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Abstract 

The thesis presents the outcome of the research aimed at enhancing our understanding 

of the action of traffic-induced material movement processes that result in temporal 

and spatial variability of concentrations of particulate matter in the roadside environ-

ment, through a combination of measurement and modelling. A field experiment, that 

involved gritting a segment of road and then quantifying the movement of the grit along 

and across the road and to the air, is conducted at Gloucester Place in Central London. 

The modelling process consists of having an inventory of the important processes that 

contribute to particulate matter fluxes to and from the road surface, mathematical 

formulation of these processes and numerical integration of the equations, using Stella 

software. Measurements at Manor Road, where the material carry-over and subsequent 

deposition on road surface by the vehicles from a nearby waste transfer station is sus-

pected to be the reason for non-compliance of the EU PM10  limit value, are used to 

evaluate the transferability of the model. 

The field results show that, on a paved road with no major local source, road 

abrasion is the largest source of surface loading, followed closely by material carried 

over from the upstream road segment. With a single vehicle pass the average amount 

of material removed from a road segment in different directions are as follows: 0.04 % 

along the road, 0.005 % across the road and 0.03% into the air. The silt loading is the 

result of the interplay of replenishing and depleting fluxes and is therefore dynamic in 

nature. 

The experiment and modelling exercise confirmed that a model for paved road par-

ticulate matter emission needs to be two-dimensional and dynamic, including material 

build-up and removal processes on the road surface and their characteristic times. It 

is proposed that this will not only increase the physical realism of the model but also 

reduce the gap between observation and model prediction, two main drawbacks of the 

empirical models. 
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EEA 	 European Environment Agency. 

EGTS 	 Erith Group Transfer Station. 

Emission factor 	 The amount of a (polluting) substance emitted in a 

certain amount of time, typically expressed as a mass of 

pollutant emitted per unit time (e.g., grams per second, 

tonnes per year) or per unit area of an urban area (e.g., 

tonnes per annum per square kilometre). For traffic 

emissions, it is usually expressed as mass emitted per 

unit length of a road by a single vehicle (e.g., grams 

per kilometre per vehicle). 

Emissions Inventory 	A quantification and compilation of emission sources 

by geography and time, usually including data covering 

one or several years. 

Emission flux 	 Mass emitted from unit area of road per unit time. 

EPAQS 	 Expert Panel on Air Quality Standards, UK. 

Epidemiology 	 Statistical studies of health effects in populations (DE-

FRA, 2000); 

A branch of medicine that deals with incidence and 

control of disease in a population; 

The study of the distribution and determinants of 

health and disease in populations (AQEG, 2004). 

EP SRC 	 Engineering and Physical Sciences Research Council, 

UK. 

ERG 	 Environmental Research Group at King's College Lon-

don, UK. 

EU 	 European Union. 
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Euro I, II, III, IV & V 	Progressively stricter Europe-wide vehicle emissions 

standards requiring vehicles manufactured after 1992, 

1996, 2000, 2006 and 2008 respectively to achieve set 

emissions limits. 

Exceedance 	 A period of time where the concentration of a pollutant 

is greater than the appropriate air quality objective. 

Fe 	 Iron. 

FID 	 Flame Ionisation Detection. 

Fugitive emission 	Emissions that occur directly from a process or source 

into the workplace or outside atmosphere without first 

being collected in ducting or other container and then 

being vented to atmosphere. Therefore, these emissions 

are difficult both to quantify and to abate (AQEG, 

2004). 

GC 	 Gas Chromatograph. 

GIS 	 Geographical Information Systems. 

GPS 	 Global Positioning System. 

GVW 	 Gross Vehicle Weight— Combined weight of the vehicles 

and the goods (AQEG, 2004). 

HDD 	 Heavy Duty Diesel. 

HDV 	 Heavy Duty Vehicles— Road vehicles greater than 

3.5 tonnes of GVW (AQEG, 2004). 

HGV 	 Heavy Goods Vehicle— Road vehicles greater than 

7.5 tonnes of GVW (AUG, 2004). 

Hz 	 Hertz; samples per second. 

HPS 	 High Performance Systems, Inc., USA. 

ID 	 Inner Diameter. 
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Industrial augmentation A dimensionless quantity that accounts for higher emis- 

factor 	 sions from industrial roads than from urban roads 

(varies between 1 and 7). 

In-vitro 	 Taking place in isolation from a living organism. 

In-vivo 	 Taking place within a living biological organism. 

IR 	 Infra-red. 

ITS 	 Institute for Transport Studies, University of Leeds, 

UK. 

K 	 Potassium. 

KC1 	 Potassium Chloride. 

KCL 	 King's College London, UK. 

Kerbside location 	A roadside location, measured at within 0 - 5 m from 

the kerb of a busy road. Site classification is done as 

per the guidance given by the DETR, in Technical Guid-

ance TGI(98) and to the classes defined by Stanger Sci-

ence and Environment in relation to the London-wide 

surveys. 

kt 	 Kilotonne. 

L 	 Litre. 

LAQM 	 Local Air Quality Management. 

LDV 	 Light Duty Vehicles - Road vehicles less than 3.5 tonnes 

of weight. 

LDSI 	 Light - Duty Spark Ignition. 

LGV 	 Light Goods Vehicles-Goods vehicles less than 

3.5 tonnes weight. 

itg m-3 	 Micrograms per cubic metre. 

Ecm 	 1 nn = 1 micron = 1 millionth of a metre. 

London Congestion 	Some parts of the Central London area the access to 

Charging zone 	 which by motorist incurs a fee. 
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MATLAB 	 Matrix Laboratory. 

Mg 	 Magnesium. 

MMD 	 Mass Median Diameter. 

Na 	 Sodium. 

NAAQS 	 National Ambient Air Quality Standards, USA. 

NAEI 	 National Atmospheric Emissions Inventory, UK. 

NDIR 	 Non Dispersive Infra Red. 

NEPC 	 National Environment Protection Council, Australia. 

NERC 	 National Environment Research Council, UK. 

NETCEN 	 National Environmental Technology Centre, UK (part 

of AEA Technology plc, UK). 

nm 	 Nanometre; 1 nm = 1 billionth of a metre. 

NHS 	 Ammonium. 

NO„ 	 Generic name for all oxides of nitrogen. 

N20 	 Nitrous oxide. 

NO 	 Nitric oxide; The main oxide of nitrogen which is cre-

ated during high temperature combustion. 

NO2 	 Nitrogen dioxide; Pollutant which is created during 

high temperature combustion and as the result of oxi-

dation of nitric oxide in the presence of ozone. 

NO; 	 Nitrate. 

NPL 	 National Physical Laboratory (The UK's National 

Measurement Laboratory). 

NYSERDA 	 New York State Energy Research and Development 

Authority. 

03 	 . Ozone. 

OC 	 Organic Carbon. 

OD 	 Outer diameter. 

OEG 	 Onyx Environmental Group plc, UK. 
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PAH 

Pb 

PMo.i 

PM2.5 

PM3  

Pmio 

P1\415 

Polycyclic Aromatic Hydrocarb 

Lead. 

Ultra-fine particles with a mean 

upto 0.1µm. 

Particulate matter with a mean 

upto 2.5µm. 

Particulate matter with a mean 

upto 3 p.m. 

Particulate matter with a. mean 

upto 10µm. 

Particulate matter with a mean  

on. 

aerodynamic diameter 

aerodynamic diameter 

aerodynamic diameter 

aerodynamic diatheter 

aerodynamic diameter 

upto 15 pm. It is also referred to as inhalable particles 

(IP) (USEPA, 1993c). 

Coarse fraction of PM10  that is larger than 2.5 pm and 

smaller than 10 pm. 

Perfluoromethylcyclohexane, C6F11  CF3 . 

Phosphate. 

Parts per million. 

Parts per billion. 

A statistical definition of how closely a range of read- 

ings are to one another; the degree to which multiple 

measurements of the same parameter repeat. 

Polytetrafluoroethylene. 

Quality assurance and Quality Control. 

Quality of Urban Air Review Group, UK. 

Ratio of airborne concentration of the material and the 

surface loading of the material. 

Mass emitted from unit area of road surface in unit 

time. 

P Mcoarse 

PMCH 

P024- 

3111  

ppb 

Precision 

PTFE 

QA/QC 

QUARG 

Resuspension factor 

Resuspension flux 
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Resuspension fraction 	Ratio of the amount of material resuspended from a 

road segment by one vehicle to that available on a road 

segment. 

Resuspension rate 	Fraction of surface deposit removed per unit time. 

Roadside location 	A roadside location, measured at within 0 - 20 in from 

the kerbside of a busy road. 

SCOOT 	 Split, Cycle and Offset Optimisation Technique. 

SD 	 System Dynamics. 

SEM 	 Scanning Electron Microscope. 

SF6 	 Sulphur hexafluoride. 

Si 	 Silicon. 

Silt loading 	 Silt loading is defined as the mass of silt size (< 75 ym) 

material present on unit area of the road surface. It is 

obtained by multiplying surface material loading with 

silt fraction. 

SIA 	 Secondary Inorganic Aerosols; Nitrate, sulphate and 

ammonium are summarised as SIA. 

Silt 	 Particulate matter of size < 75 pm in diameter. 

SO2 	 Sulphur dioxide; a. gas, mainly produced from the burn-

ing of coal and oil with a small contribution from diesel. 

SO 	 Sulphate. 

Source area 	 Area of a section of a road, emissions from which con-

tribute to the receptor. 

STANGER 	 Stanger Science and Environment, UK. 

Surface loading 	Surface material loading is defined as the mass of par- 

ticulate material (irrespective of size) present on unit 

area of road surface. It is estimated by collecting mate-

rials from a section of road surface by broom sweeping 

and vacuuming (USEPA, 1993a). 
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TEOM 	 Tapered Element Oscillating Microbalance. 

Ti 	 Titanium. 

Toxicology 	 Study of compounds that are poisonous to humans. 

TRAKER 	 Testing Re-entrained Aerosol Kinetic Emissions from 

Roads. 

TRAMAQ 	 Traffic Management and Air Quality research 

programme, UK; 

http://www.roads.dft.gov.uk/roadnetwork/tramaq/.  

TROWS 	 Tyre and Road Wear and Skip Assessment. 

TSP 	 Total Suspended Particulate Matter. 

UK 	 United Kingdom. 

UKAURN 	 UK Automatic Urban and Rural (air quality monitor-

ing) Network. 

Urban background 	An urban location distanced > 40 m from busy road 

sources and therefore broadly representative of city-

wide background conditions. 

US 	 United States; same as USA. 

USA 	 United States of America. 

USEPA 	 United States Environmental Protection Agency. 

UTC 	 Urban Traffic Control. 

V 	 Volt. 

VOC 	 Volatile Organic Compounds, (like benzene and other 

hydrocarbons that evaporate readily). 

WCC 	 Westminster City Council. 

WHO 	 World Health Organisation. 

WRAP 	 Western Regional Air Partnership, USA. 

Zn 	 Zinc. 

ZnS 	 Zinc Sulphide. 
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Symbols 

Symbol 	Definition 	 Unit 

A 	 Source area 	 m2  

Awh 	Average wheel surface area 	 m2  vvh-' 1  

PINl io  air concentration 	 pg m' 

Ch 	Background concentration of P11110 	 pg m-3  

Ce 	Contribution of exhaust emission to roadside P11/110 	g In-3  

concentration 

Cbr 	 Contribution of brake wear emission to roadside 	g m-3  

PM10 concentration 

GCr 	 Wind-induced resuspended PMcoarse  concentration 	pg m-3  

Contribution of resuspension to roadside PM10 	g m-3  

concentration 

Ct 	Concentration of SF6  released 

d0 	Depth of the material build-up along the kerb 

D 	Deposition flux on surface 	 g m-2 h-1 

e. 	 Particulate matter emission factor 	 g km  -1 	2 

ee 	Average exhaust emission factor for a fleet. of vehi- 	g m-1  v-1  

cle 

ebr 	Average brake wear emission factor for a fleet. of 	g m-1 .v.1 

vehicle 

Exhaust emission factor of each type of vehicle 	g km-1  v-1  

ebri 	 Brake wear emission factor of each type of vehicle 	g km' v-1  

ee 	Exhaust emission strength 	 g 

1wh-1  stands for "per wheel". 
2v-1  stands for "per vehicle". 
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ee  
fwb 

fx 

fy 

fz 

fug 

f; 

f ' y 

Fa 

Fd 

Fg  

-Fin 

Flout  

Fr 

Ft 

Brake wear emission strength 	 g tri-1  - 

Amount of material carried onto Manor Road by 	g wh' 

each wheel 

Fraction of material removed from a road segment 

along the road by one vehicle 

Fraction of material removed from a road segment 

across the road by one vehicle 

Fraction of material removed from a road segment 	V-1  

to air by one vehicle 

Amount of material carried onto Manor Road by 	g v-1 

each vehicle 

Amount of material removed from a road segment 	g v-1  

along the road by one vehicle 

Amount of material removed from a road segment 	g v-1  

across the road by one vehicle 

Amount of material removed from a road segment 	g 

to air by one vehicle 

Fraction of material removed per unit time due to 	h-1  

rain 

Rate of road abrasion deposition 	 g 

Rate of dry deposition 	 g s-1  

Rate of grit deposition at Gloucester Place 	 g s 
 

Sum of accumulating fluxes 	 g s-1  

Sum of draining fluxes 	 g s-1  

Rate of material removal by rain (i.e., amount of 	g s-1  

material removed from a road segment in unit time 

due to rain) 

Rate of tyre wear deposition 	 g 5-1 

32 



Rate of material input from EGTS onto Manor 	g s-1 

Road 

Fx 	 Rate of material removal along the road (i.e., 	g s 

amount of material removed from a road segment 

along the road in unit time by the whole fleet of 

vehicles) 

Fy 	Rate of material removal across the road (i.e., 	g 

amount of material removed from a road segment 

across the road in unit time by the whole fleet of 

vehicles) 

Rate of material emission to air (i.e., amount of 	g s-1  

material removed from a road segment to air in 

unit time by the whole fleet of vehicles) 

I 	 Industrial augmentation factor 	 dimensionless 

Intensity of rain 	 mm 11-1  

K 	Resuspension factor 

Length of the road segment 

mo 	Amount of material on road segment at the end of 

the gritting 

mt 	Amount of material on road segment at time t 

Molecular weight of SF6  

Number of traffic lanes 

nhdy 	Flow rate of HDVs 	 v s 

nkiv. 	 Flow rate of LDVs 	 v s 

nti 	Number of tyres/wheels in each vehicle 	 tyres/ wheels 

per vehicle 

171, 	 Traffic flow rate 	 v S-1 

Traffic flow rate from EGTS to Manor Road 	v S-1  

nwh 	Number of wheels per vehicle 	 wh v-1  
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iV 	Number of days/hours in the averaging period 	days/hours 

used for moisture correction factor 

p 	 Pressure drop in tracer release equipment 	 bar 

P Number of days; hours •with at least 0.254 mm 	days/hours 

(0.01 in) of rain during the averaging period used 

for moisture correction factor 

Q 	SF6  release rate at 20 °C 	 kg s-1  

rt 	 Concentration-emission ratio obtained from the 	s m —3  

tracer release 

R 	Resuspension flux 	 g m-2  s-1  

s 	 Silt fraction 

S Surface loading 	 g m-2  

sL 	Silt loading 	 g m-2  

Sg 	Surface loading contributed by gritting 	 g 

tg 	Duration of gritting 

Tracer release time 	 min 

txavg 	Time elapsed between end of gritting and time 

when general level of grit in air at Site 1 exceeded 

that at Site 2 

ty 	 Time taken for the kerb-side build-up to take place 

To 	Time taken for the material on the road to decay 

by a factor of e-1  

u 	 Wind speed 	 m s--1 

Friction velocity of the particles 	 m s 

us 	Street level wind speed 	 m s 

Uxmax 	Maximum speed of material movement along the 	m s 

road by the whole fleet of vehicles 

Uxavg 	 Average speed of material movement along the 	In s 1  

road by the whole fleet of vehicles 
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'it 3 , 	 Average distance of material movement along the 	m v-1 

road by one vehicle 

Uymax 	Maximum speed of material movement across the • 

road by the whole fleet of vehicles 

uy,g 	Average speed of material movement across the 	m s 

road by the whole fleet of vehicles 

ley 	Average distance of material movement across the 	in v-1 

road by one vehicle 

v 	 Volume of tracer release equipment 	 ml 

Va 	Volume of road abrasion per unit time 	 m3 S-1 

vd 	Deposition velocity of particulate matter 	 m S-1 

Vm 	Molar volume at 20 °C 

Vs 	Settling velocity of the particles 	 rn s-1  

Volume of material carried onto Manor Road by 	m3  wh-1  

each wheel 

ec 	 Width of the road segment 

14/ 	Average vehicle weight 	 tonne 

wwh 	Average wheel width of the vehicles entering from 

EGTS to Manor Road 

• wy 	Width of the material build-up along the kerb 	• in 

xi- 2 	Distance between Site 1 and Site 2 at Gloucester 

Place 

Proportion of each type of vehicle 

zi 	 Proportion of each type of road material 

/3 	 Angle between Geographical North and North of 	degree 

the rotated coordinate system at Gloucester Place 

0 	 Direction of material movement relative to vehicle 	degree 

movement i.e., angle of spread 

A 	 Total resuspension rate 	 s-1  
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Aair  

As  

AsaIt 

"Sc 

p 

pj 

Pw 

ax 

ay  

Resuspension rate for particles moving in true air- 	s-1  

borne suspension 

Scavenging coefficient 

Resuspension rate for particles moving in saltation 	s-1  

Resuspension rate for particles moving in surface 	s-1  

creep 

Average density of road material 	 g 

Density of each type of road material 	 g m-3  

Density of material entering from EGTS to Manor 	g M-3  

Road 

Along-street spread of a patch of material on road 

surface 

Across-street spread of a patch of material on road 	rn 

surface 

Thickness of material sticking around the wheel at 

the entry to Manor Road 

Thickness of abrasion per vehicle on a good road 	m v-1  

Thickness of abrasion per vehicle with road condi- 	m 

tion considered 

Thickness of abrasion per unit time 	 m 

Average wheel diameter of the vehicles entering 

from EGTS to Manor Road 

Dispersion coefficient 	 m-2  h;rn-1  s 

Road condition factor 	 dimensionless 

Average tyre wear rate for a fleet of vehicle 	 g 

Tyre wear deposition rate per unit length of road 	g m 1  s-1 

surface 

Tyre wear rate 	 g kin-1  per 

tyre 

 

