLJKHU
:LWKUHJDUGWRKRUL]RQWDOSURÀOHVWKHUHODWLYHELDVIRU&$5)0,LQFUHDVHGDVDIXQFWLRQRI
GLVWDQFHIURPWKHURDGLQGLFDWLQJWKDWWKH/DJUDQJLDQWLPHVFDOHVDUHWRRVKRUW

,QWURGXFWLRQ
0RGHOFRPSDULVRQVWXGLHVSURYLGHDUREXVWEDVLV
IRUHYDOXDWLRQGHYHORSPHQWDQGLPSURYHPHQWRI
PRGHOV:KHQVHYHUDOPRGHOVDUHDSSOLHGWRWKH
VDPH GDWDVHW ZH REWDLQ LQVLJKW DQG NQRZOHGJH
RQVSHFLÀFGLIIHUHQFHVEHWZHHQWKHPRGHOVDQG
RQ WKH SDUWV RI WKH PRGHOV WKDW SHUIRUP ZHOO RU
SRRUO\2YHUWKH\HDUVDQXPEHURIRSHUDWLRQDO
RSHQURDG RU KLJKZD\ GLVSHUVLRQ PRGHOV KDYH
EHHQGHYHORSHGHJWKH+,:$<PRGHOV WR 

WKH &$/,1( PRGHOV  WR   *0 DQG 52$'
:$< $ UHYLHZ RI WKHVH PRGHOV FDQ EH IRXQG
LQ6KDUPDHWDO  *DXVVLDQPRGHOVKRZ
HYHU W\SLFDOO\ SHUIRUP SRRUO\ XQGHU ORZ ZLQG
VSHHG FRQGLWLRQV RU ZKHQ WKH ZLQG GLUHFWLRQ
LV FORVH WR SDUDOOHO WR WKH URDG DV GHVFULEHG LQ
%HQVRQ  ,Q2HWWOHWDO  WKH*DXV
VLDQOLQHVRXUFHPRGHO&$5)0,ZDVFRPSDUHG
ZLWK WKH /DJUDQJLDQ GLVSHUVLRQ PRGHO *5$/
ZLWK VSHFLDO HPSKDVLV RQ ORZ ZLQGVSHHG FRQ
GLWLRQV ,W ZDV VKRZQ WKDW &$5)0, WHQGHG
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WR RYHUHVWLPDWH WKH 12[ FRQFHQWUDWLRQV ZKLOH
*5$/XQGHUHVWLPDWHGWKHPZKLFKZDVPDLQO\
GXH WR *5$/·V VSHFLDO WUHDWPHQW RI HQKDQFHG
KRUL]RQWDO GLVSHUVLRQ PHDQGHULQJ ÁRZV  XQGHU
ORZ ZLQGV 6LPLODU FRPSDULVRQ VWXGLHV ZHUH
SHUIRUPHG E\ HJ /HYLWLQ HW DO   ZKHUH
&$5)0, DQG WKH *DXVVLDQ OLQHVRXUFH PRGHO
&$/,1( ZHUH DSSOLHG WR D )LQQLVK GDWDVHW
7KHUHVXOWVVKRZHGWKDWERWKPRGHOVSHUIRUPHG
EHWWHU DW D JUHDWHU GLVWDQFH IURP WKH URDG DQG
SRRUHVWSHUIRUPDQFHZDVVHHQIRUORZZLQGVDQG
SDUDOOHOZLQGGLUHFWLRQV
,Q WKLV VWXG\ ZH DSSOLHG D PRGLÀHG YHUVLRQ
RIWKH+,:$<PRGHOFDOOHG+,:$<$4WKH
'DQLVK20/+LJKZD\PRGHOWKH)LQQLVK&$5
)0, PRGHO DQG WKH QHZ 1RUZHJLDQ :250
PRGHOWRWKUHHGDWDVHWVIURP1RUZD\'HQPDUN
DQG )LQODQG UHVSHFWLYHO\ 7KH VWXG\ DGGUHVVHG
RQO\ URDGVLGH HQYLURQPHQWV DW UXUDO VLWHV WKDW
ZHUH QRW LQÁXHQFHG E\ DQ\ EXLOGLQJ REVWDFOH
KHQFH ZH GHQRWH WKHVH HQYLURQPHQWV UXUDO DQG
RSHQ 7KH FRPSDULVRQ ZDV DLPHG DW DQDO\V
LQJ WKH YDULDELOLW\ DQG TXDOLW\ RI WKHVH RSHQ
URDG OLQHVRXUFH 25/6  PRGHOV 0RUH VSHFLÀF
DLPV ZHUH WR L  GHWHUPLQH WKH WUDIÀFUHODWHG
DQGPHWHRURORJLFDOFRQGLWLRQVIRUZKLFKIXUWKHU
PRGHOGHYHORSPHQWLVQHHGHGDQG LL WRHYDOX
DWHHDFKPRGHOSHUIRUPDQFHDJDLQVWGDWDVHWV

0RGHOGHVFULSWLRQV
)RXUPRGHOVZHUHDSSOLHGLQWKLVVWXG\7KUHHRI
WKHVHDUHRSHUDWLRQDODWWKHLQVWLWXWLRQVLQYROYHG
ZKLOH WKH:250 PRGHO LV VWLOO XQGHU GHYHORS
PHQWDWWKH1RUZHJLDQ,QVWLWXWHRI$LU5HVHDUFK
1,/8 (DFKPRGHOFDOFXODWHVFRQFHQWUDWLRQVDW
YDULRXVUHFHSWRUSRLQWVE\LQWHJUDWLQJFRQFHQWUD
WLRQV IURP D VHW RI LQÀQLWHVLPDO SRLQW VRXUFHV
GHÀQHG DORQJ HDFK OLQHVRXUFH XVLQJ WKH *DXV
VLDQ SOXPH HTXDWLRQ DV D EDVLV 6HLQIHOG DQG
3DQGLV 






ZKHUH & J P²  LV WKH FRQFHQWUDWLRQ DW WKH
UHFHSWRU SRLQW 4 J P² V²  LV WKH OLQH VRXUFH
HPLVVLRQ VWUHQJWK DVVXPHG FRQVWDQW DORQJ WKH
OLQHVRXUFH XK PV² LVWKHHIIHFWLYHWUDQVSRUW
YHORFLW\' P LVWKHOHQJWKRIWKHOLQHVRXUFHI

P² LVWKHSOXPHGLVSHUVLRQIXQFWLRQDQGC P 
LVDQDUELWUDU\OLQH7KHIXQFWLRQILVJLYHQDV

 



ZKHUH Ʊ\ DQG Ʊ] P  DUH WKH *DXVVLDQ KRUL]RQ
WDO DQG YHUWLFDO GLVSHUVLRQ SDUDPHWHUV UHVSHF
WLYHO\\DQG] P DUHFRRUGLQDWHVDQGK P LV
WKHHIIHFWLYHVRXUFHKHLJKW7KHDERYHIRUPXOD
WLRQ GRHV QRW LQFOXGH LQWHUQDO UHÁHFWLRQV IURP
WKH WRS RI WKH ERXQGDU\ OD\HU ([WUD WHUPV DUH
LQFOXGHG LQ VRPH RI WKH PRGHOV WR DFFRXQW IRU
WKLV 7KH HIIHFWLYH WUDQVSRUW YHORFLW\ XK WUDQV
SRUWVWKHSROOXWDQWVDZD\IURPWKHVRXUFH6LQFH
WKH REVHUYHG ZLQG VSHHGV LQ HDFK GDWDVHW DUH
PHDVXUHG DW D KLJKHU OHYHO WKDQ K XK PXVW EH
FDOFXODWHG $OWKRXJK HDFK PRGHO XVHV GLIIHUHQW
PHWKRGV LQ RUGHU WR FDOFXODWH XK WKH\ DOO DSSO\
0RQLQ2EXNKRYVLPLODULW\WKHRU\WRH[WUDSRODWH
WKHPHDVXUHGZLQGVSHHGGRZQWRWKHWUDQVSRUW
KHLJKW

 



ZKHUH X ]  P V²  LV WKH PHDVXUHG ZLQG VSHHG
DW WKH PHDVXUHPHQW KHLJKW ] ! K ] DQG / P 
DUH WKH VXUIDFH URXJKQHVV DQG 0RQLQ2EXNKRY
OHQJWKV UHVSHFWLYHO\ DQG ƶP LV WKH VWDELOLW\
FRUUHFWLRQ IXQFWLRQ %XVLQJHU HW DO   7KH
H[SOLFLWIRUPVRIWKLVIXQFWLRQFDQEHIRXQGHJ
LQ3DXOVRQ  
$ FRPPRQ DVVXPSWLRQ LQ DOO WKH PRGHOV LV
WKDWWKHWRWDO*DXVVLDQGLVSHUVLRQSDUDPHWHUƱ\]
FDQ EH UHSUHVHQWHG DV D FRPELQDWLRQ RI DWPRV
DQGWUDIÀFSURGXFHGWXU
SKHULFWXUEXOHQFH
EXOHQFH 737 
DV






$OOPRGHOVH[FHSWIRUP20/+LJKZD\EDVH
WKHLU IRUPXODWLRQ RI 737 RQ WKH IRUPXODWLRQ LQ
WKH +,:$< PRGHO 3HWHUVHQ   ZKLFK LV
DVHPLHPSLULFDOWUHDWPHQWEDVHGRQWKH*HQHUDO
0RWRUVH[SHULPHQWV &DGOHHWDO 
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Ʊ]LQLWLDO ²8F
Ʊ\LQLWLDO Ʊ]LQLWLDO




(TXDWLRQV  DQG  UHSUHVHQW WKH LQLWLDO YHUWLFDO
DQGKRUL]RQWDOGLVSHUVLRQVLQWKHQHDUYLFLQLW\RI
WKHVRXUFHFDXVHGE\WXUEXOHQWPL[LQJGXHWRFDU
ZDNHV7KHVPDOOHVWDOORZDEOHYDOXHRIƱ]LQLWLDOLV
P7KHPRGHOLQFOXGHVDIDFWRU8FFDOOHGWKH
DHURG\QDPLFGUDJZKLFKDFFRXQWVIRUWKHLQLWLDO
GLOXWLRQ RI WKH SROOXWDQW RQ WKH URDGZD\ DQG
DOORZVWKHPRGHOWRPDNHUHDVRQDEOHFRQFHQWUD
WLRQHVWLPDWHVGXULQJORZZLQGVSHHGFRQGLWLRQV
$QDQDO\VLVRIWKH*HQHUDO0RWRUVGDWDVKRZHG
WKDW 8F PXVW GHSHQG RQ XK DQG WKH KRUL]RQWDO
DQJOHRIWKHZLQGWRWKHURDGZD\Ƨ GHJ 






1RWH WKDW (TV  DQG  DUH QXPHULFDO HTXD
WLRQVDQGWKHXQLWVGRQRWÀW)RUIXUWKHUGHWDLOV
VHH3HWHUVHQ  

7KH+,:$<$4PRGHO 1,/8YHUVLRQRI
+,:$<

,QWHJUDWLRQPHWKRG
7KH WUDSH]RLGDO UXOH WRJHWKHU ZLWK WKH 5LFKDUG
VRQH[WUDSRODWLRQLVXVHGWRHYDOXDWH(T7KLV
LVEDVHGRQWKHFRQFHSWWKDWDZHLJKWHGDYHUDJH
RIWZRGLIIHUHQWHVWLPDWHVRIWKHVDPHYDOXHFDQ
EH PRUH DFFXUDWH WKDQ HLWKHU RI WKH HVWLPDWHV
SURYLGHG WKH ZHLJKWV DUH FKRVHQ DSSURSULDWHO\
WRFDQFHOWKHHUURUV7KHLQWHJUDWLRQLVLWHUDWLYHO\
VROYHGIRULWHUDWLRQVRUXQWLODSUHGHÀQHGDFFX
UDF\RILVDFKLHYHG

3DUDPHWHULVDWLRQRIWXUEXOHQFHSDUDPHWHUV
7KH +,:$< PRGHO FDOFXODWHV WKH GLVSHUVLRQ
SDUDPHWHUV Ʊ\ DQG Ʊ] XVLQJ 3DVTXLOO*LIIRUG
FXUYHVDQGVWDELOLW\FODVVHV 7XUQHU +RZ
HYHULQ+,:$<$4RQO\WZRVWDELOLW\FRQGL
WLRQV DUH XVHG FODVVHV $ % & UHSUHVHQWLQJ
XQVWDEOHDQG'UHSUHVHQWLQJQHXWUDOFRQGLWLRQV
DUH DOO WUHDWHG DV QHXWUDO LH FODVV ' ZKLOVW
FODVVHV(DQG)DUHERWKWUHDWHGDVOLJKWO\VWDEOH
LHFODVV(,Q(T LVRIWKHIRUP


7KH +,:$<$4 PRGHO LV D PRGLÀHG YHU
VLRQ RI WKH 86 (3$ +,:$< PRGHO 3HWHUVHQ
  DQG LV FXUUHQWO\ XVHG DV WKH RSHUDWLRQDO
VXEJULG VFDOH OLQH VRXUFH PRGHO LQ 1,/8·V$LU
4XDOLW\ ,QIRUPDWLRQ DQG 0DQDJHPHQW 6\VWHP
$LU48,6  ,W LV D VWHDG\VWDWH *DXVVLDQ PRGHO
LQ ZKLFK LW LV DVVXPHG WKDW HDFK ODQH RI WKH
KLJKZD\LVDFRQWLQXRXVÀQLWHOLQHVRXUFHZLWKD
XQLIRUPHPLVVLRQUDWH
,Q RUGHU WR FDOFXODWH GRZQZLQG FRQFHQWUD
WLRQVWKUHHFRQGLWLRQVDUHFRQVLGHUHGZLWKUHJDUG
WRVWDELOLW\LQVWDEOHFRQGLWLRQVRULIWKHPL[LQJ
KHLJKWKPL[!P(TLVXVHG,QQHXWUDORU
XQVWDEOHFRQGLWLRQVLIƱ]!KPL[WKHGLVWULEXWLRQ
EHORZ WKH PL[LQJ KHLJKW LV XQLIRUP ZLWK KHLJKW
UHJDUGOHVVRIWKHVRXUFHDQGUHFHSWRUKHLJKWSUR
YLGHGERWKDUHVPDOOHUWKDQWKHPL[LQJKHLJKW)RU
DOO RWKHU XQVWDEOH RU QHXWUDO FRQGLWLRQV PXOWLSOH
UHÁHFWLRQVIURPWKHPL[LQJKHLJKWDQGVXUIDFHDUH
DOVRFRQVLGHUHGXSWR1UHÁHFWLRQV+RZHYHUGXH
WRWKHORZOHYHORIWKHWUDIÀFVRXUFHVDQGWKHFORVH
SUR[LPLW\ RI WKH PHDVXUHPHQWV WR WKH URDG WKH
PL[LQJKHLJKWGLGQRWSOD\DVLJQLÀFDQWUROHLQWKH
PRGHOFDOFXODWLRQVFDUULHGRXWLWWKLVVWXG\







ZKHUH[ NP LVWKHGRZQZLQGGLVWDQFHIURPWKH
VRXUFHDQGDDQGEDUHHPSLULFDOIDFWRUVGHSHQG
LQJ RQ WKH DWPRVSKHULF VWDELOLW\ 2Q WKH RWKHU
KDQG LVGHSHQGHQWRQ[DQGRQWKHKDOIDQJOH
RI WKH KRUL]RQWDO VSUHDGLQJ RI WKH SOXPH WR WKH
URDGƧS GHJ 






7KH YDOXH  LV WKH QXPEHU RI VWDQGDUG
GHYLDWLRQV IURP WKH FHQWUHOLQH RI WKH *DXVVLDQ
GLVWULEXWLRQ WR WKH SRLQW ZKHUH WKH GLVWULEXWLRQ
IDOOVWRRIWKHFHQWUHOLQHYDOXH
737LVPRGHOOHGDFFRUGLQJWR(TV²

7KH20/+LJKZD\PRGHO
7KH 1DWLRQDO (QYLURQPHQWDO 5HVHDUFK ,QVWLWXWH
1(5,  LQ 'HQPDUN KDV GHYHORSHG WKH 20/
+LJKZD\ PRGHO ,W LV D ORFDOVFDOH *DXVVLDQ
DLU SROOXWLRQ PRGHO EDVHG RQ ERXQGDU\ OD\HU
VFDOLQJ ZKLFK HVWLPDWHV GLVSHUVLRQ IURP SRLQW



VRXUFHV DQGDUHDVRXUFHV,WFRPSULVHVWZRYHU
VLRQV 20/3RLQW  ZKLFK LV DSSOLFDEOH WR D
VLQJOHVRXUFHDQG20/0XOWLZKLFKDOORZV
PXOWLSOH SRLQW DQG DUHD VRXUFHV 7KHVH XQGHU
ZHQWDUHYLVLRQLQ²EXWLQWKLVVWXG\
ZH KDYH XVHG WKH 0XOWL  YHUVLRQ EHIRUH WKH
UHYLVLRQ 20/+LJKZD\ KDV D PHWHRURORJLFDO
SUHSURFHVVRU ZKLFK DSSOLHV 0RQLQ2EXNKRY
VLPLODULW\WKHRU\XVLQJV\QRSWLFVRQLFDQGUDGLR
VRQGH GDWD WR FDOFXODWH WKH UHTXLUHG WXUEXOHQW
SDUDPHWHUV

,QWHJUDWLRQPHWKRG
20/+LJKZD\ WUHDWV WKH WUDIÀF ODQHV DV DUHD
VRXUFHV ,W FDOFXODWHV WKH FRQFHQWUDWLRQ DW D
UHFHSWRUSRLQWE\DGRXEOHLQWHJUDOLQWKHFURVV
ZLQGDQGWKHDORQJURDGZLQGGLUHFWLRQV:KHQ
WKHUHFHSWRULVLQVLGHDQDUHDVRXUFH20/+LJK
ZD\RQO\LQWHJUDWHVWKHXSZLQGSDUWRIWKHDUHD
VRXUFH)RUFURVVZLQGGLUHFWLRQVLWWUHDWVWKHURDG
DV D ÀQLWH OLQH VRXUFH DQG DSSOLHV WKH DQDO\WLF
VROXWLRQRI(TZLWKHUURUIXQFWLRQVVLPLODUWR
(T+RZHYHUIRUDORQJURDGZLQGGLUHFWLRQV
20/+LJKZD\ XVHV WKH 5RPEHUJ LQWHJUDWLRQ
WHFKQLTXH 3UHVV HW DO   ZLWK 5LFKDUGVRQ·V
H[WUDSRODWLRQ RI WKH WUDSH]RLGDO UXOH$W JUHDWHU
GLVWDQFHV IURP WKH URDG WKH QXPHULFDO LQWHJUD
WLRQLVUHSODFHGE\DVLQJOHOLQHVRXUFHIRUIDVWHU
FDOFXODWLRQV$ PRUH GHWDLOHG GHVFULSWLRQ RI WKH
LQWHJUDWLRQSURFHGXUHFDQEHIRXQGLQ2OHVHQHW
DO  