36 



Chapter 1 

Introduction 

1.1 Background 

Effects of airborne particulate matter alone and in conjunction with gaseous pollu-

tants not only have adverse impacts on plant, animal and non-living materials (Painter, 

1974), but also have been partly responsible for several global, regional and local im-

pacts, e.g., change of radiative balance (Haywood and Boucher, 2000; Kalognomou and 

Moussiopoulos, 2005; Rosen and Novakov, 1977), modification of cloud property, the 

global climate change (Kalognomou and Moussiopoulos, 2005; Saxena, 1997), acid rain 

(Angstorrn, 1964; Charlson and Rodhe, 1982; Colvile et al., 2001; Sanhueza, 2001), 

stratospheric ozone depletion (Colvile et al., 2001), reduction in visibility and soiling 

of monuments (Kalognomou and Moussiopoulos, 2005). In human beings, inhalation of 

particulate matter can cause chronic pulmonary diseases like lung cancer, chronic bron-

chitis, bronchial asthma and emphysema (Carlton et al., 1999; Hatch and Gross, 1964; 

Holgate et al., 1999; Kagawa, 1984; Painter, 1974; Stern, 1962; Wilson and Spengler, 

1996). The sizes of the particles that are harmful to health are PMio  (Particulate mat-

ter having aerodynamic diameter below 10µm) (AQEG, 2004; DEFRA, 2000; EPAQS, 

1998, 2001) and this includes PM2.5  (Particulate matter having aerodynamic diame-

ter below 2.5 pm). Some studies suggest PIVI2.5  to be more harmful to health than 

PM10  (Anderson et al., 1992; Lippmann, 1998; Pillai et al., 2002; Seaton et al., 1995; 

Schwartz et al., 1996). These particles can remain suspended in air for a long time, 
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can transport to long distances and can enter via the respiratory tract deeper parts of 

lungs (ApSimon et al., 2001; Brain and Valdberg, 1979; Stern, 1962). While the debate 

on properties (e.g., chemical and mineralogical composition, number, surface area and 

mass) of particulate matter that cause adverse health effects is still ongoing (Anderson 

et al., 1992; Brown et al., 2002; Englert, 2004; Harrison and Yin, 2000; Hauck et al., 

2004; Laden et al., 2000; Lippmann, 1998; Schwartz et al., 1996; Maynard and May-

nard, 2002; Seaton et al., 1995; WHO, 2003; Wilson and Suh, 1997), it has been proved 

beyond doubt that particulate matter has adverse impacts on health (Carlton et al., 

1999; COMEAP, 1995, 1998, 2001; Dockery et al., 1993; Dockery and Pope III, 1994; 

Hoek and Brunekreef, 1993; Hoek et al., 2002; Katsouyanni et al., 1995, 1997; Mah-

eswaran et al., 2002; Nyberg et al., 2000; Ostro et al., 1999; Pope III et al., 1995a,b; 

Pope III and Dockery, 1999; Salter and Parsons, 1999; Spit et al., 1998; Takano et al., 

1997; van Wijnen and van der Zee, 1998; Vedal, 1995; Wilson and Spengler, 1996). 

During the last, three decades the consumption of coal in domestic burning has re-

duced significantly. Oil, natural gas and nuclear power are gradually replacing coal as 

an industrial fuel. On the contrary rapid urbanisation with very fast growth of traffic 

in cities across globe is resulting in the emissions from roads as the most important 

source of particulate matter in urban air. Several studies have established particulate 

matter emissions associated with traffic activity on paved roads as a major source of 

urban airborne particulate matter (ADB, 1992; APEG, 1999; AQEG, 2004; Barrowcliffe 

et al., 2002; Benitez et al., 2001; Buckingham et al., 1997; GARB, 1998; Chow et al., 

1996b; D'Alessandro et al., 2003; DEFRA, 2000, 2003; Dorsey et al., 2002; Gaffney 

et al., 1995; Gertler et al., 2000; Harrison et al., 1997b; Johansson et al., 2004; Manoli 

et al., 2002; Zimmer et al., 1992). Urban traffic emissions consist of two components 

having different emission mechanisms. These are "exhaust emissions", which consist 

of the by-products of fuel combustion in the vehicle engine and the unburnt fuel, and 

are therefore directly linked with fuel and engine quality of the vehicle although driv-

ing pattern, congestion, etc. partly influence it; and "non-exhaust emissions", which 

are mostly comprised of the materials of the road surface that become suspended due 

to traffic movement, and are therefore called "paved road surface emissions". Often 
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paved road surface emission is referred to as "resuspension". The term "resuspension" 

is usually used for the process where surface materials, previously deposited due to 

atmospheric process or any other natural process or due to any anthropogenic activity, 

become airborne due to natural (e.g., wind action, raindrop impact, etc.) or anthro-

pogenic activity (e.g., mechanical disturbance by pedestrians and vehicles, agricultural 

operations, etc.) (Nicholson, 1988; Nicholson and Branson, 1990). To be precise, the 

term suspension or entrainment should be used for surface materials which were not 

previously deposited (e.g., material produced out of vehicle-induced road abrasion) and 

resuspension or re-entrainment should be used for those previously deposited (e.g., at-

mospheric depositions, material from a nearby unpaved road carried along the traffic 

wheel onto paved road). Even in case of road abrasion, if all the material produced 

due to a vehicle become suspended due to that vehicle itself, then it will not be a case 

of resuspension because as these are produced they get suspended. However if some 

of it is left on the road, which is expected to be the case, and become airborne by 

other vehicles then it should be treated as resuspension. In this case it is the residence 

time of material on the road that dictates whether it should be termed either of the 

two. Clearly, it is difficult to distinguish between resuspension/re-entrainment and 

suspension/entrainment. Therefore, as discussed by Sehmel (1980b) for wind-induced 

resuspension, the term resuspension usually includes suspension/entrainment. Materi-

als available for resuspension include any primary or secondary material that is moved 

in or deposited onto the road surface and therefore include redeposition of exhaust 

emission and other material produced at the road/vehicle interaction (e.g, particulate 

matter produced out of road abrasion, tyre wear). As such, resuspension, to some 

extent, double counts the emissions. 

Exhaust emissions of particulate matter are much better quantified and documented 

than non-exhaust emissions (AQEG, 2004). With introduction of cleaner fuels (e.g, 

fuel quality improvement with regard to sulphur and aromatic content (Ntziachristos 

and Samaras, 2003), unleaded petrol replacing leaded petrol and use of Compressed 

Natural Gas (CNG) instead of petrol and diesel), better emission control technology 

(e.g., use of particulate matter filters and catalytic converters) and tighter legislation 
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(e.g., Euro standards), exhaust emissions have decreased appreciably despite an over-

all increase in traffic (AQEG, 2004; Goodwin et al., 1999; Kathuria, 2005). However, 

technological measures aimed at reducing exhaust emissions are not generally effec-

tive in reducing resuspension. Resuspension is believed to depend on some factors 

that influence exhaust emission as well as several other factors such as road condition, 

local meteorology and weather (Artffiano et al., 2004; Harrison et al., 1997a, 2001; 

Johansson et al., 2004; QUARG, 1996). Most combustion emissions, traffic exhaust 

emissions included, of PMcoarse  (Coarse fraction of PM10  that is larger than 2.5µm 

and smaller than 10 p.m) were eliminated in the 20th  century. The control of exhaust 

emissions' at present is aimed at reducing the emissions of PM2.5  because of recent 

evidence of its increased health risk (Anderson et al., 1992; Lippman'', 1998; Pillai 

et al., 2002; Seaton et al., 1995; Schwartz et al., 1996). Therefore, the emissions of 

PMcoarse associated with paved road surface emissions which are primarily produced 

from resuspension of soil and road surface dust by traffic-induced turbulence (Abu-

Allaban et al., 2003a,b; AQEG, 2004; Artffiano et al., 2004; Braaten et al., 1990; Hall, 

1989; Harrison et al., 2001; Kristensson et al., 2004; Kulmala et al., 1986) as well as 

perhaps by the wind (Triantafyllou et al., 2002), remain uncontrolled (Harrison et al., 

2004a). Triantafyllou et al. (2002) have shown that wind induced resuspension is a ma-

jor source at urban and industrial locations where, depending on weather condition, it 

can contribute substantially to general pollution level as well as to pollution episodes. 

While wind-induced resuspension is a concern, particularly in the aftermath of any 

accidental spill of hazardous contaminants like that of Chernobyl nuclear spill, con-

tribution of traffic-induced resuspension to roadside particulate matter concentration 

and local and national emission level, which is about 10 % of PM10  emissions in UK 

(Goodwill et al., 1999), is of significant importance, especially in urban areas. Further, 

while resuspension due to normal wind action causes redistribution of contaminants in 

urban and regional scale (Anspaugh et al., 1975; Garland and Playford, 1992), resus- 

'Exhaust aerosol is emitted primarily in sub-micron particle sizes centered on particles of 0.1 pin 
to 0.2 pin in diameter (Hildemann et al., 1991b). The typical size ranges of diesel exhaust from a bus 
and petrol exhaust from a car are 0.02 pm to 0.13 pm and 0.04 pin to 0.06 pm respectively (Morawska 
et al., 1998; Rist.ovski et al., 1998). 
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pension due to traffic results in exposure of very high level of particulate pollution to 

commuters and people living close to urban streets. Laboratory studies indicate that 

the more toxic components such as quartz are associated with the resuspended road 

dust (Murphy et al., 1998). Therefore resuspended dust may be a cause of more ad-

verse health impact than exhaust emissions. With studies indicating the entrainment 

of dust from the road surface as either a comparable or greater source than exhaust 

emission (Abu-Allaban et al., 2003b; APEG, 1999; AQEG, 2004; Ball and Caswell, 

1983; DEFRA, 2000; During et al., 2002a; Johansson et al., 2004; Schulze, 2001), it 

is a cause of concern for compliance of the present and more importantly, the stricter 

future air quality standards such as the European Commission (EC) indicative stage 2 

limit values of 50 pg m 3  PI\410  as a 24-hour mean and 20 pg rn-3  P1\110  as an annual 

mean, to be achieved by 1 January 2010. 

This has led to the investigation of paved road particulate matter emission since 

the early 1970s. To date, most of the studies undertaken to estimate the particu-

late matter emission due to traffic have essentially applied regression analysis between 

emission, obtained from measured concentration, and other probable road and vehi-

cle related parameters to derive an empirical equation that can be used to quantify 

emission rate in units of mass per unit distance travelled by a vehicle, called "emission 

factor" equation. The most detailed and widely used United States Environmental Pro-

tection Agency (USEPA) AP-422  model for paved road emissions, which is based on 

an empirical approach that relates vehicle weight and silt loading ("silt" is particulate 

matter less than 75 pm in size; "loading" is amount of silt on the road surface per unit 

area of road surface) to emission rate of particulate matter (USEPA, 1997), has been 

widely criticised for its lack of mechanistic basis (Countess et al., 2001; Nicholson, 2001; 

Venkatram, 2000, 2001) and poor predictivity, reported from several field studies (Fitz 

and Bufalino, 2002; Kantamaneni et al., 1996; Venkatram and Fitz, 1998; Venkatram 

et al., 1999; Zimmer et al., 1992). The.main criticism is that the formulation does not 

take into account sources that contribute to the particulate matter on the road and 

it also does not consider the removal mechanisms. This is a purely statistical model 

2AP-42 model is described in Section 2.12. 
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which can give average results over an area with large number of roads. But it fails 

to predict the emission factor at local scale, e.g., for a certain road or section of road 

• (Countess et al., 2001; Venkatram et al., 1999; Venkatram, 2000) and therefore, should 

be applied with extreme caution (Nicholson, 2001). 

1.2 Research motivation 

For emission estimation to be credible, a model should include various natural and 

anthropogenic processes through which particulate matter enters to a road vehicle 

environment, moves within various compartments of the environment and ultimately 

escapes from it i.e., emission factors should be based on real-life processes involved in 

particulate matter emission, rather than statistically significant variables. A dynamic 

mass balance model that accounts for the sources of particulate matter on a road 

surface, its movement and ultimately its removal from the road surface could be a 

better way of understanding and estimating the paved road emission, a view shared 

by other researchers (Countess et al., 2001; Kuhns et. al., 2001a). Therefore, the main 

motivation behind this research is to understand the particle emission process from 

paved roads, the need of which has been emphasised by many researchers (Nicholson, 

2001; Venkatram, 2001). 

1.3 Aim 

The aim of this thesis is to present research conducted to enhance understanding of 

the interplay of different processes that are involved in traffic-induced resuspension of 

particulate matter. The principal aim of the research was to identify and quantify the 

processes that cause movement of particulate pollutants in the urban road environment, 

and parameterise them for a model that explains the emission and translocation of 

particulate matter from road due to traffic and importance of resuspension in urban 

air pollution. 
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1.4 Key research questions 

The following key research questions were framed, the answers to which were expected 

to meet the aim stated above. 

1. What are the sources and sinks of particulate matter in the road; vehicle envi-

ronment? 

2. What are the different traffic-induced processes through which particulate mat-

ter build-up, movement and loss take place on a paved road surface? 

3. What are the variables that control the build-up, movement and depletion of 

particulate matter on a road surface and what are their relative importances? 

4. How can these variables be parameterised for a simple-mass balance model? The 

parameterisation is expected to be achieved by finding answers to the following 

questions: 

(a) What is the rate of material input to a road surface from different sources? 

(b) How much time does it take for material to move from one segment of the 

road to the other, from carriageway to kerbs/pavements/drains, from road 

surface to air and finally to disappear from the road surface? 

(c) How far does material move in a given time along and across the road? 

(d) How much material is removed in different directions from a. road segment in 

a given time, i.e., what are the material removal rates in different directions? 

1.5 Objectives 

The research to answer the above questions involves the following steps: 

1. Undertaking a literature survey to review earlier works associated with paved 

road traffic emissions. 

2. Carrying out a. field experiment to observe the movement of particulate matter 

on a road surface. 
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3. Identification of different processes associated with material movement and emis-

sions from paved road surfaces. 

4. Development of quantitative estimates for the parameters that control the above 

processes. 

5. Development of a model which includes mathematical formulation of these pro-

cesses. 

6. Checking the theoretical and scientific correctness of the model and evaluating 

the model against independent measurements. 

1.6 Scope 

This modelling exercise is carried out with the assumption that traffic movement causes 

particles on a road surface to move and become airborne and the intention is to for-

mulate and parameterise a model that includes these movement and resuspension pro-

cesses. This involves finding answers to the research questions 4a - 4d mentioned in 

Section 1.4. The model therefore does not deal with the mechanisms behind parti-

cle movement and resuspension such as the forces acting at the wheel/road interface, 

different aerodynamic forces that cause particle movement and uplift from a surface, 

relative importance of tyre stress and traffic-induced turbulence and relatiVe impor-

tance between traffic-induced turbulence and wind-induced turbulence, although these 

are briefly reviewed in Chapter 2 to gain some understanding. The model proposed in 

this thesis will attempt to quantify the contribution of several sources that replenish 

the suspendible dust on road surface and rate of removal of these suspendible dust 

by traffic induced material removal processes. None of these are addressed in AP-42 

model. Therefore description, parameterisation and quantification of traffic-induced 

material replenishment processes and material removal processes on paved road sur-

faces are the core contribution of this research. 
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1.7 Thesis outline 

The thesis chapters, outlined below, reflect the objectives set out in Section 1.5. 

Chapter 2 is a literature review. It starts with a review of association of airborne 

particulate matter with adverse health effects so that the importance of different 

properties of particulate matter that are likely to determine the effects are ap-

preciated. Major sources of particulate matter in urban air are then discussed to 

emphasise the emergence of paved road emissions as an important source. Previ-

ous studies that highlight traffic as a major source of urban airborne particulate 

matter are reviewed. The growing importance of traffic-induced resuspension is 

discussed. General theory behind wind and traffic-induced resuspension is de-

scribed. Results of some earlier studies that reported estimates for wind and 

traffic-induced resuspension are presented. Prevailing approaches for estimation 

of traffic-induced resuspension and its limitations are critically reviewed. Fi-

nally, the key issues that emerge from the above review are summarised, and the 

importance and novelty of this research are described. 

Chapter 3 describes the on-field measurement at two sites. At Gloucester Place 

as a part of this project, data are generated through a field campaign and at 

Manor Road, data generated earlier by several agencies have been compiled and 

further analysed for using in this research. The description of field measurements 

includes site selection criteria, site description, instrumentation and measurement 

protocol. 

Chapter 4 presents results of the field measurements. The field results include mete-

orology, traffic flow and composition, dispersion condition, surface loading, PiViio 

level, qualitative observation and quantitative analysis of material movement pro-

cesses. 

Chapter 5 describes the model development process, the main output of this research. 

The model development process consists of a description of model structure and 

assumptions, a description of the software used for model development and nu- 
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merical integration of the equations, mathematical formulation of model compo-

nents and finally, evaluation of parameter values. It also includes a. brief note on 

model evaluation strategy. 

Chapter 6 presents the model results for both sites. The scientific correctness of the 

model is assessed from the model result for Gloucester Place and model results 

for Manor Road are used to evaluate the model. 

Chapter 7 starts with a brief summary of the thesis content. New understandings 

gained from the research that include comparison of measurement and model re-

sults with previous studies and the difference between present modelling approach 

and the earlier ones are described. Uncertainties associated with this study are 

enumerated. Relevance of this research findings to the urban air quality assess-

ment are discussed. The thesis ends with a short. conclusion and a summary of 

limitations and provides an outlook on future studies necessary in this area. 