&DOFXODWLRQRIHIIHFWLYHGLOXWLRQYHORFLW\XK
,Q RUGHU WR HVWLPDWH XK IRU VWDEOH FRQGLWLRQV
20/+LJKZD\FDOFXODWHVDQDYHUDJHZLQGVSHHG
EHWZHHQ WKH JURXQG DQG WKH HPLVVLRQ KHLJKW
E\ LQWHJUDWLQJ WKH ZLQG SURÀOH (T   EHWZHHQ
WKHVHKHLJKWV7KHPLQLPXPKHLJKWDWZKLFKWKH
ZLQG VSHHG LV FDOFXODWHG LV ]PLQ  PD[^] ]`
P  )RU XQVWDEOH FRQGLWLRQV 20/+LJKZD\
GRHVQRWXVHDYHUDJHZLQGVSHHGVEXWDSSOLHV(T
WRHVWLPDWHWKHXKXQVWDEOHDWWKHHPLVVLRQKHLJKW
K ,Q DOO FRQGLWLRQV D PLQLPXP ZLQG VSHHG
JLYHQ E\ XPLQ  PD[^ Z ` P V² LV XVHG
ZKHUHZ LVWKHFRQYHFWLYHYHORFLW\VFDOH Z  
PV²IRUQHXWUDODQGVWDEOHFRQGLWLRQV 
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3DUDPHWHULVDWLRQRIWXUEXOHQFHSDUDPHWHUV
7KH SDUDPHWHULVDWLRQ RI Ʊ LV EDVHG RQ WKH IRU
PXODWLRQLQWKH2630PRGHO %HUNRZLF] 
EXWLVVOLJKWO\PRGLÀHGZLWKUHJDUGWRKLJKZD\V
LQ RSHQ HQYLURQPHQWV ZKHUH WUDIÀF SURGXFHG
WXUEXOHQWNLQHWLFHQHUJ\H PV² LVUHSUHVHQWHG
DV D IXQFWLRQ RI WKH QXPEHU WKH VL]H DQG WKH
VSHHGRIWKHYHKLFOHV7KHDVVXPSWLRQLQ2630
RI D FRQVWDQW 737 LV QRW DSSOLFDEOH WR DQ RSHQ
KLJKZD\ DV WKH FRQFHQWUDWLRQV DUH FDOFXODWHG
DW D JUHDWHU GLVWDQFH IURP WKH URDG ,W LV WKHUH
IRUH DVVXPHG WKDW WKH YHORFLW\ SDUDPHWHU JLYHQ
 P V²  GHFD\V LQ DQ H[SRQHQWLDO
DV
PDQQHUZLWKUHVSHFWWRGLVWDQFHIURPWKHVRXUFH


 

ZKHUH W LV WKH WUDQVSRUW WLPH V  Ʋ LV WKH WLPH
VFDOHIRUWKHGHFD\RI737 V DQGƱLQLWLDO P
LV WKH LQLWLDO GLVSHUVLRQ 7KHVH SDUDPHWHUV KDYH
EHHQ GHWHUPLQHG HPSLULFDOO\ EDVHG RQ DQDO\VLV
RIWKH'DQLVKGDWDXVHGLQWKLVVWXG\

7KH&$5)0,PRGHO
7KH &$5)0, PRGHO &RQWDPLQDQWV LQ WKH$LU
IURPD5RDG KDVEHHQGHYHORSHGE\WKH)LQQLVK
0HWHRURORJLFDO,QVWLWXWH )0, ,WFRQVLVWVRIDQ
HPLVVLRQ PRGHO D GLVSHUVLRQ PRGHO DQG D VWD
WLVWLFDO DQDO\VLV RI WKH FRPSXWHG WLPHVHULHV RI
WKHFRQFHQWUDWLRQV$PRUHFRPSOHWHGHVFULSWLRQ
RIWKHPRGHOLVSUHVHQWHGLQHJ+lUN|QHQHWDO
  ,Q WKLV SDUWLFXODU VWXG\ ZH DSSOLHG WKH
YHUVLRQWKDWZDVXVHGLQWKH26&$5 2SWLPLVHG
([SHUW 6\VWHP IRU &RQGXFWLQJ (QYLURQPHQWDO
$VVHVVPHQW RI 8UEDQ 5RDG 7UDIÀF  SURMHFW
7KHPHWHRURORJLFDOSUHSURFHVVRU033)0,LV
EDVHG RQ WKH PHWKRG GHYHORSHG E\ YDQ8OGHQ
DQG +ROWVODJ   7KLV PHWKRG HYDOXDWHV
WKH WXUEXOHQW KHDW DQG PRPHQWXP ÁX[HV LQ
WKH DWPRVSKHULF ERXQGDU\ OD\HU $%/  IURP
REVHUYDWLRQV 7KH SDUDPHWHULVDWLRQ RI WKH $%/
KHLJKW LV EDVHG RQ WKH ERXQGDU\ OD\HU VFDOLQJ
DQGPHWHRURORJLFDOVRXQGLQJGDWD .DUSSLQHQHW
DO   \LHOGLQJ KRXUO\ YDOXHV RI WXUEXOHQFH
SDUDPHWHUV VXFK DV WKH 0RQLQ2EXNKRY OHQJWK
VFDOH IULFWLRQ YHORFLW\ DQG FRQYHFWLYH YHORFLW\
VFDOHDQGERXQGDU\OD\HUKHLJKW
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,QWHJUDWLRQPHWKRG
7KH SROOXWDQW FRQFHQWUDWLRQ LV HVWLPDWHG IURP
WKH DQDO\WLFDO VROXWLRQ RI (T  ZKLFK LV LQWH
JUDWHG RYHU D ÀQLWH OLQH VRXUFH LQ WKH ODWHUDO
GLUHFWLRQ /XKDU DQG 3DWLO   )XUWKHUPRUH
WKH PRGHO DVVXPHV D WRWDO UHÁHFWLRQ IURP WKH
JURXQG LJQRUHV UHÁHFWLRQ DW WKH PL[LQJ KHLJKW
KPL[ DQGDOORZVDQ\ZLQGGLUHFWLRQZLWKUHVSHFW
WRWKHOLQHVRXUFH



7/\] V  DUH WKH /DJUDQJLDQ WLPH VFDOHV DQG WKH
RWKHU YDULDEOHV DUH DV H[SODLQHG HDUOLHU ƱY DQG
ƱZ DUH SDUDPHWHULVHG DFFRUGLQJ WR *U\QLQJ HW
DO   DQG FDQ EH IRXQG LQ +lUN|QHQ HW DO
 
:LWK UHJDUG WR 737 WKH SDUDPHWHULVDWLRQ
LV EDVHG RQ WKH VDPH IRUPXODWLRQ DV LQ WKH
+,:$<PRGHO (TV² 

7KH:250PRGHO

 

ZKHUH X P V²  LV WKH DYHUDJH ZLQG VSHHG X
PV² LVDZLQGVSHHGFRUUHFWLRQGXHWRWKHWXU
EXOHQFHLQGXFHGE\WKHWUDIÀF[\DQG] P DUH
WKHFRRUGLQDWHVZKHUHWKHRULJLQLVDWWKHFHQWUH
RIWKHOLQHVRXUFHS P LVWKHKDOIOHQJWKRIWKH
OLQHVRXUFHHUILVWKHHUURUIXQFWLRQDQGWKHRWKHU
YDULDEOHVDUHDVH[SODLQHGHDUOLHU7KHQXPHULFDO
YDOXH RI X   P V² HIIHFWLYHO\ UHPRYHV WKH
VLQJXODULW\ZKHQWKHZLQGGLUHFWLRQLVSDUDOOHOWR
WKHURDG

3DUDPHWHULVDWLRQRIWXUEXOHQFHSDUDPHWHUV
,Q 033)0, WKH WXUEXOHQFH SDUDPHWHUV DUH
PRGHOOHG DV D IXQFWLRQ RI WKH 0RQLQ2EXNKRY
OHQJWKIULFWLRQYHORFLW\DQGPL[LQJKHLJKW:LWK
UHJDUGWRWKHDWPRVSKHULFWXUEXOHQFHWKHSDUDP
HWHUVDUHZULWWHQLQWHUPVRIWXUEXOHQWLQWHQVLWLHV
L\] *U\QLQJHWDO 







ZKHUH I\] DUH IXQFWLRQV RI [ ƱYZ P V²  DUH WKH
VWDQGDUG GHYLDWLRQV RI WKH WXUEXOHQFH YHORFLW\
ÁXFWXDWLRQVLQWKHODWHUDODQGYHUWLFDOGLUHFWLRQV

7KH :250 :HDN :LQG 2SHQ 5RDG 0RGHO 
LV FXUUHQWO\ XQGHU GHYHORSPHQW DW 1,/8 6(
:DONHUXQSXEOGDWD 7KHYHUVLRQRIWKHPRGHO
DSSOLHGLQWKLVVWXG\LVTXLWHVLPLODUWRWKH&$5
)0, PRGHO ZLWK VRPH PRGLÀFDWLRQV UHJDUGLQJ
WKH LQWHJUDWLRQ WHFKQLTXH DQG SDUDPHWHULVDWLRQV
XVHG7KHPHWHRURORJLFDOSUHSURFHVVRULVEDVHG
RQ 0RQLQ2EXNKRY VLPLODULW\ WKHRU\ DQG HTXD
WLRQV IRU KPL[ DUH DSSOLHG DV UHFRPPHQGHG E\
&267 )LVKHU HW DO   7KH KRUL]RQWDO
DQG YHUWLFDO /DJUDQJLDQ WLPH VFDOHV 7/\]  ZHUH
VHWWRVLQWKLVVWXG\

,QWHJUDWLRQPHWKRG
:250LQWHJUDWHVWKHSOXPHGLVSHUVLRQIXQFWLRQ
RYHUWKHOLQHVRXUFHXVLQJDKLJKO\DFFXUDWHDQG
HIÀFLHQW *DXVVLDQ TXDGUDWXUH PHWKRG .\WKH
DQG6FKlIHUNRWWHU ZKLFKLVDFFXUDWHDOVR
IRUZLQGGLUHFWLRQVSDUDOOHOWRWKHURDG

3DUDPHWHULVDWLRQRIWXUEXOHQFHSDUDPHWHUV
7KH KRUL]RQWDO DQG YHUWLFDO WXUEXOHQFH SURÀOH
XVHG LQ WKLV VWXG\ DUH EDVHG RQ *U\QLQJ HW DO
 ZLWKDPLQLPXPVHWWLQJRIƱYƱYPLQ 
PV² WR UHGXFH RYHUHVWLPDWHG FRQFHQWUDWLRQV DW
ORZZLQGVSHHGV:LWKUHJDUGWRƱ\:250WDNHV
LQWRDFFRXQWKRUL]RQWDOPHDQGHULQJIRUORZZLQG
VSHHGV XVLQJ DQ H[SUHVVLRQ JLYHQ LQ 2HWWO HW DO
 7KHJURZWKRIƱ]FXUUHQWO\XVHVWKHVDPH
IRUPXODWLRQDVLQWKH&$5)0,PRGHO (T 
5HJDUGLQJ 737 :250 FXUUHQWO\ XVHV WKH
VDPH IRUPXODWLRQ DV WKH +,:$< PRGHO (TV
² 7DEOHVXPPDUL]HVWKHPDMRUIHDWXUHVDQG
GLIIHUHQFHVEHWZHHQWKHPRGHOV
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a

b
3

4

N

46.8 m

259 m

57.9°

2

N

58.7°
58.7°

E

E

16.8 m
1
7.3 m

1
5m
3.75 m
4
3.5 m

6.0 m

350 m

5.4 m

2
53 m
3
104 m

c

N
VAN # 1

30°
E

34 m

Cabin
17 m

3.75 m

VAN # 2
57 m

0HDVXUHPHQWVLWHVGDWDVHWVDQG
HPLVVLRQV
7KH GDWDVHWV FRQVLVWHG RI DLU TXDOLW\ DQG PHWH
RURORJLFDOPHDVXUHPHQWVFDUULHGRXWQHDUPDMRU
URDGVKLJKZD\V0RVWRIWKHFDPSDLJQVLQFOXGHG
D QXPEHU RI VWDWLRQV SODFHG DW GLIIHUHQW GLV
WDQFHV IURP WKH URDG )LJ  VHH DOVR7DEOH  
7KHSROOXWDQW12[ 1212 ZDVFRQVLGHUHG
VLQFH WKLV FRPSRXQG ZDV PHDVXUHG DW DOO VLWHV
LWV HPLVVLRQV ZHUH EHVW NQRZQ DQG LW FRXOG
EH WUHDWHG DV D WUDFHU IRU WKH VKRUW WLPH VFDOHV
LQYROYHG

(PLVVLRQV
(PLVVLRQ LQYHQWRULHV DUH FDOFXODWHG IRU HDFK
RI WKH VLWHV E\ WKH LQVWLWXWHV UHVSRQVLEOH IRU WKH
PRQLWRULQJ FDPSDLJQV +RZHYHU LQ RQH FDVH
1RUGE\VOHWWDWKHHPLVVLRQVZHUHUHFDOFXODWHGE\
WKH'DQLVKLQVWLWXWHXVLQJWKHHPLVVLRQPRGXOH
:LQ2630
7KH1RUZHJLDQHPLVVLRQGDWDVHWLVFDOFXODWHG
XVLQJ WKH $LU48,6 HPLVVLRQ PRGXOH )RU OLQH

)LJ  0HDVXUHPHQW VLWHV D  1RUGE\VOHWWD 1RUZD\
E .¡JH%XJW'HQPDUNDQG F (OLPlNL)LQODQG

VRXUFHV WKH PRGXOH QHHGV LQIRUPDWLRQ VXFK DV
WUDIÀF YROXPH VSHHG URDG FKDUDFWHULVWLFV RUL
HQWDWLRQ URDG ZLGWK HWF  DQG FODVVLÀFDWLRQ RI
YHKLFOHV7KHHPLVVLRQIDFWRUVDUHGHSHQGHQWRQ
IDFWRUV VXFK DV IXHO GULYLQJ VSHHG VORSH DQG
DJHLQJIDFWRU 'HQE\HWDO DQGDUHEDVHG
RQ&23(57,,, (NVWU|PHWDO $FFRUGLQJ
WRWKLVPHWKRGRORJ\WKH12[HPLVVLRQVDUHVHWWR
]HURZKHQWKHWUDIÀFVSHHGH[FHHGVNPK²
,Q$LU48,6KRZHYHUWKLVWKUHVKROGLVVHWWR
NPK²
)RU WKH 'DQLVK GDWD WKH HPLVVLRQV DUH HVWL
PDWHG EDVHG RQ WUDIÀF GDWD IURP WKH 'DQLVK
3XEOLF 5RDGV $GPLQLVWUDWLRQ 7KHVH LQFOXGH
QXPEHU RI YHKLFOHV DQG YHKLFOH VSHHG ZLWK D
FODVVLÀFDWLRQ LQWR OLJKW DQG KHDY\ GXW\ YHKL
FOHV %DVHG RQ WKHVH GDWD WKH HPLVVLRQ PRGXOH
LQ WKH 'DQLVK VWUHHW SROOXWLRQ PRGHO 2630
:LQ2630FDOFXODWHVDWLPHVHULHVRIHPLVVLRQV
-HQVHQHWDO 
7KH HPLVVLRQ PRGHO LQ &$5)0, ZKLFK
FDOFXODWHV YHKLFXODU &2 DQG 12[ LV EDVHG RQ
QDWLRQDO HPLVVLRQ IDFWRUV RI WKH WUDIÀF SODQQLQJ
V\VWHP .(+$5  GHYHORSHG E\ WKH )LQQLVK
5RDG$GPLQLVWUDWLRQ6SHHGOLPLWW\SHRIURDG

6OHQGHUSOXPH
*DXVVLDQVWHDG\VWDWH

6LQJOHKHLJKWZLQGVSHHG
GLUHFWLRQPL[LQJOD\HU
3DVTXLOO*LIIRUGVWDELOLW\FODVV

0RQLQ2EXNKRYVLPLODULW\WKHRU\ 0RQLQ2EXNKRYVLPLODULW\WKHRU\
ѰP K P 
GLIIHUHQWIRUVWDEOHDQGXQVWDEOH

FRQGLWLRQV

²

3DVTXLOO*LIIRUGVWDELOLW\FODVVHV

%RXQGDU\OD\HUSDUDPHWHUEDVHG 3UHSURFHVVRURU
RQX 
IURPPHDVXUHPHQWV

²


1XPHULFDO5LFKDUGVRQ
H[WUDSRODWLRQ

6HPLHPSLULFDO 3HWHUVHQ 


0RGHOW\SH


0HWGDWD



&DOFXODWLRQRIXK



XPLQ PV² 

6WDELOLW\GHVFULEHGXVLQJ

KPL[


7/


,QWHJUDWLRQPHWKRG


737


8QVWDEOH/7/ VHF
VWDEOH/!7/ VHF

033)0,

0RQLQ2EXNKRYVLPLODULW\WKHRU\



0RQLQ2EXNKRYVLPLODULW\WKHRU\
K P 

033)0,ERXQGDU\OD\HUVFDOLQJ


6OHQGHUSOXPH
*DXVVLDQVWHDG\VWDWH

&$5)0,

)LQQLVK0HWHRURORJLFDO,QVWLWXWH


(PSLULFDOH[SRQHQWLDOGHFD\
RI737ZLWKGLVWDQFHIURPVRXUFH

6HPLHPSLULFDO 3HWHUVHQ 

$QDO\WLFDOIRUFURVVZLQGGLUHFWLRQ $QDO\WLFDO /XKDUDQG3DWLO 
QXPHULFDOIRUDORQJZLQGGLUHFWLRQ 

,PSOLFLWGHSHQGHQWRQPHW
FRQGLWLRQV

0RQLQ2EXNKRYVLPLODULW\WKHRU\

PD[^Z `

'LIIHUHQWRSWLRQVHLWKHU
VRQLFGDWDRUUDGLRVRQGH

6OHQGHUSOXPH
*DXVVLDQVWHDG\VWDWH

20/+LJKZD\

+,:$<$4

0RGHO

1DWLRQDO(QYLURQPHQWDO
5HVHDUFK,QVWLWXWH

1RUZHJLDQ,QVWLWXWHIRU
$LU5HVHDUFK




7DEOH0DLQIHDWXUHVDQGGLIIHUHQFHVEHWZHHQPRGHOV

6HPLHPSLULFDO 3HWHUVHQ

1XPHULFDO*DXVVLDQ
TXDGUDWXUH

7/ VHF

&267HT

0RQLQ2EXNKRYVLPLODULW\WKHRU\



0RQLQ2EXNKRYVLPLODULW\WKHRU\
K P

6LQJOHKHLJKWZLQGDQG
WHPSHUDWXUHSURÀOHV

6OHQGHUSOXPH
*DXVVLDQVWHDG\VWDWH

:250

1RUZHJLDQ,QVWLWXWHIRU
$LU5HVHDUFK
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WUDIÀFÁRZWKHVKDUHRIKHDY\GXW\YHKLFOHVDQG
WKH\HDUIRUWKHFRPSXWDWLRQVLVXVHGDVLQSXW

0HWKRGRORJ\
,Q WKLV VWXG\ WKH IRXU PRGHOV ZHUH DSSOLHG
WR WKH WKUHH GDWDVHWV DQG DQDO\VHG VWDWLVWLFDOO\
7KH RYHUDOO PRGHO SHUIRUPDQFH RQ DOO GDWD
ZHUH DVVHVVHG XVLQJ WKH 3HDUVRQ FRHIÀFLHQW RI
GHWHUPLQDWLRQ GHQRWHG E\ 5  DQG UHODWLYH ELDV
GHQRWHGE\5% ZKHUH

 