Chapter 2 

Literature review 

2.1 Introduction 

Epidemiological studies have indicated a convincing relationship between the adverse 

health effects and PM10  (Bascom et al., 1996; Carlton et al., 1999; COMEAP, 1995; 

Dockery et al., 1993; Lippmann et al., 1998; Mukerjee, 1998; Ostro et al., 1998; Pope III 

and Dockery, 1992; Pope III et al., 1995b; Spix et al., 1998). Irrespective of places of 

study, that include different countries having widely varying pollution mix, the studies 

show consistent and coherent association of increased mortality, hospital admissions, 

respiratory symptoms and reduced pulmonary function with short-term exposure to 

PM10  (Dockery and Pope III, 1994; Hoek and Brunekreef, 1993; Hoek et al., 2002; 

Katsouyanni et al., 1995, 1997; Ostro et al., 1999; Salter and Parsons, 1999; Spix et al., 

1998; Vedal, 1995; Wilson and Spengler, 1996; INTyzga, 2002). Association between 

long-term exposure to 1311.110  and increased mortality from lung cancer, respiratory awl 

cardiovascular disease has also been reported by several studies (Abbey et al., 1998, 

1999; AckermannLiebrich et al., 1997; Berico et al., 1997; Braun-Fahrliinder et al., 1997; 

Dockery et al., 1993, 1996; Maheswaran et al., 2002; Nyberg et al., 2000; Pope III et al., 

1995a,b; Wilson and Spengler, 1996). Some studies have reported association of chronic 

respiratory disease in children with differences in the level of air pollution within cities, 

and especially with distance to or living in busy streets (Edwards et al., 1994; Weiland 

et al., 1994; Wjst et al., 1993). 

47 
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Estimates by the UK Department of Health's Committee on the Medical Effects of 

Air Pollutants (COMEAP) for the UK show short-term (acute) exposure to P1\110  is 

associated with about 8100 deaths and 10500 hospital admissions brought forward in 

1996 (COMEAP, 1998) and 6500 deaths and 6400 hospital admissions brought forward 

in 2002 (COMEAP, 2001). Pope III and Dockery (1999) estimated that an increase 

of PI 110  by 10 pg m-3  is associated with 0.8 % increase in mortality. Epidemiological 

studies by Wilson and Spengler (1996) show that a 10 jig 111-3  increase in PM10  concen-

tration results an increase of 0.5% to 1.5 % in premature total mortality in short term 

(episodic) exposure and up to 5 % in premature total mortality in long term (life long) 

exposure. An estimate based on several health studies is that, as a whole, there is a 1 % 

increase in total mortality rate per 10 ,ug M-3  increase in PI\410  concentration (Harrison 

and Yin, 2000; Katsouyanni et al., 1997; Vedal, 1995). The COMEAP estimates that 

a reduction of 1 pg m-3  of PM2.5  over the lifetime of the current population of England 

and Wales could lead to a gain of 0.2 million life-years to 0.5 million life-years, equiv-

alent, on average, to between 1.5 days and 3.5 days per individual (COMEAP, 2001). 

Vedal (1995) reported an estimate that a 10µg M-3  exposure increment of P1\410  above 

a base level of 20 pg 111-3  (although one cannot be sure yet that there exists a firm 

threshold concentration for P1\110  below which no impacts are detectable) results in a 

3.4 % increase of daily respiratory mortality and a 1.4 % increase of cardiac mortality. 

For each 10µg m-3  increase in PMio  concentration, Vedal (1995) estimated a 0.8% 

increase in hospitalisations, a 1.0 % increase in emergency room visits for respiratory 

illnesses, a 9.5 % increase in days of restricted activity due to respiratory symptoms, 

a 4.1 % increase in school absenteeism and a 1.2 % increase in reporting of cough. A 

European assessment suggested that air pollution caused 6 % of total mortality or more 

than 40,000 attributable cases per year arid half of these air pollution induced mortali-

ties was attributed to motorised traffic (Kiinzli et al., 2000). A review by Vedal (1997) 

gives a good summary of acute health effects due to particulate air pollution. 

As a result, countries across the globe, including the UK and Europe, have specified 

limit values for PM10  (Goodwin et al., 1999). On the other hand, emerging evidence 

from several epidemiological and toxicological laboratory studies indicates PIVI2.5  or 



CHAPTER 2. LITERATURE REVIEW 	 49 

even finer particles such as PI\40,1  (ultra-fine particles with diameter less than 0.1 pm) 

a better metric for health effects than PM10  (Anderson et al., 2001; Dockery et al., 

1992, 1993; Donaldson et al., 1998; Ferin et al., 1991; Ibald-Mulli et al., 2002; Laden 

et al., 2000; Li et al., 1999; OberdOrster et al., 1992, 1995; Peters et al., 19971); Pope III 

et al., 2002; Pillai et al., 2002; Samet et al., 2000a,b; Schwartz et al., 1996; Seaton 

et al., 1995; Wichmann and Peters, 2000; Wyzga, 2002). Probable reasons for this 

include the ability of these small particles to remain suspended and move long distance 

in air, penetrate deep into lungs (Brain and Valdberg, 1979; Seaton et al., 1995; Stern, 

1962) and get enriched with toxic elements (Anderson et al., 1992; Infante et al., 1990; 

Lippmann, 1998; Schwartz et al., 1996; Wilson and Suh, 1997). This has brought the 

concerns about the environmental impacts of tiny particles, especially from traffic, into 

sharper focus (Bagley et al., 1996; Kfinzli et al., 2000; Ruellan and Cachier, 2001; Shi 

et al., 2001). Therefore masses or numbers of fine particles such as PM2.5, PM1, PMo.1 

are expected to be the basis of future legislation. Table 2.1 shows the PM2.5  standard 

of USA, Canada, Australia and the EU. 

However several studies that have highlighted the growing importance of PM2.5  have 

not necessarily ruled out any adverse health outcome from PM10; rather these studies 

have shown that the likelihood of association of P1112.5  with health effects are compar-

atively more than the association between P11110  and adverse health effects (Anderson 

et al., 1992; Berico et al., 1997; Dockery et al., 1993; Ibald-Mulli et al., 2002; Laden 

et al., 2000; Lippmann, 1998; Schwartz et al., 1996; Wyzga, 2002). Therefore there 

remains the risk on health from PM,..„. And then the debate on mechanisms behind 

the adverse health effect of particulate matter is still inconclusive. Whether the im-

portant variable that explains the toxic effect of particulate matter is particle number, 

particle surface area, particle mass or chemical composition of particle is yet not fully 

understood (Adamson et al., 1999; Beverland et al., 2002; Brown et al., 2002; Englert, 

2004; Harrison et al., 1999; Harrison and Yin, 2000; Hauck et al., 2004; Hoek et al., 

2002; Maynard and Maynard, 2002; Nemmar et al., 2002; Ntziachristos and Samaras, 

2003; Peters et al., 1995, 19970); Phupinyokul and Harrison, 1999; Schlesinger and 

Cassee, 2003; Seaton et al., 1995; WHO, 2003). 
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Table 2.1: Air quality standards for PM2.5  

Country 	 Standard 	Averaging time 

USA 	 15 pg 	Annual arithmetic meana 
65 pg m-3 	24-hour averageb  

California (USA)c 	12 pg m-3 	Annual arithmetic rneana 
Canadad 	 30 pg rn-3 	24-hour average' 
Australiaf 	 8 pg m-3 	Annual arithmetic mean 

15 pg m-3 	24-hour average 
EU 	 25 pg rri-3 	Annual arithmetic meang 

°To attain this standard, the 3-year average of the weighted annual mean P1112.5  concentra-
tions from single or multiple community-oriented monitors must not exceed 15.0 pg m-3. 

bTo attain tins standard, the 3-year average of the 98th percentile of 24-hour concentrations 
at each population-oriented monitor within an area must not exceed 65 itg m-3 . 

`California has even stricter PM2.5  standard than the US federal standard (American Lung 
Association, 2005). 

dThe PM2.5  Canada-Wide Standards (CWS) had been established for the interim period 
prior to the planned review of the standard to be completed by 2005, which will incorporate 
advancements in scientific, technical and economic information and analysis (Sawicki et al., 
2000). 

e24 horn• standard at the 98t11  percentile averaged over 3 years with a compliance date of 
2010 (Sawicki et al., 2000). 

(These are Advisory Reporting Standards. The goal is to gather sufficient data nationally 
to facilitate a review of the Advisory Reporting Standards as part of the review of this measure 
scheduled to commence in 2005 (NEPC, 2003). 

920% on the entry into force of tins Directive, reducing on the next 1 January following and 
every 12 months there after by equal annual percentages to reach 0% by 1 January 2010. It 
should be assessed as a 3-calendar year running annual mean concentration averaged over all 
sampling points established. The reference year 2010 shall be the mean concentration of the 
years 2008, 2009 and 2010 (Commission of the European Communities, 2005). 

To date in the UK, PI142.5  and P11110  have been very closely correlated wherever 

they have been measured and their associations with the health effects have thus been 

inseparable (APEG, 1999; Harrison et al., 2001). It is possible that a long time-series 

comparing the associations of these and other metrics with health outcomes will resolve 

these difficulties which is not available at present. The Expert Panel on Air Quality 

Standards (EPAQS), in considering the most appropriate particle fraction on which 

to develop air quality standards, has reaffirmed its view that both fine and coarse 

fractions represent a health-risk, although the precise method of their actions and 

outcomes may differ, and therefore, measurement of particulate air pollution as the 

metric of 131\110  mass concentration, which includes essentially all respirable particles, 

provides the most appropriate basis for an air quality standard for protection of public 
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health in the UK. It may be that further research will lead to additional or alternative 

metrics, for example, PM2.5  or counts of ultra-fine particles, but the currently available 

data do not allow satisfactory derivation of a standard based on these (AQEG, 2004; 

DEFRA, 2000; EPAQS, 1998, 2001). 

P11.12.5  standards recommended by the USEPA (Table 2.1) were included, for the 

first time, in the US National Ambient Air Quality Standards in July 1997 (Hitchins 

et al., 2000; Kittelson, 2001; Pope III, 2000). After several litigations, the US Court of 

Appeals finally cleared the way to implement these standards in March 2002 (NAAQS, 

2002; Pope III, 2000). The main technical argument against the PI\42.5  standard is that 

implementation of standards for PM2.5  and PM10  simultaneously double regulates the 

PM2.5  fraction. Because at present there exists no evidence to suggest that all of the 

action of PM10  reported in the past was due to PM2.5, we must have a standard for 

PMcoarSei which in combination with PM2.5  standard regulates PM101. Therefore, until 

the time a PM,„„,„ standard is implemented, PM10  standards should be the basis for 

air pollution control. 

2.2 	Emergence of traffic as the major source of urban 

airborne particulate matter 

In urban atmosphere, PM10  may be regarded as having three predominant source types: 

primary particles, emitted directly from sources involving combustion process (e.g., 

road traffic, power generation and other industrial combustion processes), which are 

mostly small in size, often less than 1 pm. and dominate PM2.5; primary particles which 

are natural in origin and dominate PMcoarse  (mainly formed from a variety of primarily 

non-combustible sources such as wind-blown suspended soils and dusts of crustal origin, 

forest and other natural fires, resuspended dust, sea-salts, biological .particles, particles 

1The USEPA is now in consultation stage to set up standards for P111,0a,„. It is expected that 
PM10  standards will be phased out with implementation of new standards for PI11 - '-coarse• The EPA 
Clean Air Scientific Advisory Committee (CASAC) feels that the PNI2.5  standard should be even 
stricter i.e., 35 pg in' to 30 pg 111-3  for 24-hour period and 14 pg m-a to 13 pg ni-3  on an annual 
average basis. In addition the CASAC endorses establishment of a 24-hour average PM,,,„„, standard, 
mainly for urban areas (CASAC, 2005). Sawicki et al. (2000) have also expressed such a standard for 
Canada. 
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from construction work, mining, agricultural harvesting and quarrying); and secondary 

particles (mainly sulphate and nitrate formed by chemical reactions such as gas-to-

particle conversion and photochemically formed particles in the atmosphere) which are 

also generally less than 2.5 pm, but the size could vary depending on humidity (APEG, 

1999; DEFRA, 2000, 2003; Goodwin et al., 1999; Le Bihan et al.. 2004; QUARG, 1996). 

The important distinction between primary particles and secondary particles is that 

while primary particles are directly emitted from a source into air, secondary particles 

are not emitted directly from source, be it either natural or anthropogenic. Secondary 

particles are formed in the atmosphere as a result of chemical reactions leading to the 

formation of substances of low volatility which consequently condense into the solid or 

liquid phase, thereby constituting particulate matter. Such particles are generally the 

result of atmospheric oxidation processes and the substances oxidised may be either 

natural or anthropogenic in origin (AQEG, 2004). 

Activity-wise, three main sources of primary P1141,3  are road transport, stationary or 

domestic combustion and industrial processes. Industrial emissions in UK are falling 

over the years due to better environment-friendly practices in mining, quarrying, con-

struction and bulk handling of materials. Despite a significant growth of electricity 

generation between 1970 and 1999;  emissions from this sector are declining due to fuel 

sources changing from coal to natural gas and nuclear power and improved performance 

of electrostatic precipitators at coal-fired power plants. Emissions from domestic coal 

combustion have significantly declined, from 223 tonnes (42% of total UK emission) 

in 1970 to 38 tonnes (20 % of the total UK emission) in 1999, after implementation 

of the Clean Air Acts that eliminated domestic coal combustion in many urban areas 

(Goodwin et al., 1999), although it can still be a significant source in smaller towns 

and villages. A similar trend is seen in other countries with the exception of a few 

emerging economies such as China and India where, because of high demand of cheap 

fuel and increasing requirement of housing, emissions from mining, coal burning and 

construction activities are still among the major sources of urban airborne particulate 

matter. 

This leaves the transport sector as a major source of urban air particulate pollution. 
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Although emissions from road, air, rail and water contribute towards the deterioration 

of the environment (Colvile et al., 2001), emissions from road traffic have been the cause 

of much concern due to their effects on urban air quality. Because of the increasing 

trend of people living in urban areas in all parts of world, it has a pronounced impact on 

human health. Emissions from road transport have shown significant growth, 13 % of 

total UK emission in 1970 to 20 % of total UK particulate matter emission in 1999. In 

urban areas with little industrial activity, where public power and industrial processes 

do not make a significant contribution, the contribution of road transport to urban 

emissions is even higher; for example, as much as 80 % of primary emissions in London 

are contributed by road transport (Buckingham et al., 1997). Diesel powered vehicles 

emit a greater mass of particulate matter than petrol engine vehicles (Harrison et al., 

2005; Kittleson et al., 2004; Le Bihan et al., 2004), roughly one order of magnitude 

higher per vehicle kilometre (Berdowski et al., 1996) or per unit of fuel used (Johnson 

et al., 2005). Emissions from diesel vehicles have been growing due to the growth in 

heavy-duty vehicles and the move towards more diesel cars (diesel cars have increased 

from 3 % to 12 % of the UK vehicle fleet between 1990 and 1999) (Goodwin et al., 

1999). 

2.3 	Contribution of traffic to urban airborne partic- 

ulate matter : the evidence 

It has long been studied and proved that traffic is a major source of urban particulate 

matter. The contributions of traffic to urban air particulate matter level result from 

a combination of exhaust emission and resuspension of road dust caused by passing 

traffic. On a data based on a combination of both Gaffney et al. (1995) estimated that 

traffic on paved roads contributed about 30 % of PINt io  emissions in California. In the 

Californian South Coast Air Basin, paved road dust accounted for 65 % of the P1\110  

emissions (CAR.B, 1998). Using a chemical mass balance (CMB) receptor model, Chow 

et al. (1996b) found motor vehicles as the largest sources of P1\110  in Santa Barbara 
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County, California. They also found that contribution of motor vehicle to P11110  was 

greater than the marine contribution in the urban areas, but smaller at the non-urban 

background sites. Zimmer et al. (1992) found that emissions of particulate matter from 

paved road accounted for between 40 % and 70 % of total P11110  emission in the Denver 

city area. A study along a high traffic area in Los Angeles showed paved road particu-

late matter emission to be about 30 % of the total PM10  (Venkatram et al., 1999). The 

emission inventory of primary P11110  for Switzerland for the year 1997 suggested road 

traffic to be the dominant source of national P.Mio  emission, contributing as high as 

51 %. Emissions from industry, agriculture/forestry and domestic sector contributed 

28.5 %, 16.7% and 3.7% respectively (Heldstab et al., 1999). The spatial average val-

ues of road traffic P11410  contribution in Switzerland varied from 30 % (equivalent to 

6 pg m-3  of annual mean) at rural sites to 46 (equivalent to 14 yg m-3  of annual 

mean) at urban town centres with maximum value of GO % at some urban sites (Held-

stab et al., 1999). In the UK, road transport was the largest single source of national 

emissions of P1142,5  in 1999, being responsible for 28 kilotonnes (kt) out of the total 

emissions of about 109 kt. Of these, diesel vehicles produced about 22 kt (DEFRA, 

2003). In London, road traffic contributes 77% to total PI1410  emissions and in the 

UK, this contribution is 25 % (Buckingham et al., 1997). The UK Department of the 

Environment, Food and Rural Affairs reports these figures as 78 % and 26 % respec-

tively (DEFRA, 2000). The Airborne Particles Expert Group (APEG) report shows 

that, in city centres, traffic contributes typically 30 % to 40 % to the average annual 

P11110  concentration (APEG, 1999; DEFRA, 2000). Findings by Barrowcliffe et al. 

(2002) show that the traffic on principal roads and primary routes in the UK urban 

areas does indeed cause concentrations of PM2.5  to be elevated appreciably above ur-

ban background concentrations. They reported that, broadly speaking, a doubling of 

traffic from 50,000 vehicles per day to 100,000 vehicles per day implies an increase 

of 15µg m-3  in PI1410  concentration at the kerbside. Limited data indicate roadside 

elevation of PM10  of about 30% above the background concentrations near a major 

highway (AQEG, 2004). Average roadside increments of PI1110  at heavily trafficked 

sites in London and Birmingham were between 8.7itg m-3  and 15.6µg m-3  (AUG, 
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2004). Road dust has been reported as a major local source for exceedance of PM10  

limit values in Sweden. P11410  concentrations reaching 400 pg m-3  to 500 itg M-3  were 

recorded at the kerbsides inStockholm, Goteborg and Umea (Johansson et al., 2004). 