ZKHUHQLVWKHQXPEHURIGDWDSRLQWV&SUHGLVWKH
SUHGLFWHG FRQFHQWUDWLRQ J P²  DQG &REV LV WKH
REVHUYHGFRQFHQWUDWLRQV JP² DQG


5%  &SUHG²&REV &REV



+DQGOLQJDQGVHOHFWLRQRIWKHGDWDVHWV
6LQFHLQWKLVVWXG\ZHZHUHLQWHUHVWHGLQWKHFRP
SDULVRQRIWKHPRGHOVZHFRQFHQWUDWHGODUJHO\RQ

WKHGLVSHUVLRQSDUWVRIWKHPRGHOV6HYHUDOPHWK
RGRORJLHVZHUHDWRXUGLVSRVDOWRGRWKLV
³ 0RGHO SHUIRUPDQFH ZHUH DVVHVVHG DIWHU
GLYLGLQJERWKREVHUYHGDQGPRGHOFDOFXODWHG
FRQFHQWUDWLRQVE\HPLVVLRQV4 4QRUPDOLVD
WLRQ 
³ 7KH UDWLRV RI PRGHOOHGREVHUYHG FRQFHQWUD
WLRQV IRU GLIIHUHQW PHWHRURORJLFDO FRQGLWLRQV
ZHUHFRPSDUHG
³ 0RGHO SHUIRUPDQFH DV D IXQFWLRQ RI D GLV
WDQFH IURP WKH URDG ZHUH DVVHVVHG XVLQJ
4QRUPDOLVHGFRQFHQWUDWLRQV
³ 0RGHO SHUIRUPDQFH ZLWK UHJDUG WR DWPRV
SKHULF VWDELOLW\ ZHUH DVVHVVHG XVLQJ WKH
4QRUPDOLVHGFRQFHQWUDWLRQV
1RWH WKDW LQ VRPH FDVHV ZH SUHVHQW UHVXOWV
RQO\ IURP VWDWLRQV  DQG  IURP WKH 1RUZHJLDQ
DQG'DQLVKGDWDVHWUHVSHFWLYHO\DVWKHVHVWDWLRQV
ZHUH ORFDWHG DW VLPLODU GLVWDQFHV IURP WKH URDG
)LJ :LWKUHJDUGWRWKH)LQQLVKVLWHWKHVWDWLRQ
9$1ZDVWKHRQO\VWDWLRQZKHUHWKHDLUTXDO
LW\PHDVXUHPHQWKHLJKWZDVPLHDVLPLODU
PHDVXUHPHQW KHLJKW DV IRU WKH VWDWLRQV DW WKH
1RUZHJLDQDQG'DQLVKVLWHV VHH7DEOH KHQFH
WKLVVWDWLRQZDVXVHGLQWKHDQDO\VLV)XUWKHUPRUH
GXH WR WLPH FRQVWUDLQWV 20/+LJKZD\ ZDV QRW

7DEOH6LWHDQGPHDVXUHPHQWFKDUDFWHULVWLFV
6LWH

1RUGE\VOHWWD1RUZD\ .¡JH%XJW'HQPDUN

7LPHRIFDPSDLJQ
-DQ²$SU
1XPEHURIGDWDSRLQWV
a
1XPEHURIVWDWLRQV EDFNJURXQGH[FOXGHG  
/HQJWKRIURDGVHJPHQW P 
a
1XPEHURIODQHV

2ULHQWDWLRQRIURDG GXHQRUWK 

a
7UDIÀFÁRZ YHKGD\² 
6SHHGOLPLW NPK² 

0HWHRURORJLFDOPHDVXUHPHQWV
&XSDQHPRPHWHU

KRXUO\ZLQGVSHHG

ZLQGGLUHFWLRQ

WHPSHUDWXUHYHUWLFDO

WHPSHUDWXUH

GLIIHUHQFHEHWZHHQ

PDQGPJOREDO

VRODUUDGLDWLRQ
+HLJKWRIPHWHRURORJLFDOPHDVXUHPHQWV P  
+HLJKWRIDLUTXDOLW\PHDVXUHPHQWV P 

5RXJKQHVVOHQJWK P 

$YHUDJHZLQGVSHHG PV² 
a

(OLPlNL)LQODQG

6HS²'HF
a




a

8OWUDVRQLF
DQHPRPHWHUKRXUO\
ZLQGVSHHG
WHPSHUDWXUHHWF
5XUDOEDFNJURXQG
VLWHKRXUO\JOREDO
VRODUUDGLDWLRQGDWD

6HS²2FW
a

a


a

+RXUO\ZLQGVSHHG
WHPSHUDWXUHZLQG
GLUHFWLRQJOREDO
VRODUUDGLDWLRQ
UHODWLYHKXPLGLW\



a
a

DQG


a
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1

1

a

0.8

0.6

0.6

0.4

0.4

0.2

0.2

b

R2

0.8



)LJ  &RHIILFLHQW RI
GHWHUPLQDWLRQ 5  IRU
DOO PRGHOV DSSOLHG WR WKH
'DQLVKGDWD VWDWLRQ  D 
QRQQRUPDOLVHG UHVXOWV
E 4QRUPDOLVHGUHVXOWV

0

0
Danish data, station 2
HIWAY2-AQ

DSSOLHGWRWKH)LQQLVKGDWD)LQDOO\LQDOOFDVHVZH
VXEWUDFWHGWKHEDFNJURXQGFRQFHQWUDWLRQIURPWKH
PHDVXUHPHQWV DQG FRPSDUHG WKHVH QHW REVHUYHG
FRQFHQWUDWLRQVZLWKWKHPRGHOSUHGLFWLRQV

8QFHUWDLQWLHVLQLQSXWGDWD
5HJDUGLQJHPLVVLRQGDWDDFFXUDWHWUDIÀFFRXQWV
ZHUHDYDLODEOHIURPDOOVLWHVVRWKHVHGDWDVKRXOG
EH RI UHODWLYHO\ JRRG TXDOLW\ +RZHYHU ZKHQ
WKHWUDIÀFLVORZDODUJH´VWDWLVWLFDOµXQFHUWDLQW\
RFFXUV $OWKRXJK ORZ HPLVVLRQ YDOXHV GR QRW
SOD\DODUJHUROHLQWKHDEVROXWHFRQFHQWUDWLRQV
WKH\DUHTXLWHLPSRUWDQWZKHQQRUPDOLVLQJZLWK
HPLVVLRQV7KHUHIRUHZHXVHGDPLQLPXPYDOXH
RIYHKLFOHVSHUKRXUDVDORZHUOLPLWIRUWKH
4QRUPDOLVHGGDWD
7KHUH LV D KLJK UHODWLYH XQFHUWDLQW\ LQ WKH
ZLQGVSHHGPHDVXUHPHQWVZKHQWKHZLQGVSHHGV
DUH ORZ  P V²  ,Q DGGLWLRQ IRU ORZ ZLQG
VSHHGV WKH PHDQ ZLQG GLUHFWLRQ LV QRW ZHOO
GHÀQHG 7KLV LV SDUWLFXODUO\ LPSRUWDQW IRU ZLQG
GLUHFWLRQVSDUDOOHOWRWKHURDG

5HVXOWVDQGGLVFXVVLRQ
&RQFHQWUDWLRQVQRUPDOLVHGZLWK
HPLVVLRQV
7KHPDLQIHDWXUHIRUDOOPRGHOVLVDGHFUHDVHRI
5LQFDVHRIQRUPDOL]HGGDWDGXHWRWKHQDWXUDO
SRVLWLYH FRUUHODWLRQ EHWZHHQ REVHUYDWLRQV DQG
HPLVVLRQV 7DEOH  DQG )LJ   6FDWWHU SORWV
RI PRGHOOHG YHUVXV REVHUYHG 12[ IRU 20/
+LJKZD\ DQG :250 DSSOLHG WR WKH 1RUZH

Danish data, station 2
OML-Highway

CAR-FMI

WORM

JLDQ DQG 'DQLVK GDWD UHVSHFWLYHO\ DUH VKRZQ
LQ )LJ  *HQHUDOO\ ZKHQ 4QRUPDOLVLQJ WKH
FRQFHQWUDWLRQV WKH ODUJHU WKH GHFUHDVH LQ 5
LQ UHVSHFW WR WKH QRQQRUPDOLVHG YDOXHV WKHQ
IHZHU GLVSHUVLRQ SDUDPHWHUV DUH UHODWHG WR WKH
REVHUYDWLRQV$QRWKHUIHDWXUHLVDGHFUHDVHLQ5%
ZKHQ QRUPDOLVLQJ WKLV LV SDUWLFXODUO\ HYLGHQW
IRU:250DSSOLHGWRWKH'DQLVKGDWD )LJ 
$V PHQWLRQHG WKH 'DQLVK LQVWLWXWH UHFDOFXODWHG
WKH 1RUZHJLDQ HPLVVLRQV 7KLV ZDV IRXQG WR
UHVXOWLQDGLIIHUHQFHRIaLQWKH5%DQGGLG
QRW DIIHFW 5 5% IRU DOO PRGHOV DSSOLHG WR WKH
1RUZHJLDQ 'DQLVK DQG )LQQLVK GDWD )LJ  
VKRZV WKDW LW LV HYLGHQW WKDW WKH YDOXHV RI 5%
IRUWKHPRGHOVDSSOLHGWRWKH)LQQLVKGDWDZHUH
VLPLODU IRU ERWK QRQQRUPDOLVHG DQG 4QRUPDO
LVHG FRQFHQWUDWLRQV 7DEOH   +RZHYHU LQ WKH
'DQLVKGDWDVHWDQGDOVRWRDOHVVHUH[WHQWLQWKH
1RUZHJLDQ GDWDVHW 5%V RI WKH 4QRUPDOLVHG
FRQFHQWUDWLRQV ZHUH VPDOOHU WKDQ 5%V RI WKH
QRQQRUPDOLVHG FRQFHQWUDWLRQV 7KLV ZDV WUXH
IRUWKHPDMRULW\RIWKHPRGHOV$QDQDO\VLVRIWKH
4QRUPDOLVHGPRGHOOHGDQGREVHUYHGFRQFHQWUD
WLRQVYHUVXVHPLVVLRQV QRWVKRZQKHUH VKRZHG
WKDW WKH PDMRULW\ RI WKH PRGHOV XQGHUHVWLPDWHG
WKHREVHUYHGFRQFHQWUDWLRQVZKHQWKHHPLVVLRQV
DQG KHQFH WKH WUDIÀF YROXPHV ZHUH ORZ DQG
RYHUHVWLPDWHG ZKHQ WKH HPLVVLRQV ZHUH KLJK
7KHUHIRUHDGHFUHDVHRI5%RFFXUUHGZKHQQRU
PDOLVLQJ WKH FRQFHQWUDWLRQV ZLWK WKH HPLVVLRQV
VLQFHWKHFRQFHQWUDWLRQVZHUHXQGHUHVWLPDWHGDW
ORZ HPLVVLRQV ORZ WUDIÀF YROXPHV $VVXPLQJ
WKH HPLVVLRQV DUH YDOLG WKRXJK OHVV FHUWDLQ IRU
OHVVHUWUDIÀFYROXPHVWKLVLQGLFDWHGWKDWDOOWKH
PRGHOV RYHUHVWLPDWHG WKH GLVSHUVLRQ DW ORZHU
WUDIÀF YROXPHV DQG WKLV LQ WXUQ ZDV UHODWHG WR
WKH LQLWLDO GLVSHUVLRQ E\ 737 ,Q DOO PRGHOV DQ
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500
400
300
200
100

y = 0.62x + 15.2
R2 = 0.62

0
0

Modelled conc. (µg m–3)

600

Norm. modelled conc. (s m–2)

a
1.8

c

500
400
300
200

y = 1.42x – 27.6
R2= 0.70

100

b

1.5
1.2
0.9
0.6

y = 0.56x + 0.04
R2 = 0.53

0.3
0.0

100 200 300 400 500 600

0.0
Norm. modelled conc. (s m–2)

Modelled conc. (µg m–3)

600

0.7

0.3

0.6

0.9

1.2

1.5

1.8

d

0.6
0.5
0.4
y = 0.29x + 0.03
R2 = 0.36

0.3
0.2
0.1
0.0

0
0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Norm. observed conc. (s m–2)

100 200 300 400 500 600
Observed conc. (µg m–3)

)LJ  6FDWWHU SORWV RI
PRGHOOHGYHUVXVREVHUYHG
FRQFHQWUDWLRQV IRU D 
20/ 1RUZHJLDQ GDWD
VWDWLRQ   QRQQRUPDO
LVHG E  20/ 1RUZHJLDQ
GDWD VWDWLRQ  4QRUPDO
LVHG F  :250 'DQLVK
GDWD VWDWLRQ   QRQ
QRUPDOLVHG G  :250
'DQLVK GDWD VWDWLRQ  
4QRUPDOLVHG ,QFOXGHG LQ
WKH SORWV DUH WKH RQHWR
RQHOLQH JUH\OLQH DQGWKH
OLQHDU UHJUHVVLRQ ÀW EODFN
OLQH  ZLWK WKH UHJUHVVLRQ
PRGHO DQG FRHIÀFLHQW RI
GHWHUPLQDWLRQ 5 

7DEOH&RHIÀFLHQWRIGHWHUPLQDWLRQ5IRUDOOPRGHOVDSSOLHGWRDOOGDWDIRUERWKQRQQRUPDOLVHGDQG4QRUPDO
LVHGUHVXOWV
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RB

0.7
0.5

0.5

0.3

0.3

0.1

0.1

–0.1

–0.1

–0.3

–0.3

–0.5

–0.5
0.7

RB

0.7

c

0.5

0.5

0.3

0.3

0.1

0.1

–0.1

–0.1

–0.3

–0.3

–0.5

–0.5

0.7

RB

)LJ  5HODWLYH ELDV 5% 
IRU DOO PRGHOV DSSOLHG WR
WKH 1RUZHJLDQ VWDWLRQ
  'DQLVK VWDWLRQ   DQG
)LQQLVK 9$1 VWDWLRQ 
GDWD D  1RUZHJLDQ VWD
WLRQ   QRQQRUPDOLVHG
E  1RUZHJLDQ VWDWLRQ  
4QRUPDOLVHG F  'DQLVK
VWDWLRQ   QRQQRUPDO
LVHG G 'DQLVK VWDWLRQ 
4QRUPDOLVHG H  )LQQLVK
9$1 VWDWLRQ  QRQQRUPDO
LVHG I )LQQLVK 9$1VWD
WLRQ 4QRUPDOLVHG

0.7

a

0.7

e

0.5

0.5

0.3

0.3

0.1

0.1

–0.1

–0.1

–0.3

–0.3

–0.5



b

d

f

–0.5
HIWAY2-AQ

LQLWLDOGLVSHUVLRQƱ]LQLWLDO (TVDQG ZDVXVHG
DQGWKLVDSSHDUHGWREHWRRODUJHIRUORZWUDIÀF
YROXPHVE\URXJKO\DIDFWRURIWKUHH
:LWK UHJDUG WR RYHUHVWLPDWLRQ DW KLJKHU
HPLVVLRQYDOXHVDQDO\VLV QRWVKRZQKHUH DOVR
VKRZHG WKDW DOO PRGHOV H[FHSW 20/+LJKZD\
RYHUHVWLPDWHG PRUH IRU KLJK HPLVVLRQ YDOXHV
ZKHQ DSSOLHG WR WKH 'DQLVK GDWD WKDQ ZKHQ
DSSOLHG WR WKH 1RUZHJLDQ GDWD 7KLV FDXVHV WKH
GLIIHUHQW EHKDYLRXU ZLWK UHJDUG WR 20/+LJK
ZD\DQG:250DSSOLHGWRWKH1RUZHJLDQDQG
'DQLVK GDWD )LJ   UHVSHFWLYHO\ 7KH 'DQLVK
PHDVXUHPHQWV ZHUH FDUULHG RXW RQ D KLJKZD\
ZLWK PXFK KLJKHU WUDIÀF WKDQ WKH 1RUZHJLDQ
RQHV a YHKLFOHV SHU GD\ DV FRPSDUHG
ZLWKaYHKLFOHVSHUGD\UHVSHFWLYHO\7KH
DYHUDJHYHKLFOHVSHHGDWWKH'DQLVKVLWHZDVDOVR
KLJKHUaNPK²DVFRPSDUHGZLWKaNPK²

CAR-FMI

OML-Highway no value

WORM

DWWKH1RUZHJLDQVLWH$VDUHVXOWGLOXWLRQGXHWR
737VKRXOGEHKLJKHUDWWKLVVLWH20/+LJKZD\
SHUIRUPHGEHWWHUIRUKLJKHUHPLVVLRQVGXHWRLWV
IRUPXODWLRQ RI 737 EDVHG RQ SDUDPHWHULVDWLRQ
RIWKHGHFD\RIWXUEXOHQWNLQHWLFHQHUJ\%HORZ
ZHGLVFXVVWKLVIHDWXUHLQPRUHGHWDLOZLWKUHJDUG
WRZLQGVSHHG

7KHHIIHFWRIZLQGVSHHGDQGZLQG
GLUHFWLRQ
6FDWWHUSORWVRIWKHUDWLRRIPRGHOOHGWRREVHUYHG
FRQFHQWUDWLRQV YHUVXV ZLQG VSHHG DW  P DERYH
JURXQGIRUDOOPRGHOVDSSOLHGWRWKH1RUZHJLDQ
DQG'DQLVKGDWDDWVWDWLRQVDQGUHVSHFWLYHO\
)LJ VKRZWKDWPRUHVFDWWHUDQGRYHUSUHGLF
WLRQV ZHUH SUHVHQW IRU ORZ ZLQGVSHHG FRQGL



WLRQV GXH WR PRUH XQFHUWDLQW\ LQ WKH PRGHOOLQJ
DQGWKHREVHUYDWLRQVWKHODWWHUZLOOOHDGWRVFDW
WHU LUUHVSHFWLYH RI WKH TXDOLW\ RI WKH PRGHOOLQJ
)RU WKH 1RUZHJLDQ GDWD DW KLJKHU ZLQG VSHHGV
XQGHUHVWLPDWLRQV ZHUH HYLGHQW PRUH VR WKDQ
RQ WKH 'DQLVK VLWH 7KLV GLIIHUHQFH RFFXUUHG DV
D UHVXOW RI WKH GLIIHUHQFHV EHWZHHQ WKH GDWDVHWV
ZLWK UHJDUG WR WUDIÀF YROXPHV DV SUHYLRXVO\
PHQWLRQHGKLJKHUWUDIÀFYROXPHVDQGHPLVVLRQV
DW WKH 'DQLVK VLWH LPSO\ JUHDWHU VLJQLÀFDQFH RI
737DQGWKH737IRUPXODWLRQLQ+,:$<$4
&$5)0,DQG:250ZDVQRWDGHTXDWHLQWKLV
UHVSHFW
7KH UDWLR RI PRGHOOHG WR REVHUYHG FRQFHQ
WUDWLRQV YHUVXV ZLQG GLUHFWLRQ IRU DOO PRGHOV
DSSOLHGWRWKH1RUZHJLDQDQG'DQLVKGDWD )LJ
 VKRZWKDWWKHODUJHVWVFDWWHUZLWKVLJQLÀFDQW
RYHUHVWLPDWHZDVSUHVHQWXQGHUZLQGGLUHFWLRQV
SDUDOOHO WR WKH URDG 6RPH PRGHOV SHUIRUPHG
SRRUO\XQGHUVXFKFRQGLWLRQVGXHWRLQDFFXUDFLHV
LQWKHLQWHJUDWLRQPHWKRGVLQSDUWLFXODUWKHDQD
O\WLFDO/XKDUDQG3DWLODSSUR[LPDWLRQDVXVHGE\
&$5)0,EXWDOVRWRDFHUWDLQH[WHQWWKHWUDS
H]RLGDOPHWKRGZLWK5LFKDUGVRQH[WUDSRODWLRQDV
XVHG E\ +,:$<$4 +RZHYHU REVHUYDWLRQDO
XQFHUWDLQWLHV DOVR SOD\HG D UROH DV ZLQG GLUHF
WLRQV SDUDOOHO WR WKH URDG ZHUH SRRUO\ GHÀQHG
HVSHFLDOO\IRUORZZLQGVSHHGV:250SURYHG
WRSHUIRUPEHVWLQWKLVUHJDUGDOWKRXJKQRWSHU
IHFWDVWKHRYHUHVWLPDWLRQVDUHVOLJKWO\UHGXFHG
:250 LV DOVR WKH RQO\ PRGHO DSSO\LQJ *DXV
VLDQTXDGUDWXUHDVDQXPHULFDOLQWHJUDWLRQWHFK
QLTXHZKLFKLVKLJKO\DFFXUDWHHYHQIRUSDUDOOHO
ZLQGGLUHFWLRQV