Studies by Manoli et al. (2002) at Thessaloniki, Greece show that traffic contributes 

38 % to fine-sized aerosol (< 3 pm) in urban air concentration. An Asian Development 

Bank (ADB) assisted study attributes two-third of the suspended particulate matter 

emission in Metro Manila to diesel powered jeepneys, taxis and buses (ADS, 1992). 

Dorsey et al. (2002) have found a positive correlation between traffic flow and aerosol 

fluxes above the city of Edinburgh. Review by Gertler et al. (2000) gives an assessment 

of contribution of mobile sources to P1\110  and PM2.5  in several US cities and highlights 

the importance of traffic contribution to urban particulate matter level. Several other 

studies have reported traffic as an important contributor to airborne particulate mat-

ter, especially in urban areas (AQEG, 2004; Benitez et al., 2001; D'Alessa.ndro et al., 

2003; Harrison et al., 1997b). 

2.4 Increase in importance of traffic-induced resus-

pension 

The contributions of traffic to urban air particulate matter level may either be from 

exhaust emission or from resuspension of road dust caused by passing traffic. Exhaust 

emissions are known reasonably well, although data on emissions from heavy-duty vehi-

cles are still based on relatively few measurements (AQEG, 2004). With introduction 

of cleaner fuels (e.g, fuel quality improvement with regard to sulphur and aromatic 

content (Ntziachristos and Samaras, 2003), unleaded petrol replacing leaded petrol2  

and use of Compressed Natural Gas (CNG) instead of petrol and diesel) and better 

emission control technology (e.g., use of particulate matter filters and catalytic con-

verters), exhaust emissions have decreased appreciably in spite of an overall increase 

in traffic (Goodwin et al., 1999; Kathuria, 2005). In the UK, emissions of PI\410  from 

road transport have decreased considerably because of tighter EU vehicle emission and 

2Ceneral marketing of leaded petrol has been banned from 1 January 2000. 
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Fig. 2.1: UK emissions of particulate matter (1990-1999): (a) Particulate 
matter emissions from all sources; and (b) Particulate matter emissions 
from road transport (Goodwin et al., 1999). 

fuel quality standards, known as "Euro standards", despite an overall increase in traffic 

of 15 % since 1990 (DEFRA, 2000, 2003). 

Fig. 2.1a shows, between 1990 and 1999, UK emissions of PI\410  from all sources fell 

by 39 % from 304 kt to 187 kt, emissions of PM2.5  fell by 36 % from 176 kt to 112 kt, 

emissions of PM1  fell by 33 % from 121 kt to 81 kt and emissions of P1\40.1  fell by 33 % 

from 48 kt to 32 kt._ Corresponding figures for road transport are 46%, 43 %, 45 % and 

40 % (Fig. 2.1b). In all size ranges the decrease of emissions due to road transport 

was more than the corresponding decrease of emissions from all sources, indicating 

effect of tighter legislation, better technology and cleaner fuel on emissions from road 

transport. Less decrease in smaller size fraction is due to increased contribution of 

traffic exhaust emissions to the finer particles'. In 1999, road traffic accounted for 

20 % of PM10  emissions, 27 % of P1\12.5  emissions, 32 % of PM1  emissions and 47 % of 

UK P.M0.1  emissions (Fig. 2.2). These figures, based on analysis of data from the UK 

National Atmospheric Emission Inventory (NAEI), for 2001 are 18 %, 28 %, 35 % and 

'In general, combustion processes such as in vehicles emit a higher proportion of PM2o5  than me-
chanical sources such as quarrying, construction activities, fugitive road dust, etc. which produce more 
PMcoarse (Abu-Allaban et al., 2003b; Chow et al., 1996a; Dockery et al., 1993; Goodwin et al., 1999; 
Pope III, 2000; Wei et al., 1999). Therefore, exhaust aerosols deposit very slowly (Seinfeld and Pan-
dis, 1998) and mechanically generated particles, because of the gravitational sedimentation/impaction, 
deposit, more readily 
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Particulate matter size 

■ Emissions from all sources 0 Emissions from raod transport] 

Fig. 2.2: Contribution of road transport emissions to UK emissions of par-
ticulate matter in 1999 (Goodwin et al., 1999). 

48 % respectively (AQEG, 2004). 

Table 2.2 summarises the NAEI estimates of contribution of different source sec-

tors of transport to different size fractions of particulate matter in the UK atmosphere. 

Clearly, the contribution of petrol and diesel vehicles increases as particle size decreases. 

The maximum permitted emissions of particles from a new diesel car meeting Euro III 

standards, applicable to all new vehicles sold from 1 January 2001, are five times less 

than maximum permitted emissions from one that meets pre-Euro I standard. Euro 

IV standards, which will be mandatory for new die'sel vehicles from 1 January 2006 

(Euro V for heavy duty vehicles), will lead to further reduction of emissions of partic- 

Table 2.2: Contribution, in different size ranges, of various source sectors 
of transport to UK emission of particulate matter in 2001 (AQEG, 2004) 

% of the UK emissions 

Source sector PM10  PM2.5 Pi% PM0.1 

Road transport - petrol 1.7 2.4 2.9 3.2 
Road transport - diesel 15.2 24.1 31.4 44.5 
Road transport - brake tyre wear 4.9 4.8 1.2 2.3 
Off-road vehicles 4.0 5.5 6.8 3.6 
Other transport 1.0 1.7 2.1 0.9 
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ulate matter (AQEG, 2004). Some diesel car manufacturers are introducing particle 

filters to their latest models, thereby effectively eliminating particulate matter emis-

sions from these vehicles. Under Auto-Oil programme directives, from the year 2005, 

almost all heavy-duty diesel vehicles are effectively required to be fitted with particu-

late matter traps which can reduce PM10  emissions by up to 90 % relative to emissions 

standards of year 2000. The sulphur content of the diesel which influences the amount 

of particles emitted by vehicles, has also been progressively reduced. All diesel vehicles 

and most petrol vehicles now meet the 2005 limit of 50 parts per million (ppm) com-

pared to maximum sulphur content of 2000 ppm, prior to 1996 (DEFRA, 2000, 2003). 

The UK urban exhaust emissions have declined by 51 % from 1990 to 2000 and by 2010 

and 2020 are predicted to decrease by 44 % and 59 % of the 2000 levels respectively 

(AQEG, 2004). 

While exhaust emission shows a downward trend with time, the same is not the case 

with resuspension. Goodwin et al. (1999) have estimated that, between 1990 and 1999, 

resuspension of PM10 from the UK road transport has increased by 12.5 %, from 16.8 kt 

in 1990 to 18.9 kt in 1999. In London Brent site, during 1990-2002 period, particulate 

iron shows an upward trend of 4 % per year indicating steady rise of resuspended 

particulate matter due to traffic (AQEG, 2004). Its origin can be brake wear, corrosion 

products of vehicles and, to a lesser extent, soil; although its relative amounts of direct 

emission and resuspension from the road surface are not known (Harrison et al., 2003, 

2004b). In any case, because the coarse component is associated with resuspension of 

road dust by traffic (Chan et al., 1997; Harrison et al., 2001; Johansson et al., 2004; 

Manoli et al., 2002; Thurston and Spengler, 1985), and the majority of it is generated 

along roads, it is likely to increase in future as traffic flow increases (Harrison et al., 

2004a). Therefore, exhaust emission control measures have little effect on compliance 

of present and future air quality standards based on RMio  metric, especially in urban 

areas. While control of exhaust emission reduces the emissions of P1\12.5, emissions of 

P Mcoarse which are primarily produced from resuspension of soil arid road surface dust 

by traffic-induced turbulence (Abu-Allaban et al., 2003a; AQEG, 2004; Artfilano et al., 

2004; Braaten et al., 1990; Hall, 1989; Harrison et al., 2001; Kristensson et al., 2004; 
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Kulmala et al., 1986; Thurston and Spengler, 1985) as well as perhaps by the wind 

(Triantafyllou et al., 2002), remain uncontrolled (Harrison et al., 2004a). Therefore, 

measures to control resuspension are required as well. If the entrainment of dust 

from road surfaces is either a comparable or greater source than exhaust emission, 

which has been reported in many cases (Abu-Allaban et al., 2003b; APEG, 1999; 

AQEG, 2004; Ball and Caswell, 1983; DEFRA, 2000; During et al., 2002a; Johansson 

et al., 2004; Schulze, 2001), it will cause more areas to fail in complying with the air 

quality objectives. It is therefore important to investigate the contribution of traffic-

induced resuspension to urban 131\410  so that compliance with air quality standards can 

be achieved without concentrating efforts only on reducing exhaust emission, but by 

developing strategies to reduce resuspension. Particulate matter emitted from tailpipes 

should not be blamed in isolation when resuspended dust is equally responsible for 

failure of urban areas to meet air quality standards (Colvile et al., 2001). 

2.5 Traffic-induced resuspension: the evidence 

Removal of material, which can vary from a very small amount to about 40% depending 

on the vehicle type and material on road and environmental parameters, from roads 

by vehicle movement is visually observed and experimentally established by several 

researchers (Nicholson et al., 1989; Nicholson and Branson, 1990). It is probable that 

some of these are redeposited to road and some are deposited at kerb and hence can 

get resuspended in vehicle wakes. Under influence of local meteorology, these may get 

redistributed throughout a city network. 

Using London as a. case study, Ball and Caswell (1983) identified that while exhaust 

emissions from diesel vehicles are the main source of dark carbonaceous, possibly oily, 

deposits, the lighter, predominantly siliceous material is re-entrained from road surfaces 

by passing vehicles. Kittelson (1998) has reported that both vehicle exhaust particles 

and resuspended road dust are the principal sources of primary particulate matter in the 

urban environment. Road dust has been reported as a major local source for exceedance 

of P1\110  limit values in Sweden (Johansson et al., 2004). Jaecker-Voirol and Pelt (2000) 
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reported resuspension by traffic contributing 3 to 7 times more P1\110  than the exhaust 

gas emissions. A study in several European cities indicates contribution of road dust 

to PI\110  between 9µg m-3  and 24 jig m-3  in Sweden, 6 jig in-3  in Spain and between 

1 jig in-3  and 5 pg m-3  in other cities such as Berlin, London, Birmingham, Vienna 

and Bern (Querol et al., 2004). For P1\12.5  these values are between 21/g m-3  and 3 pg 

m-3  in Sweden and Spain and 0.5 pg M-3  in other cities. The higher resuspension in 

southern European Union (EU) countries is attributed to resuspension of soil during dry 

conditions and the higher proportion of resuspension in P11110  than PM2.5  is attributed 

to easier resuspendibility of M P - "-coarse• High road dust emission in Sweden is due to 

use of studded tyres, frequent sanding and salting of roads during the winter and 

spring. Using NOx  as tracer for kerbside particulate matter emission, Johansson et al. 

(2004), for roads of Sweden, estimated typical annual mean values for P1\12.5  at rural 

background, urban background and kerbside as 5 iug in-3  to 10 jig m-3 , 6 itg m-3  to 

11 lig m-3  and 10 jig in-3  to 15 pg m-3  respectively. For P1\110  these values were 7 jig 

m-3  to 13 jig m-3 , 12 yg in-3  to 18 pg rn-3  and 20 jig m-3  to 30 pg m-3, making the 

PIV12.5 /P1\410  ratios approximately 0.8, 0.6 to 0.7 and 0.4 to 0.6. This decreasing ratio 

indicates the increasing importance of local traffic-induced resuspension of PMcoarse. In 

this case resuspension of road dust gave an additional kerbside concentration of 12 jig 

in-" to 15 jig m-3. 

It has been found in Thessaloniki, Greece, that while road dust contributes 28 % to 

the fine fraction (< 3pm) of particulate matter in urban air, it is a dominant source, 

contributing as much as 57 %, to the coarse fraction (between 3 inn and 10 inn) of 

airborne particles (Manoli et al., 2002). Therefore it indicates P1\1,0„„ is more easily 

resuspended than P1\12.5. Johansson et al. (2004) reported total non-exhaust emission 

factor for PM10  9 times larger than P110  exhaust emission factor. However, the same 

study found that in case of PI\42.5  non-exhaust emission factor is equal to the exhaust 

emission factor. This shows PMcoarse  dominates the non-exhaust emission, largely 

composed of resuspended road dust. Gehrig arid Buchmann (2003) reported the long-

term average of the PM2.5/P1\110 ratios of the daily values at kerbside site of Bern to be 

0.59, significantly lower than 0.75, reported from other locations in Switzerland. This 
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indicates strong influence of coarse particles from traffic-induced resuspension on daily 

P1\'I10  level in Bern. 

Using a CMB receptor model, Chow et al. (1996b) estimated that in Santa Barbara 

County, California, the road dust accounted for 25 % to 27% of P11110  mass, more than 

the contribution from marine aerosols (18 % to 23 %) and comparable with exhaust 

emissions (30 % to 42 %). Studies showing chemical and mineralogical signatures of 

road dust in atmospheric particulate matter have confirmed the presence of road dust 

in air (Abu-Allaban et al., 2003b; Harrison et al., 1997b; Janssen et al., 1997; Jansz, 

2002; Jansz et al., 2004; Manoli et al., 2002; Schneider et al., 2004). While assessing 

source contribution to inhalable particles in metropolitan Boston, Thurston and Spen-

gler (1985) found that a high percentage of coarse materials were of crustal origin and 

indicated coarse road dust suspended by city traffic as the source. A further meteoro-

logical analysis on the same data set indicated that the coarse component correlated 

with the effects of precipitation and season while the fine fractions did not (Thurston 

and Spengler, 1985). This indicated that exhaust emission was not the source of coarse 

fractions; resuspended road dust was the most plausible source. In a street canyon 

measurement at Manchester, Longley et al. (2004) reported that coarser aerosols were 

behaving differently from the finer ones with concentrations of coarse aerosols increas-

ing with wind speed. They indicated the wind-driven resuspension of road dust as 

the possible source. Harrison et al. (1997a) found that PM,..„,,„, at the roadside air is 

predominantly derived from natural and resuspended road dust. The use of chemical 

composition data has shown that while the roadside increment in 131%2.5  is comprised 

almost wholly of elemental carbon (EC) and organic carbon (0C) derived from exhaust 

emissions, increment in PM,„..„ is contributed from a number of sources, with resus-

pended particulate matter being the most important (AQEG, 2004; Barrowcliffe et al., 

2002; Schneider et al., 2004). Janssen et al. (1997) reported, from studies involving 

two cities in the Netherlands, that levels of Fe and Si, elements associated with mainly 

natural sources, are higher at the kerbside of a busy road than the nearby background 

location. Further, the amount of these elements were significantly higher in 131\110  than 

in PM2.5  in roadside air. This indicates higher contribution of traffic-induced resus- 
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pended road dust to P.Mco,„.„ than P1\42.5. Composition of particles measured at an 

urban background site at London showed the abundance of resuspended mineral mat-

ter and sea salt (sodium chloride) in PMcoarse  (Harrison, 2004). The emission inventory 

in 1988 for the South Coast Air Basin, California attributed 73 % of fugitive dust 

emissions to resuspension from paved roads, 6 % to resuspension from unpaved roads, 

and 20% to construction and demolition (Chow et al., 1990). Studies in Vienna and 

Illmitz showed that, at traffic sites, EC, OC and Secondary Inorganic Aerosols (SIA) 

(nitrate, sulphate and ammonium are summarised as Secondary Inorganic Aerosols) 

each contributed 20% to P1\410  and 30 % was contributed by resuspension of road dust, 

dominated by PMcoarse  and enriched with Fe, Ca, Mg, Na, chlorides and other com-

pounds that form soil (Schneider et al., 2004). This study showed that on 10 December 

2001 when Vienna had experienced an adverse dispersion condition due to a low sta-

ble inversion at ground level with very low mixing heights and small wind velocities, 

strong re-suspension by early morning heavy-duty vehicle (HDV) traffic resulted in 

resuspension of road dust to contribute 120 pg 111-3  of the total 182 pg nr3 PM10• Re-

construction of major components from the observed elemental composition by van der 

Gon and Visschedijk (2004) indicated that, in the Netherlands, the average contribu-

tion of soil material to PM„..0.ar„ varied from 2.5 pg 111-3  at coastal locations to 6.5 pg 

m-3  in inland locations. Alastuey et al. (2004) reported road dust contribution of 

6.5 pg ni-3  (45 %) to kerb side PM10  level in Spain, the proportion of which decreased 

to 2 µg in-3  (20 %) in case of PM2.5. Chemical characterisation of road side P1\110  

sample in Madrid shows that proportion of materials of crustal origin is high (38 %) in 

PM10 and less (20%) in P1\42.5  (Artiliano et al., 2004). 

The study at Pasadena, California compared the chemical signature of road dust to 

tyre tread debris, vehicular exhaust and vegetative detritus and estimated their contri-

bution, by mass, about 1.6%, 7.6 % and 2.2 % respectively, to the fine fraction (diam-

eter < 2 pm) of road dust (Rogge et al., 1993). Scanning electron microscope (SEM) 

examination by Abu-Allaban et al. (2003b) revealed abundance of silicon-aluminium 

and silicon rich particles in PMco„rse  which are indicative of crustal material, such as 

soil. Detection of minor to trace amounts of iron-rich and zinc species from most of the 
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samples from different roadside locations indicated a common source of brake and tyre 

wear (Abu-Allaban et al., 20031)). Using CMB receptor modelling, Abu-Allaban et al. 

(2003b) have reported, for eight locations and four driving conditions (e.g., low-speed 

light-duty traffic, high-speed light-duty traffic, heavy-duty traffic and traffic causing 

significant brake wear) at North Carolina, USA, road dust emission to be as high as 

100 (the average figure is 10) times of tailpipe emission. They estimated tailpipe emis-

sion, emissions with vegetative origins, brake and tyre wear emissions and resuspension 

of road dust to be, by mass, between < 5 and 77 % (majority of them are between 

5 % and 40 %), 0 % and 40 % (majority of them are between 5 % and 20%), 0 % and 

20 % (majority of them are less than 5%), 4.5 % and 96.7% (majority of them are 

close to 40 %) respectively. Goodwin et al. (1999) have reported contribution of ex-

haust emission and resuspension from road transport to P11410  emissions in UK in 1999 

as 32 kt and 18.9 kt respectively, thereby indicating resuspension can be as high as 

60 % of exhaust emission. A study in Berlin attributed additional street concentration 

to 52 % mineral components (mostly resuspension and abrasion), 7 % tyre wear and 

41 % exhaust emission (During et al., 2002a). Harrison et al. (1997b) reported large 

differences between the cities in source contributions for PM10  and total suspended 

particulate matter (TSP), with soil dust estimated to contribute 62 % of TSP in the 

atmosphere of Lahore (Pakistan), but contributing much less in Birmingham (U.K.) 

and Coimbra (Portugal) where road traffic emissions comprise a substantial percentage 

of the total. Kim et al. (1990), while investigating the contribution of tyre treads to 

particulate matter level in urban air, showed evidence of traffic-induced scattering of 

deposited particulate matter near road at a height of 16 m above ground. 

Studies in the US and UK show a strong correlation between PM2,5  and PM„„„„, 

concentrations with a higher proportion of PM - -:-coarse the dryer months (AQEG, 2004; 

Chow et al., 1994; Harrison et al., 1997a). The relative contribution of P1\10.5  and 

PMcoarse to the P1\410  is approximately in the ratio of 2:1 although it varies from site 

to site and from season to season (Barrowcliffe et al., 2002). The relationship for the 

UK urban atmosphere, derived from the hourly measurement data from 1994 to 1997 

(Harrison et al., 2001), is presented in Table 2.3. 



CHAPTER 2. LITERATURE REVIEW 	 64 

Table 2.3: Relationship of PM2,5  and PM,„,,, with PM10  in urban UK at-
mosphere (Harrison et al., 2001) 

Season 	PM2.5 
	

PMcoarse 

Autumn 	PI\42.5 — 0.78 P1\110  — 2.57 	PMcoarse = 0.22 PM10  + 2.58 
Winter 	PI\42.5  = 0.72 PI\110  — 0.72 	PMcoarse  — 0.27 PM10  + 0.74 

PM2.5  = 0.69 PI1/110  — 0.87 	PMcoarse  = 0.31 P1\110  + 0.87 Spring 
Summer 	PI\42.5  = 0.47 PM10  + 2.54 	PMcoarse = 0.53 PM10  — 2.55 

A street canyon study by Harrison et al. (2001) shows that PM2.5  is diluted with 

increasing wind speed. However, a component of PM,„,„ increases with wind speed 

and hence can be attributed to wind-induced resuspension. Lin et al. (1999) observed 

similar effect of wind speed on particulate matter resuspension in Chicago, i.e., the low-

speed winds raised the PM2.5, whereas high-speed winds raised the PMcoarse.  Therefore, 

coarse fractions are expected to be more easily resuspended by the vehicle-induced tur-

bulence, because vehicle-induced turbulence has a similar effect to high-speed wind. 

Indeed, studies in London and Birmingham show that PMco„r„ increment is closely 

related to total traffic volume when site dispersion characteristics are taken into ac-

count (Ball and Caswell, 1983). Easier resuspendibility of large particles than smaller 

ones has also been reported from earlier studies (Corn arid Stein, 1965; Garland, 1983; 

Nicholson, 1993). Sehmel (1976a) has reported association of finer particles with larger 

host particles such as soil, for their easy resuspendibility. Abu-Allaban et al. (2003b) 

reported that tailpipe emissions and emissions having vegetative origin mainly con-

tributed to PM2.5  where as emissions of road dust and brake and tyre wear material 

dominated PI\110. For different vehicle categories (Light-duty trucks, cars, heavy-duty 

diesel vehicles and construction vehicles), Abu-Allaban et al. (2003a) reported signifi-

cantly higher variability of P1\110  than PI\12.5  with variations of speed and acceleration. 

This happened due to high variability of P1\1,0„„, which constitutes a major part of 

PI\110  and therefore, they attributed it to the contribution from resuspended road dust. 

Harrison et al. (2001) observed appreciably higher P114coarse  concentration during week-

days than weekends, during day than night at urban sites and at the urban sites than 

rural sites and indicated anthropogenic activities (mainly traffic) to be its source. In 
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London, they observed a substantial increment of coarse particle concentrations at a 

kerbside location over the urban background station and therefore, suggested it as a 

strong indication of traffic-induced resusupension. Chan et al. (1997), from a study in 

Brisbane, implied resuspension of road dust to be one of the sources of higher PM,„„„, 

concentration observed during weekdays than weekends. 

In the absence of recent data on surface loadings in UK, Harrison et al. (2001) con-

sidered the surface silt loading on London roads to be 0.1 kg km-1, an estimate reported 

in earlier studies (Ball and Caswell, 1983). With assumption of average road width to 

be 10 m, the average surface loading came to about 10-2  g m-2. With this value of 

surface loading and resuspension factors due to wind between 10-8  m-1  to 10-5  m7-4 , 

a range reported by Nicholson (1988), they found resuspended particulate matter con-

centration in the vicinity of the roadway of the order of 10-4  yg m-3  to 10-1  pg m-3. 

This value was much lower than the estimates they obtained by applying regression 

analysis on data obtained from 5 locations in the UK, suggesting resuspension near 

the road is not entirely due to wind action and therefore traffic-induced resuspension 

has contribution to this air concentration. Injection of road dUst particles, especially 

the coarse fractions of road dust, into the atmosphere through resuspension by wind 

and vehicle-induced turbulence has also been reported by several other studies (AQEG, 

2004; Artffiano et al., 2004; Braaten et al., 1990; Hall, 1989; Kleernan and Cass, 1988; 

Kristensson et al., 2004; Kulmala et al., 1986; Sapkota, 2002; Vermette et al., 1992; 

Watson et al., 1994). 

2.6 Importance of study of processes behind resus-

pension 

Technological measures aimed at reducing exhaust emissions are not generally effective 

in reducing resuspension of particulate matter. Unlike exhaust emission which is pri-

marily dependent on fuel quality and engine characteristics, resuspension is governed 

by many other parameters such as meteorology (wind speed, humidity, temperature, 
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precipitation amount, duration between precipitation events and type of precipitation 

e.g., snow/rain), amount of dust available on road surface, type of street surface e.g., 

paved/unpaved, concrete/bitumen top, plain/blocks and street geometry e.g., building 

geometry on either side of the road. On a given street, the meteorological condi-

tions are of greatest importance. A study in Zurich, which was principally based on 

chemical analyses of average daily values of dust samples and included receptor and 

dispersion modelling, indicated that while traffic load variables do indeed have a sig-

nificant statistical influence on PM10  concentrations, it is far less than the influence of 

meteorological variables (Weigand et al., 2004). For example, if the street surface is 

wet due to precipitation, the amount of resuspension may be practically zero while dry 

conditions with high wind speed increases the particulate matter concentrations to its 

maximum. A Swedish study shows that resuspension is more pronounced during early 

spring season when the roads are dry, and before the winter salt and studded tyres 

have been removed (Johansson et al., 2004). The UK studies show distinct seasonality 

with summer maximum and winter minimum (QUARG, 1996). Measurements show 

that proportion of PMcoarse  is greatest in the spring and summer, and least in the wet 

autumn and winter (Artinano et al., 2004; Harrison et al., 1997a, 2001). This may be 

due to more effective wind-driven suspension of PMcoarse  in the dryer months. Chan 

et al. (1997) have reported similar observation of dependence of resuspension on season 

where PMcoarse  was on an average 58.5 % of PM10  in the summer season, the highest 

value in a year for Brisbane, Australia. Abu-Allaban et al. (2003b) have reported, for 

a study covering eight locations at North Carolina, USA, while tailpipe emissions for 

all sites were within 30 % of each other, the non-exhaust particles, mainly comprised 

of resuspended road dust, varied widely from site to site. 

Therefore, control of resuspension can be achieved by reduction of the source of par-

ticulate matter on road surface and by better understanding of the processes behind 

resuspension. Limited studies on sources of PK„,,,,,„ are available (Harrison et al., 

2001). Source reduction may include proper vehicle maintenance (i.e., less use of 

studded tyre), effective road maintenance (plain roads without potholes will reduce 

road abrasion as well as brake and tyre wear emission), covering loads carried by lor- 
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ries, paving of unpaved roads, vacuum sweeping and water flushing of road surface 

in hotspot areas, traffic flow alteration and road-charging schemes`' (AQEG, 2004). 

While control of wind induced resuspension may be impossible, measures mentioned 

above may be adopted to control traffic-induced resuspension if estimates can be made 

for the amount of resuspension and therefore, a cost, benefit analysis for the implemen-

tation of one or more of the above measures can be carried out. However, very little is 

known about the processes that control the depletion and replenishment of particulate 

matter on road surface (Harrison, 2004). In conjunction with significant site-specific 

emissions from activities like construction, waste transfer, industrial activities, etc., 

at critical urban locations, undertaking pollution abatement strategies becomes more 

complex (AQEG, 2004; Bexley, 2001, 2003). 

Therefore, as long as air quality standards are expressed in terms of PM10, reduction 

of PMcoarse  and therefore reduction of resuspended dust will be expected to gain focus 

to meet the standards. On the other hand, lack of data on resuspension and methods 

to estimate it have been observed by several researchers (AQEG, 2004; CAFE, 2004; 

Harrison et al., 2001; Karppinen et al., 2004). The relationship of traffic related (e.g., 

traffic volume, traffic speed, etc.,) and road related (e.g., road surface loading, road 

surface condition, etc.,) parameters with resuspension and the the process of resus-

pension itself is very poorly investigated. This thesis presents research carried out 

to enhance our understanding on the above areas with emphasis on the resuspension 

process. 

2.7 Theory of resuspension 

Particulate matter may become entrained in the atmosphere either due to the shearing 

action of the wind or as a consequence of mechanical actions such as road sweeping, ve-

hicle movement and other anthropogenic activities. Bagnold (1941) and Chepil (1945, 

1959) observed that resuspension by wind, like any other aerodynamic removal, is initi-

ated by airflows with speed exceeding a. threshold value. "Threshold wind speed" is the 

'The focus of the scheme should be on reduction of traffic growth. 
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wind speed, a function of particle properties (e.g., size, density, etc.) as well as surface 

properties (e.g., smooth vs irregular surface, paved vs. unpaved road, etc.), below which 

no obvious particle movement, (i.e.,creeping5) is observed (Gillette, 1978, 1983; Sehmel, 

1973; Xuan, 1999). Resuspension is also influenced by environmental parameters such 

as wind, solar radiation, precipitation and humidity in air (Sehmel, 1973). Harrison 

et al. (2001) reported threshold wind speeds between 1 m s' and 3 m s' (majority 

of the values are between 2 in s-1  and 3 m s-') for six UK sites comprising of rural, 

urban and kerbside sites. Initiation of particle movement takes place when thresh-

old speed is exceeded i.e., shear stress on the particle exceeds the frictional retarding 

force (Punjrath and Heldman, 1972). However, below threshold wind speed, saltation' 

may take place (Gillette et al., 1974) and saltating material can remove kinetic energy 

from free wind and transfer this to surface particles, initiating resuspension (Nichol-

son, 1993). Beyond the threshold wind speed, windblown dust emissions may be lofted 

vertically to great heights above the ground by the sustained energy provided by the 

vertical component of the wind and consequently may be transported much further 

from the source of emissions than mechanically generated fugitive road dust emissions 

because the initial vertical energy associated with the moving vehicles that suspended 

the particulate matter is short-lived and unsustained. In the absence of strong wind 

with a large vertical component to sustain the vertical motion of these mechanically 

resuspended particles, they disperse mainly by the daytime turbulent eddies caused by 

the solar heating of the ground (Countess et al., 2001). Consequently, this dispersion 

process may not be strong enough for the particles to escape tall buildings in big cities, 

and therefore, may lead to cumulative build-up of particulate matter level in ambient 

air. 

Threshold wind speed for resuspending particles decreases with increasing particle 

size (Bagnold, 1941; Chepil, 1945, 1959). This trend has been explained in terms of a 

`'Creeping is a type of particle movement, where particles roll along the ground and it is associated 
with comparatively larger particles of the size 500pm to 1000pm (Newman et al., 1974). 

6Saltation is a type of particle movement where particles ejected vertically into an airstream gain 
considerable horizontal momentum but fall back to the ground a little later due to gravitational pull. 
During this skipping action, particle may also rotate at high speeds. This is observed with particles 
of the size 100 pm to 500/M1, i.e., particles of size between those move by creeping and those move in 
suspension (Sehmel, 1980b). 
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balance of the aerodynamic and adhesive forces; both forces increase with increasing 

particle size but the aerodynamic force, that causes detachment of particles from the 

road surface, has a greater size dependence (Phillips, 1980) than adhesive force, the 

inter-surface molecular force with which small particles are held onto the surface (Reeks 

et al., 1988). Reeks et al. (1988) recognised the influence of the transfer of turbulent 

energy to a particle on a surface from the resuspending flow and proposed that such 

a transfer takes place through aerodynamic lift force which fluctuates randomly in 

time. There can also be transfer of momentum from moving particles to stationary 

ones (Garland, 1979; Punjrath and Heldman, 1972). Therefore, a particle in contact 

with a surface is in a constant state of vibration, building up energy until this energy 

is sufficient to detach the particle from the surface causing resuspension to take place. 

With this proposition, Reeks et al. (1988) showed that the threshold flow velocity for 

detachment of particles can be significantly lower than that based on a balance of 

aerodynamic and adhesive forces. 

2.8 	Estimation of resuspension 

Two terms are commonly used to express and estimate resuspension: 

Resuspension rate, A, is defined as the fraction of surface deposit removed per unit 

time (Nicholson, 1988, 1993; Slinn, 1978), i.e., 

A=
S
R 	

(2.1) 

Where, 

A = resuspension rate (s-') 

R= resuspension flux (g m-2  s-1) 

S = surface material loading (g m-2) 

Resuspension factor, K, is defined as the ratio of airborne concentration of the 

deposited material and surface loading of the material (Nicholson, 1988, 1993; Stewart, 
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1967), i.e., 

K=s 
	

(2.2) 

Where, 

K= resuspension factor (rn') 

C = airborne concentration of surface material (g in-3) 

S = surface material loading (g m-2 ) 

2.8.1 Limitations in estimating resuspension 

As reviewed by Nicholson (1988), choice of either K or A for expressing resuspension, is 

not free from limitations. Both A and K are related with surface loading, S. However, 

what proportion of S is available for resuspension is not known. It should ideally be 

either in terms of depth of surface deposit or in terms of percentage of surface loading 

(Nicholson, 1988; Sehmel, 1973). While the former seems to be more realistic in case 

of surfaces with high surface loading (e.g., unpaved surface with less traffic density), 

the latter may be more applicable to public roads with low surface loading and high 

traffic density (Nicholson, 1988). Nicholson (1993) has expressed a similar view and 

has added that complex surfaces such as surfaces with soil and vegetation canopies 

make this estimate further unreliable. Further C is a function of height and depending 

on meteorological condition, C should be measured at different heights for its proper 

relation with resuspension (Sehmel, 1973). For a scenario where local resuspension 

dominates air concentration, K may be useful and can be easily determined. However, 

downwind air concentration can not be predicted from K (Nicholson, 1988; Sehmel, 

1973). Therefore, for such a scenario, Horst (1976) advocates the use of A. However, 

R and therefore A cannot be directly measured in field experiments and can only be 

deduced by fitting the observed data. to a numerical model. Nicholson (1988) suggests 

that A is a. better parameter in predicting airborne concentration in varying scenarios. 
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2.9 Resuspension by wind action 

Earlier studies, both in the field (Sehmel, 1983) and in a wind tunnel (Garland, 1983), 

have reported that resuspension increases with wind speed and a power relationship 

best fits the relation. 

A or K a ua 	 (2.3) 

Where, 

A = resuspension rate (s-1) 

K= resuspension factor (m-1) 

u = wind speed (m s-1) 

a = coefficient derived from power curve fit 

Sehmel (1984) reported that values of a lie within 1 and 6, most of them being > 3, 

typically 3 or 4. Although it is probable that type of road surface and environmen-

tal conditions will affect the resuspension process, Nicholson (1988) found too large 

scatter in reported measurements to verify it. His review indicated that K, for wind-

induced resuspension processes in urban type locations, lie typically within the range 

of 10-8 m-1  to 10-5 m-1. Reviewing relevant loss process from contaminated land, 

Thiessen et al. (1999) reported wind-induced resuspension factors in the range of ap-

proximately 10-7 m-1. Sehmel (1980b, 1984), summarising a wide range of reported 

results, reported values of K between 10-10  m-1  and 10-4 m-1  for wind-induced re-

suspension without any mechanical disturbance and a further wide range of 10-10  

to 10-2  m-1 with mechanical disturbances. Harrison et al. (2001) broadly agree with 

the above observation although they found the value of a to be less than 3, mainly 

in autumn and winter and concluded that it was probably due to lesser efficiency of 

resuspension in wetter climates associated with autumn and winter in UK. 

2.10 Resuspension by traffic 

Resuspension of particulate matter due to traffic comprises, primarily, of two processes 

i.e., one due to effects of "shearing stress of the tyres" and the other due to "induced 
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mechanical and thermal (because of gas exhaust temperature) turbulence" (Ruellan 

and Cachier, 2001; Sehmel, 1973, 1976b). Sehmel (1973, 1976b) used ZnS tracer on 

an asphalt road and measured resuspension due to a car and a truck for particles 

with mass median diameter of 8 /1M. From the downwind concentration of tracer, he 

estimated the amount of loss of material from the road and therefore, the resuspension 

rate. Nicholson and Branson (1990) conducted an experiment which comprised of 

laying porous silica particles (nominal size varying between 5 itm arid 20 pm, density 

ti 1000 kg m-3), attached with fluorescent dye, on road surface arid allowing a medium 

size car to pass over it. In one case, the wheels of the car passed on either side of the 

test area so that resuspension, in this case, was presumed to be mainly from vehicle 

induced turbulence. In the other case, the wheels of the car passed over the test area so 

that resuspension was attributed to both induced turbulence and tyre stress. Findings 

of both the studies are summarised below. 

1. Sehmel (1973, 1976b) reported that fraction resuspended per vehicle pass was in 

the range of 10-5  to 10-2  (10-3 % to 1 %) on the same day of tracer application. 

This fraction decreased with time and was two to three orders of magnitude less 

after 30 days. He attributed this to the effect of weathering'. 