+RUL]RQWDOSURÀOHV
,Q RUGHU WR VWXG\ KRZ WKH PRGHOV SHUIRUP ZLWK
UHJDUG WR GLVWDQFH IURP WKH URDG LW ZDV XVHIXO
WR VWXG\ WKH 4QRUPDOLVHG 5% IRU HDFK VWD
WLRQ DW WKH 1RUZHJLDQ DQG 'DQLVK VLWHV )LJ
  7KH EHKDYLRXU RI 5% LV GHSHQGHQW RQ WKH
LQLWLDO GLVSHUVLRQ Ʊ]LQLWLDO FDXVHG E\ 737 DQG
WKH DWPRVSKHULF GLVSHUVLRQ :KHQ DSSOLHG WR
ERWK GDWDVHWV 5% IRU &$5)0, LQFUHDVHG ZLWK
LQFUHDVLQJGLVWDQFHIURPWKHURDGLQGLFDWLQJWKDW
WKHGLVSHUVLRQGLGQRWHYROYHDWWKHUDWHLQGLFDWHG
E\WKHREVHUYDWLRQV7KH/DJUDQJLDQWLPHVFDOHV
7/ZHUHSUREDEO\WRRVPDOOLQWKLVPRGHO XQGHU
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VWDEOHFRQGLWLRQV7/ VHFVHH7DEOH )RU
ERWK GDWDVHWV VWDEOH DQG XQVWDEOH FRQGLWLRQV
DPRXQWHG WR a DQG ² RI WKH WRWDO
DPRXQWRIKRXUVUHVSHFWLYHO\+HQFHVKRUWWLPH
VFDOHV GRPLQDWHG DQG WKH RYHUHVWLPDWH EHFDPH
PRUH SURQRXQFHG ZLWK WLPH DQG GLVWDQFH IURP
WKHVRXUFH7KLVLVVKRZQLQ(TZKHUHVKRUW
WLPH VFDOHV LPSO\ OHVV GLVSHUVLRQ :LWK UHJDUG
WR DOO PRGHOV H[FHSW &$5)0, DQG WR D OHVVHU
H[WHQW :250 WKH YDOXHV RI 5% GHFUHDVHG DV
D IXQFWLRQ RI GLVWDQFH IURP WKH VRXUFH ZKHQ
DSSOLHGWRWKH'DQLVKGDWD7KHDYHUDJHREVHUYHG
ZLQG VSHHG DW WKH 'DQLVK VLWH ZDV KLJKHU WKDQ
DW WKH 1RUZHJLDQ VLWH  P V² DQG  P V²
UHVSHFWLYHO\ +HQFHWKHDWPRVSKHULFWXUEXOHQFH
SOD\HGDPRUHVLJQLÀFDQWUROHDVWKHVLJQLÀFDQFH
RI737GHFUHDVHVZLWKGLVWDQFHIURPWKHVRXUFH

7KHHIIHFWRIVWDELOLW\
'LIIHUHQFHV EHWZHHQ WKH GDWDVHWV DSSHDU FOHDUO\
ZKHQVWXG\LQJ5%IRUDOOPRGHOVDSSOLHGWRWKH
'DQLVK DQG 1RUZHJLDQ GDWDVHWV IRU GLIIHUHQW
3DVTXLOO*LIIRUG VWDELOLW\ FODVVHV 7XUQHU  
IRU WKH 4QRUPDOLVHG FRQFHQWUDWLRQV )LJ  
:LWKUHJDUGWRWKH1RUZHJLDQGDWDWKHPDMRULW\
RIWKHPRGHOVXQGHUHVWLPDWHGWKHFRQFHQWUDWLRQV
IRUDOOVWDELOLW\FODVVHV+RZHYHUDODUJHUGHJUHH
RI RYHUHVWLPDWH HVSHFLDOO\ IRU XQVWDEOH FRQGL
WLRQV ZDV HYLGHQW ZKHQ WKH 'DQLVK GDWDVHW LV
DSSOLHG FRQVLVWHQW ZLWK WKH DQDO\VLV LQ  DQG
 +,:$<$4 RQ WKH RWKHU KDQG FRQVLVW
HQWO\ RYHUHVWLPDWHG WKH XQVWDEOH FRQGLWLRQV RQ
ERWKGDWDVHWVEHFDXVHLWXVHVWKHQHXWUDOFODVVIRU
DOO XQVWDEOH FDVHV KHQFH LW GLG QRW GHVFULEH DOO
RI WKH GLVSHUVLRQ ZKLFK FOHDUO\ LV D ZHDNQHVV
ZLWKWKHPRGHO&$5)0,VWRRGRXWZLWKUHJDUG
WRLWVFRQVLVWHQWRYHUHVWLPDWHRIVWDEOHFRQGLWLRQV
FODVVHV(²) )RU&$5)0,WKLVLQGLFDWHGWKDW
WKH SRVLWLYH ELDVHV )LJV  DQG   ZHUH FDXVHG
E\ WKH VWDEOH FRQGLWLRQV ZKLFK UHSUHVHQWHG
PRVW RI WKH GDWD )RU ERWK GDWDVHWV WKH ORZHVW
REVHUYHG ZLQG VSHHGV RFFXUUHG XQGHU XQVWDEOH
DQG VWDEOH FRQGLWLRQV FODVVHV $²& DQG (²)
UHVSHFWLYHO\  ZKLOH WKH KLJKHVW REVHUYHG ZLQG
VSHHGV RFFXUUHG XQGHU QHXWUDO FRQGLWLRQV FODVV
' ZKHUHWKHELDVHVZHUHFORVHVWWR]HUR HVSH
FLDOO\DWWKH'DQLVKVLWH KHQFHWKLVZDVFRQVLVW
HQWZLWKWKHGLVWULEXWLRQRIELDVGLVFXVVHGHDUOLHU
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)LJ  6FDWWHU SORWV RI
WKH UDWLR RI PRGHOOHG WR
REVHUYHG FRQFHQWUDWLRQV
YHUVXV ZLQG VSHHG DW 
P DERYH JURXQG IRU DOO
PRGHOVDSSOLHGWRWKH1RU
ZHJLDQ DFHJVWDWLRQ
  DQG 'DQLVK E G I K
VWDWLRQ GDWD
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Wind speed (m s–1)

)LJ )RUDOOVWDELOLW\FODVVHV20/+LJKZD\
SHUIRUPHG EHVW ZLWK UHJDUG WR ELDV EHFDXVH RI
LWV IRUPXODWLRQ RI 737 ,W ZDV WKHUHIRUH OLNHO\
WKDW 20/+LJKZD\·V IRUPXODWLRQ RI 737 DOVR
SOD\HG D VLJQLÀFDQW UROH LQ PRGHO SHUIRUPDQFH
ZLWKUHJDUGWRVWDELOLW\KRZHYHUDVPHQWLRQHG
WKHLQLWLDOƱ]LQLWLDOPXVWEHUHYLVHG

Wind speed (m s–1)

&RQFOXVLRQV
)RXU RSHQ URDG OLQH VRXUFH PRGHOV ZHUH FRP
SDUHG DQG HYDOXDWHG EDVHG RQ WKHLU DSSOLFDWLRQ
RQ GDWDVHWV IURP PHDVXUHPHQW FDPSDLJQV LQ
1RUZD\'HQPDUNDQG)LQODQG7KHVSHFLÀFDLP
ZDV WR GHWHUPLQH XQGHU ZKLFK FRQGLWLRQV WKH
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Wind direction (deg)

PRGHOV SHUIRUP ZHOO RU SRRUO\ 7KH PHDVXUH
PHQWFDPSDLJQVZHUHFRQGXFWHGQHDUKLJKZD\V
LQRSHQHQYLURQPHQWV
:KHQQRUPDOLVLQJZLWKHPLVVLRQV5JHQHU
DOO\GHFUHDVHGDVWKHQDWXUDOSRVLWLYHFRUUHODWLRQ
EHWZHHQHPLVVLRQVDQGREVHUYDWLRQVLVUHPRYHG
$QDO\VLV RI WKH GDWD LQGLFDWHG WKDW UHGXFWLRQ
LQ 5% LQ WKH 1RUZHJLDQ DQG 'DQLVK GDWD DIWHU

Wind direction (deg)

)LJ6DPHDV)LJEXW
SORWWHGDJDLQVWZLQGGLUHF
WLRQ ZLWK UHVSHFW WR QRUWK
7KH YHUWLFDO OLQHV LQGLFDWH
WKH GLUHFWLRQ SHUSHQGLFX
ODU WR WKH URDG ZKHQ WKH
VWDWLRQV DUH GRZQZLQG RI
WKHURDG

QRUPDOLVLQJ ZDV FDXVHG E\ RYHUHVWLPDWLRQ RI
WKHGLVSHUVLRQDWORZHUWUDIÀFYROXPHVDQGORZHU
HPLVVLRQ YDOXHV7KLV RFFXUUHG EHFDXVH WKH LQL
WLDO GLVSHUVLRQ Ʊ]LQLWLDO ZDV WRR ODUJH LQ DOO WKH
PRGHOV$OVRDOOPRGHOVH[FHSW20/+LJKZD\
JDYH KLJKHU 5% IRU KLJK HPLVVLRQ YDOXHV ZKHQ
DSSOLHG WR WKH 'DQLVK GDWD WKDQ ZKHQ DSSOLHG
WRWKH1RUZHJLDQGDWDGXHWRWKHLQFUHDVHGVLJ
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)LJ  4QRUPDOLVHG –0.1
UHODWLYH ELDV 5%  IRU DOO
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VWDWLRQV 
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)LJ  4QRUPDOLVHG
UHODWLYH ELDV 5%  IRU DOO
PRGHOVDSSOLHGWR D 1RU
ZHJLDQ VWDWLRQ DQG E 
'DQLVK VWDWLRQ GDWDIRU
3DVTXLOO*LIIRUGFODVV$²&
XQVWDEOH ' QHXWUDO DQG
(²) VWDEOH 
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A–C