2. The resuspension rate was higher if the vehicle was driven through the tracer 

test area than on the adjacent lane. Sehmel (1973, 1976b) attributed the effect 

of tyre stress, in addition to turbulence, as the reason for higher resuspension. 

Tyre stress is absent when the vehicle is driven on adjacent lane. Nicholson 

and Branson (1990) observed little difference between resuspension due to tyre 

stress and resuspension due to induced turbulence, except in case of particle 

size of 4.2 inn size indicating that whatever may be the mechanism, particulate 

matter from road surface becomes resuspended quite readily. 

3. The resuspension rate increased with the square of vehicle speed when the car 

was driven through tracer indicating resuspension rate is proportional to car- 

'The attachment of tracer particles to host particles and therefore, becoming less readily resus-
pended is termed as weathering (Sehmel, 1973, 1976b). 
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generated turbulence (Sehmel, 1973, 1976b). At very low speed, under 20 kin 11-1, 

Nicholson and Branson (1990) observed little variation in amounts of resuspension 

with varying vehicle speed and suggested that at such lower speeds, variation in 

amount of turbulence is nearly insignificant. 

4. The amounts of material removed, only due to turbulence, after a single pass of 

the vehicle at a speed of 64 km h-1, were about 60 % for particles of 20µm size, 

50 % for 12µm and 9.5µm size and 20 % for 4.2µm size. The majority of the 

resuspension took place in the first 3 or 4 passes of the vehicle, the highest being 

on the very fast pass of the vehicle. After 10 passes of the vehicle, the amounts of 

resuspension, for the above size ranges, were 75 %, 55 % and 35 % respectively. It 

is suggested that particles that remain on road surface after a number of vehicle 

passes may only be confined to the road depressions and this is likely to be a 

small proportion of the total and will decrease quickly with increasing vehicle 

speed (Nicholson and Branson, 1990). 

5. Bigger particles were more easily resuspended. This is because smaller particles 

have smaller surface areas on which shear stress act. However, unlike resuspension 

due to turbulence, when smaller particles are less easily resuspended, resuspension 

of smaller particulate matter due to tyre stress takes place more easily (Nicholson 

and Branson, 1990). 

6. Resuspension by wind forces was minimal compared to the resuspension caused 

by traffic (Sehmel, 1973, 19761)). 

7. Lager vehicles (e.g., truck) caused more turbulence than smaller ones (e.g., car) 

and therefore, more resuspension (Sehmel, 1973, 1976b). 

A regression analysis on data from London Marylebone Road indicates that con-

tribution of heavy-duty vehicles (HDVs) is about 15 times greater per vehicle than 

for light-duty vehicles (LDVs) for coarse particle concentrations (AQEG, 2004). As 

mentioned above the principal reason for this is the substantial turbulence induced 

by heavy-duty traffic that is responsible for a greater magnitude of resuspension of 
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particles from the road than the light-duty traffic. The multiple regression equation 

and its results are presented in Equation 2.4 and Table 2.4 respectively (AQEG, 2004). 

PMcoarse  = r1 711dv 	+ C3 
	 (2.4) 

Where, 

nldv 	= hourly mean flow of LDVs by day of the week (v h-1) 

nhdv 	= hourly mean flow of HDVs by day of the week (v h-1) 

e2  and c3  = constants to be derived from regression 

Table 2.4: Results from the multiple regression (AQEG, 2004) 

Constants Estimated values Standard error t statistics 

c1 0.000850 0.000112 7.6 
c2 0.012306 0.000534 23.0 
e3  3.932492 0.209579 13.1 

The study shows that concentration of PI\110 , 	EVIcoarse  and particle number 

concentration are all higher on weekdays than on Sundays despite there being little 

difference in overall traffic volume. This appears to be explained by the reduction 

in heavy-duty traffic on Sundays which caused less exhaust emission as well as less 

resuspension (AQEG, 2004). However, whether road dust emissions are dominated 

by the mechanical interaction between the tyres and road or by the turbulent shear 

applied to road by the moving vehicle are yet not established without doubt. Kuhns 

et al. (2001b) have expressed similar views. 

For a wet paved road surface, "tyre spray" may be the principal mechanism of 

resuspension (Smith, 1970). Unlike resuspension from dry roads where particulate 

matter has more likelihood to get airborne, materials from wet surfaces will more 

likely be pushed by the vehicles, as an effect of tyre spray, onto the edge of the road 

or get spread, by adhering to tyres, along the road in the direction of the traffic. 

Nicholson and Branson (1990) estimated an average resuspension factor of 1 x 10-7  ni-1  

to 4 x 10-7 m-1  for rock-salt application on urban roads. 



CHAPTER 2. LITERATURE REVIEW 	 75 

Resuspension of particulate matter also depends on nature of the surface. Dry 

surfaces favour resuspension. Meteorological parameters in general, and precipita-

tion in particular, have a significant effect on the resuspension process (During and 

Lohmeyer, 2001; During et al., 2002a; Gamez et al., 2001a; Muleski et al., 2001; My-

ers, 2001; Nicholson and Branson, 1990; Rauterberg-Wulff, 2000; USEPA, 2002). The 

effect of duration and intensity of precipitation on resuspension process is discussed in 

Section 5.6.3.4. 

2.11 Estimation of traffic-induced particle resuspen-

sion: the current state of science 

The most common approach that is widely used to estimate traffic-induced particle 

resuspension is to determine an emission factor for certain traffic and road conditions. 

An "emission factor" is a representative value that attempts to relate the quantity of a 

pollutant released to the atmosphere with an activity associated with the release of that 

pollutant. These factors are usually expressed as the weight of pollutant divided by a 

unit weight, volume, distance, or duration of the activity emitting the pollutant (e.g., 

kilograms of particulate matter emitted per ton of coal burned, grams of particulate 

matter emitted per kilometer of vehicle travel). Such factors facilitate estimation of 

emissions from various sources of air pollution. In most cases, these factors are simply 

averages of all available data of acceptable quality, and are generally assumed to be 

representative of long-term averages for all facilities in the source category i.e., a pop-

ulation average (Painter, 1974; USEPA, 1995). The European Environment Agency 

(EEA) defines emission factor as the estimated average emission rate of a given pol-

lutant for a given source, relative to units of activity (EEA, 1999). Although these 

emission factors represent the best available data at any point of time, they are subject 

to continuous change with time and these factors should be used only if local data 

cannot be obtained from specific sources in the area of concern (Painter, 1974). For 

traffic-related emissions, an emission factor is defined as the amount of material emit- 
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ted per unit distance of vehicle travel and is usually expressed in units of gram per 

kilometre of vehicle travel (g km-1  

The UK National Atmospheric Emissions Inventory (NAEI) assigns a value of 

0.04 kt per billion vehicle kilometers (equivalent to 0.04 g km-1  v-') for resuspen-

sion for the year 2000 (NAEI, 2003). While this database gives emission factors from 

road transport for different types of pollutants (e.g., PM io nitrogen oxides as NO2  

and N20, SO2 , CO, CO2  as C, methane, non-methane VOC, benzene, etc.) in terms of 

vehicle types (e.g., motorcycles, cars, light goods vehicles (LGVs), heavy goods vehicles 

(HGVs) , buses and coaches, etc.) and also in terms of drive types (e.g., rural driving, 

urban driving, motorway driving, etc.), it does not give any such detailed estimate in 

case of emission factor for resuspension. This is precisely due to the fact that there 

has not been enough study on this area and therefore, the data are unavailable. This 

raises doubt about the correctness of the use of NAEI recommended emission factor in 

estimating contribution of resuspension in a mixed traffic condition. 

To date, most of the studies undertaken to estimate emission factors due to traffic 

have essentially followed an empirical approach wherein regression analysis between 

emission, obtained from measured concentration, and other probable road and vehicle 

related parameters is carried out to derive a equation that can be used to quantify 

emission rate in units of mass per unit distance travelled by a vehicle. Extensive stud-

ies in this area have been carried out by the United States Environmental Protection 

Agency (USEPA, 1993c, 1995, 1997) and results are documented as "AP-42, Compila-

tion of Air Pollutant Emission Factors" (hereafter referred as AP-42). In recent times, a 

substantial amount of work with regards to emission factors, especially vehicle related, 

has been carried out in the UK (NAEI, 2003) and by the EEA (EEA, 1999). Studies 

in Germany have tried to estimate, separately, the contribution of exhaust and non-

exhaust emission (During et al., 2002a,b). However, AP-42 emission factors are widely 

used for the estimation of road traffic resuspension. Therefore a detailed discussion on 

this is presented below. 
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2.12 AP-42: its background and evolution 

AP-42 was first published by the US Public Health Service in 1968. Since 1971 it 

has been published by the USEPA. Supplements to AP-42 are routinely published to 

update existing emission factors and AP-42 is periodically updated to add new emission 

source categories. Emissions from the road are discussed in two sections: emissions from 

"paved roads" and emissions from "unpaved roads". Until the fourth edition of AP-42, 

the paved road emission factor models, presented in Equations 2.5, 2.6, 2.7, 2.8 & 2.9 

were developed with assumption that, depending on the surface loading characteristics, 

emission levels, traffic characteristics, and viable control options, paved roads, for the 

purpose of estimating particulate emissions, are of two distinct categories i.e., "public 

paved roads" and "industrial paved roads". While the mechanisms of particle deposition 

and resuspension are largely the same, public roads generally tend to have lower surface 

loading, higher traffic volume and lower proportion of heavy vehicles than industrial 

roads. However, a surface loading figure above or below which a particular road is 

characterised as an industrial or public road is not mentioned in the AP-42 document 

(USEPA, 1993c). This subjective distinction led to the confusion in applying a equation 

appropriate to a paved road. Some industries, especially iron and steel, have far less 

surface loading to be treated as public paved roads rather than industrial paved roads. 

So, in such a situation, applying the industrial paved road equation resulted in more 

emissions estimate than the actual. Therefore, in a major review in September 1997, 

section 11.2.5 on "public paved road" and section 11.2.6 on "industrial paved roads" 

were replaced with one section, named "paved roads" (USEPA, 1997). The fifth and 

the latest edition of AP-42 document which first came into effect in January 1995, has 

15 chapters for emission factors for various types of sources. In chapter 13, entitled 

"miscellaneous sources", sections 13.2.1 and 13.2.2 deal with emission factors for "paved 

roads" and "unpaved roads" respectively (USEPA, 1993c, 1995, 1997). 
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2.12.1 AP-42 emission factor model for paved road emission 

Because the formal establishment of PM10  as the primary standard in USA occurred in 

1987 and the formulae presented below in Equations 2.5, 2.6, 2.7, 2.8 & 2.9 to estimate 

emission were developed prior to that, these have been referenced to other particle 

size ranges, such as TSP8  and P1\4159. Drafted first in 1984, section 11.2.5 of AP-42 

on fugitive emission included Equation 2.5 to estimate emissions from "public paved 

roads" (USEPA, 1993c): 

e = k 
sL 
0.5 ) 

Where, 

particulate matter emission factor (unit matching with unit of k, 

e.g.,  g km-1 v-i) 

k 	= an empirical constant (also called base emission factor). Its value 

depends on size of the particle and units used to express emission 

factor. When unit of e is g km-1 	k has values 1.02 for PI\42.5, 

2.28 for PIVIN, 2.54 for PM15  and 5.87 for TSP. 

sL 	road surface silt loading, i.e., mass of particulate material of size 

< 75 inn in diameter per unit area of the road surface (g m-2) 

a 	a dimensionless empirical constant with values 0.6 for PM2,5, 

0.8 for PM10, 0.8 for PM15  and 0.9 for TSP 

Published first in 1983 and slightly modified in Supplement B (1988) to the fourth 

edition of AP-42, section 11.2.6 provided 3 sets of equations for emission factors for 

"industrial paved roads" (USEPA, 1993c). For TSP, Equation 2.6 was used to estimate 

the emission factor. 

e = 0.022 7(4) ( ) 	(901  
n 10 280 2.7 

(2.6) 

8As measured by the standard high-volume air sampler, total suspended particle (TSP) consists of 
a relatively coarse particle size fraction varying roughly from 25 inn to 50 pm (USEPA, 1993c). 

9PM15  is defined as particulate matter no greater than 15 pm, also referred to as inhalable particles 
(IP) (USEPA, 1993c). 

(2.5) 
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Where, 

particulate matter emission factor (kg km-1 v-1) 

I 	industrial augmentation factor (dimensionless). I accounts for higher 

emissions from industrial roads than from urban roads (varies from 1-7). 

n 	number of traffic lanes 

s 	silt fraction (%) 

L 	surface material loading across all traffic lane (kg km-1) 

147 	average vehicle weight (ton) 

For particles smaller than TSP, Equation 2.7 was used (USEPA, 1993c). 

e = k W 
" 	

(2.7) 

Where, 

e 	particulate matter emission factor (kg km' v-') 

= an empirical constant (also called base emission factor). Its value 

depends on size of the particle e.g., 0.081 for PM2.5 , 0.22 for P1\410. 

and 0.28 for PI\415  

sL = road surface silt loading (g 

However, light duty traffic (< 4 tons) on heavily loaded surfaces (silt loading >15 g 

m-2) was considered neither a case of industrial paved road nor a public paved road. 

So a separate single-valued emission factor was derived as follows (USEPA, 1993c): 

e = 0.093 for PIVlio 	 (2.8) 

e = 0.12 for PM15 	 (2.9) 

Where, 

e 	= particulate matter emission factor (kg km-1  v") 

The latest EPA model for paved road emission, which was formulated after two different 

sections on "public paved roads" and "industrial paved roads" of the fourth edition of 
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AP-42 were replaced with a single section named "paved roads" in the fifth edition of 

AP-42 documentation, is as follows (Fitz and Bufalino, 2002; USEPA, 1997): 

IV 1.5  
e --= k ()

0.65 

2 

Where, 

e 	= particulate matter emission factor (unit matching with unit of k, 

e.g., g km-1  v-1) 

a constant, (also termed as "base emission factor" for particle 

size range and units of interest) e.g., 1.1 g 	v-1  for PM2.5  

and 4.6g km-1  v-1  for PM10  

sL = road surface silt loading (g m-2 ) 

117 	= average weight of the vehicle of a fleet (tons) 

(2.10) 

In Equation 2.10 "default" values of 2 g m-2  and 3 ton are divided to achieve nondi-

mensionalisation so that the unit of k matches the unit of e. The above equation is 

based on a regression analysis of numerous emission tests, including 65 tests for PM10. 

The equation is supposed to produce good prediction, if applied within the range of 

source conditions that were tested in developing the equation, such as silt loading be-

tween 0.02 g m-2  and 400 g m-2, mean vehicle weight between 1.8 tonnes and 38 tonnes 

and mean vehicle speed between 16 km h-1  and 88 km h-1. Further, the model is only 

applicable to free flowing traffic, i.e., it can not predict expected higher emission due 

to stop-and-go traffic. 

Paved road silt loadings are dependent upon traffic characteristics (speed, ADT10 , 

and fraction of heavy vehicles); road characteristics (curbs, number of lanes, parking 

lanes); local land use (agriculture, new residential construction) and regional/seasonal 

factors (snow/ice controls, wind blown dust). The range of sL values in the data base 

for normal conditions is 0.01 g m-2  to 1.0 g m-2  for high-ADTH  roads and 0.054 g m-2  

to 6.8 g rn-2  for low-ADT roads. The recommended default values, where site-specific 

sL values cannot be obtained, are 0.1 g m and 0.5 g In' in normal and worst-case 

thADT stands for "average daily traffic". 
"High-ADT roads refer to roads with at least 5000 vehicles per day (USEPA, 1997). 
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conditions' for high-ADT roads and 0.4 g in' and 3.0 g rn-2  in normal and worst-case 

conditions for low-ADT roads (USEPA, 1997). 

2.12.1.1 Criticism of AP-42 model for paved road emission 

In spite of several modifications to the AP-42 algorithm in last three decades, all have 

shared a few common features. All are developed through multiple linear regression 

over a large data set generated by experiments conducted primarily in US and therefore, 

AP-42 models are empirical in nature. Further, all have considered silt loading as an 

essential parameter controlling emission. During an initial phase of model development, 

it was observed that there exists a high degree of interdependence between silt loading, 

emission factors, and speed; and low degree of interdependence between (a) silt loading 

and weight and (b) weight and speed. This suggested either of the two combinations 

may be used to derive an emission factor model. However, it was also recognised 

that models developed using only the independent variables weight and speed did not 

vary substantially during a year and therefore, could riot explain seasonal variation or 

predict higher emission levels known to occur after road sanding, etc. Thus models 

incorporating surface loading values as an independent variable were pursued because 

loading represents a reasonable means of introducing seasonal variability (USEPA, 

1997). 

Use of the silt loading 

Silt loading (sL) is defined as the mass of silt size material present on unit area of 

the road surface. It is obtained by multiplying surface material loading (S) with 

silt fraction and is expressed in the same unit as of surface material loading i.e., g 

m-2. Surface material loading (total road surface dust loading), S is defined as the 

mass of particulate material (irrespective of size) per unit area of road surface. S is 

estimated by collecting materials from a section of road surface by broom sweeping 

and vacuuming (USEPA, 1993a). Although dry vacuuming is usually adopted (No wet 

vacuuming data was used to formulate the AP-42 algorithm), recent studies show that 

12Worst-case conditions are defined as conditions such as post-winter storm or areas with substantial 
mud/dirt carry-out (USEPA, 1997). 
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wet vacuuming is a more efficient method than dry vacuuming for collection of the 

road surface material (Deletic et al., 2000; Jansz, 2002). However, whether the extra 

amount of road material collected by wet vacuuming contributes to the emissions from 

the road is yet not verified. 

Silt size refers to a size < 75 pm in diameter. The silt fraction, expressed as percent-

age of the material of this size present in the total mass of the road dust, is determined 

by measuring the proportion of the loose dry surface dust that passes through a 200-

mesh screen, using the American Society of Testing Materials (ASTM)-C-136 standard 

(USEPA, 1993b). However, why this size is important for emissions calculation is not 

known. Kuhns et al. (2001b) have expressed similar view. Whether the particle size 

cut-off higher or lower than 75 pm can contribute to emissions is riot investigated. 

Several authors have raised doubts over the physical basis of AP-42 assumption 

of silt loading as a important parameter that influences paved road emission. Kuhns 

et al. (2001a,b) estimated that, in Las Vegas, Nevada, roads with vehicle speeds greater 

than 45 miles per hour were 20 times cleaner than roads where vehicle speeds were less 

and roads with ADT greater than 10,000 per lane were 12 times cleaner than roads 

with lower average daily traffic, suggesting a negative correlation between silt loading 

and particulate matter concentration in air when either the speed of vehicle is high 

or traffic density is high. This may be due to high traffic density and high speed 

causing more resuspension of particulate matter and thereby making silt loading low 

and particulate matter concentration in air high. Earlier studies have reported that, 

besides other factors such as driving pattern, gradient and altitude, emissions increase 

with vehicle speed (Countess et al., 2001; Nicholson and Branson, 1990; Sehmel, 1973, 

1976b; Sturm et. al., 1996) and therefore, support the above argument. However, AP-42 

emission factor for paved roads does not consider vehicle speed (nor does it consider 

traffic density) as a parameter since it provided no additional improvement to the 

formulation in the overall correlation. This is an example of potential flaw in the use of 

statistical evaluations to determine real world paraineterisations of physical processes'. 

13In the latest modifications of emission factors for unpaved roads, the USEPA has included vehicle 
speed as a parameter. However, the performance of model after inclusion of speed is yet to be 
thoroughly evaluated. 
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AP-42 emission factor for paved roads assumes that paved road itself is generating 

appreciable amount of loose material, almost inexhaustible, so that it is the prime 

source of emission and hence the silt loading is important (Nicholson, 2001; Venkatram, 

2001). This may be true for roads where local sources continuously supply material on 

to the road or where traffic density is so low that not much material is removed by it. 

However this may not be true for emissions from roads where the silt residence time 

is much less or zero such as roads with high traffic density and low surface loading in 

urban city centres (Goodwin et al., 1999; Nicholson, 2001). This could be explained 

in terms of either exhaust emission dominating paved road emission, if each of these is 

estimated separately, or immediate resuspension of material generated on road surface, 

if processes that generate material on the road surface are described, neither of which 

is considered in present AP-42 formulation. Further, AP-42 states that the silt loading 

reaches an equilibrium value without the addition of fresh material. Fitz and Bufalino 

(2002) argue that if equilibrium is attained, then the emission rate should go to zero, 

although this is not what the equation predicts and therefore they doubt its universal 

application unless the material is continuously replaced, a phenomenon which, they 

suggest, for most public roads is not likely. Venkatram (2000) has discussed almost a 

similar logical dilemma with silt loading. He argues that if silt loading affects emission 

it can not be a stable parameter that characterises road surface as is implied by the AP-

42 model and if it is a stable parameter, it cannot affect the emission factor. Therefore 

he suggests an instantaneous silt loading, not a default silt loading, for a particular 

type of road should be considered for estimation of the resuspension. And to estimate 

the instantaneous silt loading, the mass-balance calculation is required that can only 

be achieved by knowing the different processes that contribute the silt loading and 

their likely estimate. 

However, if the sources are really available that make a paved road behave like 

an unpaved road (e.g. construction activity on a slice of road, regular movement of 

vehicles from unpaved roads to paved roads, etc.), the logical dilemma. discussed by 

Venkatram (2000) could be explained. Because, in such a situation, either the silt 

loading is changing or is in dynamic equilibrium. GAmez et al. (2001b) has shown that 
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although a AP-42 default silt loading is not able to account for observed roadside PI\110  

concentration, it could be explained by considering some processes (e.g., road abrasion) 

that might be generating material on paved road and therefore replenishing the silt 

loading. Therefore, the lack of inclusion of processes that can replenish the silt reservoir 

on the road surface in AP-42 algorithm limits the scientific basis and the understanding 

of paved road emission. However for both the cases it is instantaneous silt loading, not 

the universal or averaged value as is used in AP-42, that should provide estimation 

of emission factor for that slice of time and location. This argument is valid even 

if there exists dynamic equilibrium between silt inflow-outflow amount. Venkatram 

(2000) has argued along similar lines. However this is further complicated by the 

fact that if there exists a large influx of material which is not dependent on vehicle 

density, the material on the road surface may be temporarily high but will gradually 

reduce and may reach an equilibrium. But then up until equilibrium, studies have 

shown that the resuspension fraction decreases with increasing number of vehicle passes 

over the road and therefore is not constant (Nicholson and Branson, 1990). Therefore 

even though the emission factor will depend on traffic density, it may not be directly 

proportional to traffic density or vehicle distance travelled. Even the above argument 

can be extended to a case where material available for resuspension is generated only 

due to vehicle movement (i.e. abrasion, brake and tyre wear erosion, etc,) and therefore, 

is proportional to the vehicle density and the distance travelled. Because the same 

traffic subsequently is responsible for its resuspension, expressing emissions in terms 

of vehicle distance travelled may be true, because there is a material replenishment 

process and depletion process, both dependent on vehicle density and the distance 

they travelled i.e., vehicle distance travelled. However, the balance of material may 

vary and it may or may riot attain equilibrium. Even if it achieves equilibrium, it may 

be temporary and a constant resuspension fraction may not be the right approach. 

Some authors have argued along the same lines and have suggested that material 

migration processes should be included for each different location when comparison is 

made (Nicholson, 2001; Venkatram, 2000). 

Venkatram (2000) has shown that the AP-42 model for paved road is not reducing 
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to a model of an unpaved road even if the silt loading is considered as high as that 

of an unpaved road and therefore suggested that. the formulation is theoretically un-

sustainable. This is the shortcoming of an empirical model. Had the AP-42 algorithm 

been developed with processes involved in emission described, it would have necessi-

tated only the change of parameter values of the processes or inclusion/exclusion of 

processes for it to he applicable in case of an unpaved road. 

Studies in Germany indicate that the proportion of exhaust emission to other emis-

sions is about 50:50 (During et al., 2002a; Schulze, 2001). Abu-Allaban et al. (2003b) 

found that for places like freeway exits, where a vehicle slows rapidly while exiting and 

thus maximising occurrence of brake wear, brake wear emission is more than tailpipe 

emission. However, such a separate estimate of exhaust and non-exhaust emission is 

not possible with AP-42 formulation. Each of these emissions may have taken place 

due to different processes and therefore quantifying them through a single relation 

may not be appropriate. Separate estimate of exhaust and non-exhaust emissions is 

particularly important when we estimate possible particulate matter reductions due to 

precipitation if we consider independency of exhaust pipe emissions to precipitation'. 

Emission factors developed using the upwind-downwind method by default treat 

emissions as a continuous process, since a continuous line source dispersion model 

is back-calculated to derive the emission factor. For paved roads, this assumption, 

especially for multi-lane, high average daily traffic volume, is probably reasonable for 

periods other than the late evening/early morning where non-continuous situations 

exist. However, when the traffic flow is almost nil at late evening/early morning 

hours, it. does not qualify for continuous source (Countess et al., 2001). Therefore a no 

emission case at these hours can not be accounted for by the emission factors developed 

considering fugitive dust emissions as continuous process. This again highlights the 

effect of absence of physical basis in an empirical model. 

It is expected that silt loading decreases by street sweeping and therefore, paved 

"Very recently, EPA has made some effort, to calculate exhaust emission separately from other 
emissions such as brake and tyre wear and re-entrained dust for various vehicle speeds by using 
MOBILE 6.2 model (USEPA, 2003). It came out with a set of values for these emission factors 
corresponding to varying silt loading and varying vehicle speed and vehicle type. These are yet to he 
evaluated. 
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road emissions will also decrease proportionally. Fitz (1998) observed that although 

sweeping decreases the silt loading, there is little impact of it on P1\410  emission. This is 

consistent with the observation from Bexley Council of London that suggest there is no 

measurable effect of sweeping on PIVIio  emission rate at Manor Road (Bexley, 2003). No 

relationship between street sweeping and ambient PM10  concentrations has also been 

reported from study at Reno, Nevada (Chow et al., 1990). Several other US studies 

have reported either no reduction or statistically insignificant reduction of particulate 

matter after street sweeping on public roads (Seton, 1983a,b; PEDCo Environmental 

Inc., 1981a,b). This lack of relationship could be due to emissions created during 

sweeping cancelling the expected benefit of sweeping, particulate matter loading getting 

rapidly replaced after sweeping to an equilibrium level or may be that the decrease of 

PM10  emission rate due to sweeping is too low to be detected by measurement (Fitz 

and Bufalino, 2002). This again indicates silt loading is not a reliable parameter that 

explains paved road emission. 

Therefore, the main criticism is that the AP-42 emission factor model is a purely 

statistical model which can give average results over an area with a large number of 

roads, but fails to predict the emission factor at a local scale, e.g., for a certain road 

or section of road (Countess et al., 2001; Venkatram et al., 1999; Venkatram, 2000). 

This model does not have a mechanistic approach that explains the processes involved 

in the emission and its formulation is highly dependent on the data set used to derive 

it (Countess et al., 2001; Venkatram, 2000). However, even using the same data sets 

that were used to derive the present AP-42 emission factor model (Equation 2.10), 

Venkatram (2000) showed that for a single predicted emission factor value of 0.5 g 

km-1  v-1, the observed emission factor values varied from 0.1 g km-1  v' to 10 g km-1  

v-1, i.e., by a factor, as high as, 20 arid therefore, concluded that the formulation is 

lacking in scientific basis (Venkatram, 2000, 2001). 

Field applications have shown how silt loading is a less important parameter than is 

considered for AP-42 emission factor model. Zimmer et al. (1992), from their study at 

Denver metropolitan area, reported that silt loading only accounts for as little as 20 % 

of the variation of emission factor and its implied relationship with emission factor 
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is different from that of Equation 2.10. Kantamaneni et al. (1996) measured P1\110  

emissions from paved roads in Spokane, Washington. The results showed that, for a 

silt loading of 3.25 g Tr1-2  with little variation for a period of 2 months, Equation 2.10 

predicted a constant emission factor of 10.5 g km-1  v-1  when the actual measurements 

were within a range of 0.47g km' v-1  to 1.71 g km' v-1  and therefore, reported 

no correlation of silt loading with emission factor. Using on-board particle sensors, 

a technique recommended by Venkatram et al. (1999) as a better one than upwind-

downwind method of emission estimation, Fitz and Bufalino (2002) estimated emission 

factors for different types of road (i.e., freeways, arterial, collector and local)' in 

southern California to vary between 0.06 g km' v' and 0.13 g km-1  v-1. In contrast 

AP-42 algorithm estimation for this case varies between 0.08 g km-1  v-1  and 0.53 g 

km' v-1, a factor of 4 higher in case of upper limit. In a study to measure and model 

the P1\110  emissions for a similar road and traffic condition in southern California, 

Venkatram and Fitz (1998) observed silt loadings generally lower than those suggested 

by default values in AP-42 document. They estimated emission factor varying between 

0.1 g km-1  v-1  and 3.0 g km' v-1  and found little correlation between the measured 

emission factors and those predicted by AP-42. In the UK environment, AP-42 emission 

factor results in improbably high emissions (Buckingham et al., 1997) and therefore, is 

considered not to be applicable in the UK environment (APEG, 1999). These studies, 

therefore, indicate, in addition to lack of scientific basis, silt loading as a parameter is 

unreliable in real field measurements. 

Use of the average vehicle weight 

The use of average vehicle weight in the Equation 2.10 limits the calculation to only 

one emission factor that represents the whole fleet. The equation is not intended 

to be used to calculate a separate emission factor for each vehicle weight class. For 

example, if 99 % of traffic on the road are 2 ton cars while the remaining 1 % consists 

of 20 tonne trucks, then the W to be • used in Equation 2.10 is 2.2 tonne. However, as 

'Roadways are classified as follows: Freeway(four or more lanes with at least 150,000 cars in a 
day). Arterial(three, four or more lanes with 10,000-150,000 cars in a day), Collector(two lanes with 
500-10,000 cars in a day) and Local(two lanes with 500 or fewer cars in a clay). 
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discussed by Countess (2001), the fleet-averaged 147  may sometimes lead to a very wrong 

conclusion. He considered a case of one car weighing 3 tonnes and one loaded truck 

weighing 39 tonnes. Using the average weight of these two vehicles in Equation 2.10, 

the value of e for PMio  comes as 12.2 g km-1  v-1  i.e., 24.4 g km-1  for both vehicles. 

When it is calculated separately for car and truck and then added, the result is 31.4 g 

km-1  with 30.8 g km-1  contributed by the truck. By averaging the vehicle weights, the 

total emission rate is less than that of the truck by itself (in this case by about 25 %). 

Obviously, averaging the vehicle weights does not give an accurate account of the true 

situation. 

2.13 Summary 

The review indicates that the silt loading, the main variable in the widely used AP-42 

model, does not seem to be a good parameter for emission estimation, both from the-

oretical and experimental viewpoints. For emission estimates to be credible, a model 

should include different sources (e.g., vehicle exhaust, road abrasion/pavement wear, 

brake and tyre wear debris, spillage from goods vehicle, atmospheric deposition, sig-

nificant local source and some seasonal activities like winter sanding and salting) and 

different anthropogenic and natural processes through which particulate matter enters 

to a road/vehicle environment, moves within various compartments of the environment 

and ultimately escapes from it i.e., emission factors should be based on a physical model 

that accounts for mass-balance between input and output of material on road surface, 

rather than statistically significant variables. Even the AP-42 document encourages 

this "material balance approach"' and suggests this may provide a better estimate 

of emissions than emission tests would (USEPA, 1995). Several researchers have em-

phasised the need of such a kinetic mass-balance model that includes the sources and 

16Material balances are appropriate for use in situations where a high percentage of material is lost 
to the atmosphere (e.g., sulfur in fuel, or solvent loss in an uncontrolled coating process). In contrast, 
material balances may be inappropriate where material is consumed or chemically combined in the 
process, or where losses to the atmosphere are a small portion of the total process throughput (USEPA, 
1995). In the present model no chemical transformation of material is considered and resuspension is 
considered as a major process that causes loss of material from road surface to air. Therefore material 
balance approach can be applied. 
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processes involved in particle replenishment and depletion on road (Countess et al., 

2001; Kuhns et al., 2001a; Nicholson, 2001; Venkatram, 2001). 

With respect to traffic as a variable for estimation of resuspension, the ideal scenario 

would be to have a resuspension fraction' for each class of vehicle. With time series of 

traffic flow and composition, it would then be possible to estimate resuspension more 

precisely. No such vehicle-specific resuspension fractions are available at present and 

therefore, until such vehicle-specific resuspension fractions are available, an average 

vehicle resuspension factor could be a better variable than average vehicle weight used 

.in the AP-42 algorithm. Therefore it is necessary that in addition to the inclusion of 

the important accumulating and draining fluxes, the model should be able to provide 

an estimate of material removal fraction' for each of the draining fluxes, including the 

above-mentioned resuspension fraction. 

It is important that exhaust emissions and resuspension are calculated separately 

because, as discussed in Section 2.6 each of these are generated from different processes. 

With reasonably good information available on exhaust-emissions, the main emphasis 

should he to develop a model that includes processes that cause resuspension and 

material translocation and estimate their relative contribution to the ambient urban 

air. 

17Resuspension fraction is defined as the ratio of the amount of material resuspended from a road 
segment by one vehicle to that available on a road segment. 
'8Material removal fraction is defined as the ratio of the amount of material removed from a road 

segment by one vehicle to that available on a road segment. It is expressed in the unit of "per vehicle" 
(v-1). More detail about this including its model parameterisation is available in Section 5.6.3. 



Chapter 3 

Field sites and measurements 

3.1 Introduction 

The ideal scenario for a model will be to formulate it and estimate all the parameter 

values from physical principles. However, in reality, it is difficult to achieve. Therefore 

experimental data is often used to find the parameter values of the model. The input 

parameters to the model presented in this thesis have been taken from theory as well as 

from available literature. The experiment at Gloucester Place was designed to obtain 

parameter values for the draining fluxes of the model. Available data. from Manor 

Road were used for evaluation of the model. This chapter describes both these field 

sites, experimental methodology at Gloucester Place and details of data available for 

Manor Road. 

3.2 Site 1: Gloucester Place 

3.2.1 Site description 

The experiment was carried out at Gloucester Place, south of the intersection with 

.Marylebone Road in Central London (Fig. 3.1). Gloucester Place is a paved road, 

aligned approximately North-South, joining Oxford Street to the south and Park Road 

to the north, intersecting Marylebone Road in between. Marylebone Road is a dual 

carriageway approximately 26 in wide and in places containing up to seven lanes in- 

90 



he 
-loim 	• l' GA PENS • t 	• 

e 
E 

:c tert.cr 

A N F.5 	 % 

f r  ‘ 0 , 	 e -% 
4, 	LonSc 

t 
Sc 1 	 E C li ,  

MA 

fk  vr;aivc  4;= 	 the  

	

r. 	P 

	

st
t  	

11 
w 	 frire 

	

a 	• 	tioN 
4 

'A. CE 
rf• 

Y‘ Eta 	
CORE 

toatt% 

CoWns Barth la wLt2003 

  

	 5(x) Y Pt 

  

Experimental site 

Bandsta • 

t 

%YAM 
DNS.  

CHAPTER 3. FIELD SITES AND MEASUREMENTS 	 91 

(Source: http://www.Streetmap.co.uk/)  

Fig. 3.1: Local street plan of the southern section of the Gloucester 
Place area. 

eluding those for dedicated bus use and left/right turning traffic. Roads to the south 

of Marylebone Road come under the London Congestion Charging zone'. Gloucester 

Place is a three-lane road approximately 13 m wide. The first lane from the West is a 

designated bus/taxi lane. The one way traffic on this road moves from south to north. 

Directions of study area are based on a rotated Cartesian coordinate system with its 

North 20° west of the geographical North. This makes Marylebone Road running East-

West and the Gloucester Place running North-South (Fig. 3.2). Arnold et al. (2004) 

have described more details of the study site. The measurements described here were 

confined to a length of Gloucester Place between Crawford Street to the south and 

Marylebone Road to the north, about 180 m in length. 

1London Congestion Charging zone includes some parts of the Central London area the access 
to which by motorist incurs a fee. Details are available at http://www.biocrawler.com/ encyclope-
dia/London_Congestion _Charge (last accessed on 15 January 2006). 