D
HIWAY 2AQ

QLÀFDQFH RI 737 DW WKH PRUH KHDYLO\ WUDIÀFNHG
'DQLVK VLWH 7KH ODWWHU IHDWXUH ZDV DOVR VHHQ
LQ WKH VFDWWHU SORWV RI WKH UDWLR RI PRGHOOHG WR
REVHUYHG FRQFHQWUDWLRQV YHUVXV ZLQG VSHHG DW
KLJKHU ZLQG VSHHGV 20/+LJKZD\ SHUIRUPHG
EHVWLQWKLVUHJDUGGXHWRLWVSDUDPHWHULVDWLRQRI
737EDVHGRQGHFD\RIWXUEXOHQWNLQHWLFHQHUJ\
20/+LJKZD\·VSDUDPHWHULVDWLRQRI737 RU
VLPLODU RQHV  VKRXOG EH LPSOHPHQWHG LQ 25/6
PRGHOV WR GHVFULEH WKH WXUEXOHQFH SURGXFHG E\
WKH WUDIÀF +RZHYHU WKH LQLWLDO GLVSHUVLRQ PXVW
EHUHGXFHGLQRUGHUWRGHVFULEHWKHFRQFHQWUDWLRQV
ZKHQWKHHPLVVLRQVDUHORZ7KH20/+LJKZD\
IRUPXODWLRQ LV FXUUHQWO\ EHLQJ LPSOHPHQWHG LQ
:250 )XUWKHUPRUH LQ RUGHU WR UHGXFH XQFHU
WDLQWLHV DSSHDULQJ XQGHU QHDU WR SDUDOOHO ZLQG
GLUHFWLRQV*DXVVLDQTXDGUDWXUHPHWKRGVRURWKHU
KLJKO\ DFFXUDWH QXPHULFDO LQWHJUDWLRQ PHWKRGV
VKRXOGEHLPSOHPHQWHGLQ25/6PRGHOV
:LWK UHJDUG WR KRUL]RQWDO SURÀOHV 5% IRU
&$5)0, LQFUHDVHG ZLWK LQFUHDVLQJ GLVWDQFH
IURP WKH URDG 7KLV LQGLFDWHV WKDW WKH /DJUDQJ
LDQWLPHVFDOHV7/DUHWRRVKRUWDQGQHHGWREH
UHYLVHG5%IRUWKHRWKHUPRGHOVGHFUHDVHGZLWK
GLVWDQFH IURP URDG DW WKH 'DQLVK VLWH ZKLFK LV

CAR-FMI

OML-Highway

0.8 a

E–F

–0.6

OML-Highway

Station 2

Station 3

WORM

b

A–C

CAR-FMI

D

E–F

WORM

DQ LQGLFDWLRQ RI WKH LQFUHDVHG VLJQLÀFDQFH RI
DWPRVSKHULF WXUEXOHQFH DW ODUJHU GLVWDQFHV IURP
WKHURDG
,W LV LPSRUWDQW WKDW WKH HIIHFWLYH WUDQVSRUW
YHORFLW\XKDQGWKHKHLJKWDWZKLFKLWLVFDOFX
ODWHG LV ZHOO GHVFULEHG DQG GRFXPHQWHG DV XK
LVKLJKO\LPSRUWDQWIRUWKHGLVSHUVLRQRISROOXW
DQWV7KHVWDELOLW\FRUUHFWLRQV HJWKH%XVLQJHU
'\HUUHODWLRQV %XVLQJHUHWDO VKRXOGEH
LQFOXGHG
$FNQRZOHGJHPHQWV $XWKRUV ZRXOG OLNH WR WKDQN -RKQ 6
,UZLQIRUKLVXVHIXOFRPPHQWV

5HIHUHQFHV
%HQVRQ3$UHYLHZRIWKHGHYHORSPHQWDQGDSSOLFDWLRQ
RI WKH &$/,1( DQG  PRGHOV $WPRV (QYLURQ %
²
%XVLQJHU-$:\QJDDUG-&,]XPL< %UDGOH\()
)OX[SURÀOH UHODWLRQVKLSV LQ WKH DWPRVSKHULF VXUIDFH
OD\HU-$WPRV6FL²
%HUNRZLF]52630³SDUDPHWHULVHGVWUHHWSROOXWLRQ
PRGHO (QYLURQPHQWDO 0RQLWRULQJ DQG $VVHVVPHQW 
²
&DGOH 6+ &KRFN '3 +HXVV -0  0RQVRQ 35 


5HVXOWV RI JHQHUDO PRWRUV VXOIDWH GLVSHUVLRQ H[SHUL
PHQWV 5HSRUW *05 *HQHUDO 0RWRUV 5HVHDUFK
/DEV:DUUHQ0,
'HQE\%/DXSVD+ 0F,QQHV+$LU48,6
0RGHOVPRGXOH³XVHU·VJXLGH1,/875
(NVWU|P 0 6M|GLQ c $QGUHDVVRQ .  (YDOXDWLRQ
RI WKH &23(57 ,,, HPLVVLRQ PRGHO ZLWK RQURDG RSWL
FDO UHPRWH VHQVLQJ PHDVXUHPHQWV $WPRV (QYLURQ 
²
)LVKHU%($(UEULQN--)LQDUGL6-HDQQHW3-RIIUH6
0RUVHOOL0*3HFKLQJHU86HLEHUW3 7KRPVRQ'-
&267$FWLRQ³)LQDOUHSRUW+DUPRQLVDWLRQ
RIWKHSUHSURFHVVLQJRIPHWHRURORJLFDOGDWDIRUDWPRV
SKHULF GLVSHUVLRQ PRGHOV (85  /X[HPERXUJ
2IÀFH IRU 2IÀFLDO 3XEOLFDWLRQV RI WKH (XURSHDQ &RP
PXQLWLHV
*U\QLQJ 6( -HQVHQ 12  7URHQ ,  7XUEXOHQFH
DQGGLIIXVLRQRYHULQKRPRJHQHRXVWHUUDLQ%RXQG/D\HU
0HWHRU²
+lUN|QHQ - 9DONRQHQ ( .XNNRQHQ - 5DQWDNUDQV (
/DKWLQHQ..DUSSLQHQ$ -DONDQHQ/$PRGHO
IRU WKH GLVSHUVLRQ RI SROOXWLRQ IURP D URDG QHWZRUN
3XEOLFDWLRQVRQ$LU4XDOLW\)LQQLVK0HWHRURORJLFDO
,QVWLWXWH+HOVLQNL
-HQVHQ 66 /¡IVWU¡P 3 %HUNRZLF] 5 2OHVHQ +5
)U\GHQGDOO - )XJOVDQJ .  +XPPHOVK¡M 3 
/XIWNYDOLWHW ODQJV PRWRUYHMH 0nOHNDPSDJQH RJ PRGHO
EHUHJQLQJHU1(5,7HFKQLFDO5HSRUWQR
.DUSSLQHQ $ .XNNRQHQ - 1RUGOXQG * 5DQWDNUDQV (
 9DONDPD ,  $ GLVSHUVLRQ PRGHOOLQJ V\VWHP IRU
XUEDQ DLU SROOXWLRQ 3XEOLFDWLRQV RQ $LU 4XDOLW\ 
)LQQLVK0HWHRURORJLFDO,QVWLWXWH+HOVLQNL
.\WKH3. 6FKlIHUNRWWHU05+DQGERRNRIFRPSX
WDWLRQDOPHWKRGVIRULQWHJUDWLRQ&KDSPDQ +DOO&5&
%RFD5DWRQ)/
/HYLWLQ-+lUNRQHQ-.XNNRQHQ- 1LNPR-(YDO
XDWLRQRIWKH&$/,1(DQG&$5)0,PRGHOVDJDLQVW
PHDVXUHPHQWV QHDU D PDMRU URDG $WPRV (QYLURQ 
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²
/XKDU$ 3DWLO5$JHQHUDOÀQLWHOLQHVRXUFHPRGHO
IRU YHKLFXODU SROOXWLRQ GLVSHUVLRQ $WPRV (QYLURQ 
²
2HWWO ' .XNNRQHQ -$OPEDXHU 5$ 6WXUP 3- 3RKMROD
0  +lUN|QHQ -  (YDOXDWLRQ RI D *DXVVLDQ DQG
D /DJUDQJLDQ PRGHO DJDLQVW D URDGVLGH GDWD VHW ZLWK
HPSKDVLVRQORZZLQGVSHHGFRQGLWLRQV$WPRV(QYLURQ
²
2HWWO'*RXODUW$'HJUD]LD* $QIRVVL'$QHZ
K\SRWKHVLV RQ PHDQGHULQJ DWPRVSKHULF ÁRZV LQ ORZ
ZLQGVSHHGFRQGLWLRQV$WPRV(QYLURQ²
2OHVHQ +5 %HUNRZLF] 5  /¡IVWU¡P 3  20/
KLJKZD\UHYLHZRIPRGHOIRUPXODWLRQ1(5,7HFKQLFDO
5HSRUWQR
3DXOVRQ&$7KHPDWKHPDWLFDOUHSUHVHQWDWLRQRIZLQG
DQG WHPSHUDWXUH SURÀOHV LQ WKH XQVWDEOH DWPRVSKHULF
VXUIDFHOD\HU-$SSO0HWHRU²
3HWHUVHQ :%  8VHU·V JXLGH IRU +,:$< $ KLJK
ZD\DLUSROOXWLRQPRGHO(3$86(3$
5HVHDUFK7ULDQJOH3DUN1&
3UHVV:+)ODQQHU\%37HXNROVN\6$ 9HWWHUOLQJ:7
 1XPHULFDO UHFLSHV LQ )2575$1 7KH DUW RI VFL
HQWLÀFFRPSXWLQJQGHG&DPEULGJH8QLYHUVLW\3UHVV
&DPEULGJH
6HLQIHOG -+  3DQGLV 61  $WPRVSKHULF FKHPLVWU\
DQGSK\VLFV)URPDLUSROOXWLRQWRFOLPDWHFKDQJH-RKQ
:LOH\ 6RQV1HZ<RUN
6KDUPD 1 &KDXGU\ ..  &KDODSDWL 5DR &9 
9HKLFXODU SROOXWLRQ SUHGLFWLRQ PRGHOOLQJ D UHYLHZ RI
KLJKZD\ GLVSHUVLRQ PRGHOV 7UDQVSRUW 5HYLHZV 
²
7XUQHU'%:RUNERRNRIDWPRVSKHULFGLVSHUVLRQHVWL
PDWHV3XEOLF+HDOWK6HUYLFH3XEOLFDWLRQQR$3
863XEOLF+HDOWK6HUYLFH&LQFLQQDWL2+
YDQ 8OGHQ $3  +ROWVODJ $$0  (VWLPDWLRQ RI
DWPRVSKHULF ERXQGDU\ OD\HU SDUDPHWHUV IRU GLIIXVLRQ
DSSOLFDWLRQV-&OLP$SSO0HWHRURO²

II

This article is removed.

III

This article is removed.