Q1...04 Four quadrants of 
rotated Cartesian 
coordinate system 

P .20° Angle between 
Geographical North 
and North of rotated 
coordinate system 

+V Direction of northerly 
component of wind 
under rotated 
coordinate system 

+U Direction of easterly 
component of wind 
under rotated 
coordinate system 

INDEX 

Geographical North N 

CHAPTER 3. FIELD SITES AND MEASUREMENTS 	 92 

0 	10 23 30 43 50 BO 70 BO 00 IX ro 

Produced on: July 27, 2004 2:51:53 pm 

(Source: EDINA Digimap) 

Fig. 3.2: The Gloucester Place study area. 

Buildings on both sides make Gloucester Place a street canyon with roads intersect-

ing it perpendicularly at intervals. Buildings located on either side of the experimental 

site include the Westminster City Council (WCC) house at the north-west (NW) cor-

ner, Bickenhall Mansions at the north-east (NE) corner and at the east, Bickenhall 

hotel at the west and Montagu Mansions at the south-west (SW) and south-east (SE) 

corners. Dimensions of site features are presented in Table 3.1. The main criteria for 

site selection include the followings: 

1. The site includes a busy public road at the centre of London that is representative 

of major urban roads in large cities. 

2. The unidirectional flow of vehicles simplifies the determination of the rate of 

traffic-induced movement/dispersion of particulate matter. 

3. There was considerable existing infrastructure for the field experiment from an 
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Table 3.1: Dimensions of site features 

Site Feature Dimension 

Width of the Gloucester Place carriageway 
Approximate width of the pavements 

Width of intersecting roads: 

13.0 in 
2.5 m - 3.0 in 

Bickenhall Street 12.0 m 
Salisbury Place 5.0 m 
York Street 10.0 m 
Crawford Street 12.0m 

General height of adjacent buildings: 
Westminster City Council house 15.0 m 
Bickenhall Mansions 23.0 in 
Bickenhall Hotel 18.0 m 
Montagu Mansions (SW corner) 14.0 m 
Montagu Mansions (SE corner) 17.6 m 

on-going multidisciplinary research campaign "Dispersion of Air Pollution and 

Penetration into the Local Environment" (DAPPLE, http://www.dapple.org.uk). 

4. The site itself is near symmetric on both sites of the road in terms of the dimen-

sions of adjacent buildings, pavement widths and spatial characteristics of the 

intersecting roads over the test area. 

5. The site afforded adequate space on both sides of the road to safely set out the 

experimental apparatus. 

3.2.2 Application of grit 

The on-street measurements were made on 26 May 2004 between 10:30 and 16:302. In 

order to create a dusty road source of known initial dimensions and location, ordinary 

road surface gritting salt, of the type used to grit roads in winter, was applied to 

a section of the carriageway at the experimental site. The grit used was rock salt, 

supplied by Onyx Environmental Group plc (OEG, 2005). The selection criteria for 

gritting salt were easy availability, ease of obtaining necessary permissions to apply on 

2All times in this thesis are in a 24 hr framework and in British Summer Time 
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road surface, minimum health and safety implications, heterogeneity of particle size 

fractions and known and existing method of application to the road surface. Particle 

size distribution was obtained by using graduated sieves, on a 100 g sample of grit 

collected from the gritting lorry (Fig. 3.3). 

V 

Sieve aperture size (mm) 

Fig. 3.3: Particle size distribution of grit. 

The gritting was carried out in consultation with the Westminster City Council 

(WCC) Department of Highways Management and Cleansing Management. The grit 

was deposited by an OEG gritting vehicle, calibrated to deposit a known volume via 

a horizontally spinning wheel underneath the rear of the vehicle. This had the effect 

of spraying the grit onto the road from a height of approximately 1 m. Traffic was not 

stopped during the gritting procedure. The flow of traffic at the actual moment of 

gritting was light (< 10 vehicles passing the gritting lorry at any time) owing to the 

timings of the traffic-light system. It was also observed that, in order to avoid thaspray 

of the gritting vehicle, other road users tended to avoid the gritted patch of road during 

gritting. In order to leave a defined transition between the source and receiving areas, 

the gritting lorry moved from the outside (Easterly) lane of the Gloucester Place into 

Bickenhall Street, where the vehicle was parked for the spinning delivery mechanism 
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to come to a halt (Fig. 3.4). This prevented residual grit from being deposited on the 

"receiving area" (stretch of the the Gloucester Place and adjacent pavements between 

Bickenhall Street and Marylebone Road, approaching the intersection with Marylebone 

Road). Gritting commenced at 11:15 and took approximately 5 minutes to complete. 

The grit acted as a tracer. Its movement, interpreted from data captured in roadside 

instruments (e.g., grimm and P-Trak), represents the movement of solid material on a 

paved road surface and the aim of the experiment was to observe its fate during the 

minutes to hours after application. 

(Diagram not to scale) 

INDEX 
abed Initially gritted section 

(Length = ad = 120 m, 
Width = ab = 13 m) 

ABCD Grit location at time t, 

cefg Build-up of grit at kerb at time Li  
(Width = of = 20 mm, 
Depth = 2mm) 

L Traffic signal lights 

Predominant street- level wind 
direction 

-11. u. 

u, --6. Predominant roof- level wind 
direction 

Direction of traffic —0.- 

	ir. Route of gritting lorry 

X1, ; SF6  release points 

S1..,S6  SF6  sampling points 

0 
Site 1: Location of Grimm 1 (G1), 
P-Trak 2 (P2) and ultrasonic 
anemometer 1 (A1) 

0 Site 2: Location of Grimm 2 (G2) 

0 
Site 3: Location of Grimm 3 (G3), 
P-Trak 4 (P4) and 
CO2  monitor (C1) 

(3) Site 4: Location of Grimm 4 (G4) 

0 Site 5: Location of ultrasonic 
anemometer 2 (A2) 

Fig. 3.4: Schematic diagram of the experiment site showing gritted road 
surface and different sampling locations. 

The area gritted covered a stretch of carriageway approximately 120 m in length, 

between Crawford Street and Bickenhall Street, and 13 in in width (same as width 

of the Gloucester Place). Gritting started from a-b and ended at c-d (Fig. 3.4). In 

order to obtain a visible coating of grit, the quantity applied to the road was 20 g 
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representative of WCC's "snow precautionary gritting" regime, making the approximate 

mass of grit deposited 31.2 kg. This is equivalent to an addition of silt loading' between 

0.1 g m-2  and 0.34 g m-2. 

3.2.3 Roadside measurements 

3.2.3.1 Particulate matter concentration in air 

To allow quantitative observation of the movement of grit in the direction of traffic 

movement from an initially gritted section abed to an initially ungritted section dcCD, 

particle concentrations in the air at near road-surface level were measured in eight 

particle size channels from 0.75 pm to > 15 pm every minute using four Grimm Model 

1.105 version 5.60E (Fig. 3.5) light scattering particle counters, G1, G2, G3 and G4 

located on the east and west pavements of Gloucester Place , at Sites 1, 2, 3 and 4 

respectively. 

(Source: manufacturer's web site) 

Fig. 3.5: Grimm optical particle counter. 

The monitoring stations were adjacent to but set back from the roadside and reg-

ularly spaced along the source and receiving area (Fig. 3.4 & Table 3.2). The Grimms 

3From Fig. 3.3, the silt size of 75 pan lies somewhat between the two lowest size fractions and 
therefore the silt loading lies between 0.50% and 1.70% of the surface loading. 
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remained stationary in the monitoring position, and were switched on to record mea-

surement for a period of up to 6 hours. The data from the whole experiment., stored to 

each instrument's memory card were quickly downloaded to a laptop loaded with the 

Grimm software, within and immediately after the monitoring period. 

Table 3.2: Grimm locations 

Site Location Grimm 
ID 

Height 
above the 
pavement 

Distance 
from the 
kerb 

1 NVCC ingress Cl 1.50 in 2.55 m 
2 Steps leading up to door of G2 0.45 m 2.60 m 

117 Bickenhall hotel 
3 Steps leading up to door of G3 0.50 m 2.60 m 

8 Bickenhall Mansions 	. 
4 Steps leading up to door of G4 0.45 m 2.80 m 

110 Bickenhall Mansions 

The Grimm uses an optical sensing technique, based on light scattering caused 

by particles entering the unit via a small vacuum pump. For this experiment, the 

instruments, that can be used in a variety of operational modes to record particle 

counts/concentration, were used in the particles per litre (pt L-1) mode. The use of 

optical sensors to measure PI1410  has been the subject of debate, but they provide a 

robust quantitative measurement of the number of particles in the air as a function 

of particle size, especially for particles in the size range 0.5pm to 10p.m which are of 

most interest for road surface emissions. Their portable nature makes them especially 

suitable for assessment of spatial variation in concentrations and changes over short 

periods of time. 

3.2.3.2 Ultrafine particle count 

Two P-Trak Model 8525 and Serial nos. 05021012 and 03021004 butanol supersatu-

ration ultrafine particle counters (Fig. 3.6) P2 and P4, deployed at Site 1 and Site 3 

respectively measuring at 1 Hz, captured time-varying levels of particulate matter in 

the size range 0.02pm to 1pm which is expected to be dominated by exhaust emis- 
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sions4. Depending on the memory of P-Traks, the data were transferred to a computer 

using TR.AKPRO software (NYSERDA, 2002; TSI, 2004). 

A P-Trak is a hand-held portable instrument that measures concentration of ultra-

fine particles in air in units of particles per cubic centimeter (pt cm-3). The instrument 

can record particle counts up to 5 x 10 5  pt cm-3. Particles are drawn through the P-

Trak using a built-in pump. The sampling flow rate is approximately 700 cm3  min-1. 

It is a condensation nuclei counter where, upon entering the instrument, particles pass 

through a saturator tube where they mix with an alcohol vapor. The particle/alcohol 

mixture then passes into a condenser tube where alcohol condenses onto the particles, 

causing them to grow into larger droplets. The droplets then pass through a focused 

laser beam, producing flashes of light which are sensed by a photo-detector. The par-

ticle concentration is determined by counting the light flashes (NYSERDA, 2002; TSI, 

2004). 

1. P-TRAK ultrafine particle counter 
2. Probe assembly. consisting of 

telescoping probe. sample tube. 
and inlet screen assembly 

3. Battery holder 
4. AA alkaline battery 

P-Trak: Theory of operation 

(Source: Manufacturer's website http://www.tsicom) 

Fig. 3.6: Model 8525 P-Trak ultrafine particle counter. 

4Exhaust aerosol is emitted primarily in sub-micron particle sizes centered on particles of 0.1 pm 
to 0.2 kan in diameter (Hildemaxm et al., 1991b). The typical size ranges of diesel exhaust from a bus 
and petrol exhaust from a car are 0.02 p.m to 0.13 pm and 0.04 p.ni to 0.06 pm respectively (Morawska 
et al., 1998; Ristovski et al., 1998). 
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3.2.3.3 CO2  level in roadside air 

Concentrations of CO2  above the local background, attributable to vehicle exhaust 

emissions, were measured every 2 s at Site 3 by infra-red absorption using a battery-

, powered sensor with 1/8 s response time and + 2 % precision. This provided an ad-

ditional indication on the temporal variability of vehicle exhaust concentrations in 

roadside air, along with the P-Trak. Changes in the ratio of dust to ultrafine particles 

and CO2  in roadside air throughout the experiment may therefore be attributed to 

the rise and decay times of dust levels on the road after the deposition of the grit. 

The CO, monitor, chained to a lamp-post 20 cm above ground on the east pavement 

of Gloucester Place, was operated by experts from School of Chemistry, University of 

Bristol, UK. Therefore, the data used in this research were obtained from them. 

The Gascard II plus instrument, used in this experiment (Fig. 3.7), was constructed 

in-house at Bristol University from components supplied by Edinburgh Instruments. 

The standard analogue output of the sensor was modified to provide a digital output 

that enables the CO2  level to be measured and recorded using a computer with a serial 

interface. This CO2  detector is smaller in size than older tuneable IR spectrometers 

(Fig. 3.7). As well as the obvious size and weight differences that increase its portability 

in the field, the new sensor can be powered by batteries. This enables the detectors to 

be discretely placed at the road side whilst not blocking pedestrian access. 

E 
E 
0 0 

  

160 mm 

Printed circuit board of Gascard II 
Plus CO2  detector 

 

New CO2  detector 
	Older tuneable IR spectrometer 

(Source: Henshavv, 2003) 

Fig. 3.7: CO2  detector. 
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The detector specification allows it to measure a concentration between 0 - 2000 ppm;  

a range that covers the limits of atmospheric CO2  (CO, in atmosphere is approximately 

350 ppm). The detector is accurate to + 2 % of the value of the CO, concentration and 

has a temporal resolution of 1/8 s, a resolution that can record short time-scale events 

that would be missed using slower methods. The detector has been fitted with a pump 

that allows the machine to work at its optimum efficiency. The system output data 

goes to a laptop which again is battery powered (Henshaw, 2003). 

Method of detection 

Molecules and atoms absorb and emit radiation. CO2  shows a strong absorption at 

2349 cm-1  (Fig. 3.8). 

3000 	 2000 	 1000 

Waven umber (cm-1) 

(Source: NIST Chemistry WebBook; http://webbook.nist.govichemistry) 

Fig. 3.8: CO2  infra-red spectrum. 

The CO2  detector has an infra-red lamp at one end that emits radiations over a wide 

range of frequencies (Fig. 3.9). A detector at the other end of the cell has a filter placed 

across it. The filter is tuned to allow only radiation of 2349 cm' to pass through it. 

A second path of equal length has the same arrangement as before except that it does 

not have the filter. The difference between the two paths is the amount of light that 

has been absorbed at the frequency at which CO2  absorbs IR radiation. 
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Infrared radiation 	CO, molecules absorb Other molecules do not 
Infrared radiation 	absorb Infrared radiation 

(Source: Henshaw, 2003) 

Fig. 3.9: Non Dispersive Infra Red (NDIR) CO2  sensor: mechanism of 
operation. 

The concentration of the CO2  is calculated using the "Beer Lambert law". 

Il  = e —c1Le 

1-0 
(3.1) 

Where, 

-To 	= intensity of the incident light 

intensity of the transmitted light 

a 	absorption coefficient of CO2  

L 	length of the sample 

c 	concentration of the sample 

With absorption coefficient of CO2  a known quantity, Equation 3.1 allows the concen-

tration of the CO2  to be calculated provided that the length of the cell is known. The 

calculations for this are made inside the machine using its on-board microprocessor. 

The program that stores the data output of the detector uses a binary data format for 

the data. This allows all of the data recorded to take up only 3 MB at full resolution 

for 1 day. 

Calibration of Equipment 

The Grimm, P-Trak, ultrasonic anemometer and CO2  detector were factory calibrated 

before deployment. In addition, the four Grimms were run side-by-side in Gloucester 
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Place immediately at the end of the measurement period to ensure identical particle 

counts within the limit of counting statistics. All data-logging clocks were synchronised 

using Global positioning system (CPS) or radio controlled clocks. Further details of 

the quality control procedures are outlined by Arnold et al. (2004). 

3.2.3.4 Traffic 

Traffic flow on Gloucester Place was measured every 96s by collecting data from 

the SCOOT (Split Cycle and Offset Optimisation Technique) induction loop coun-

ters (Arnold et al., 2004; Hunt et al., 1982; Tate and Bell, 2002), calibrated by local 

manual counts during the days prior to the dust release experiment, and supplemented 

by occasional approximate manual counts of numbers of vehicles passing per traffic 

signal cycle on the day. SCOOT data for this experiment were obtained from Institute 

for Transport Studies (ITS), University of Leeds, UK, who, being one of the experts 

in this area, was responsible for maintaining the network and retrieving data from 

it. These data were further processed to change it to a format that can be used in 

subsequent modelling exercises. 

SCOOT uses a network of inductive loop detectors embedded in the road surface to 

measure basic traffic parameters such as flow and lane occupancy in order to optimise 

the traffic signals and to minimise the delay in response to fluctuating traffic levels. It, 

therefore, is a demand responsive Urban Traffic Control (UTC) System, a platform for 

an on-line integrated traffic monitoring, modelling and management system (Arnold 

et al., 2004; Hunt et al., 1982; Tate and Bell, 2002). SCOOT data are converted to 

usable traffic flow, congestion and queue-length parameters using algorithms developed 

by ITS, University of Leeds (Tate and Bell, 2002). 

3.2.3.5 Meteorology 

Two ultrasonic anemometers, Al and A2 (Gill Scientific Instruments, Research Grade 

3-axis type), were used for this experiment to record wind speed and direction at a 

frequency of 20.83 Hz. A2 was mounted on a 2 m mast on the rooftop of the IVCC 

house at Site 5 to measure the rooftop wind direction arid speed. Road-side sonic 
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anemometer Al, deployed to measure street-level wind conditions, was located on the 

west pavement of Gloucester Place in front of the WCC East door at Site 1 (Fig. 3.4), 

mounted on street furniture using brackets secured by steel band tie. The instrument 

was projected 0.4 in from the street furniture. Data was logged, using FASTCOM, to 

laptops at the base of the supporting mast. Anemometers were powered by batteries 

in boxes secured to the foot of the posts. Alignments were in a direction different 

from the coordinate system used for analysis and hence raw data needed rotation to 

conform to the Cartesian coordinate system used for interpretation of the experimental 

outcome. 

3.2.3.6 Tracer study 

To assist the interpretation of the measurements of the dust tracer after it became 

airborne, simultaneous to the measurements of continuous emissions of fine particles 

and carbon dioxide (CO2) from the vehicle exhaust, gas tracer measurements were 

made in the same area using known releases of sulphur hexafluoride (SF6). Dispersion 

function obtained by tracer method is essentially the ratio of concentration of the tracer 

and the known emission rate of the tracer (Venkatram et al., 1999). Although tracer 

study involves more field logistics than a dispersion model method, it is suggested to 

be more accurate than the latter in representing the dispersion condition (Fitz and 

Bufalino, 2002; Venkatram, 2000). Estimation of emission rates for sulphate (Cadle 

and Chock, 1977) and NOx  (Okamoto et al., 1990) are a few of the earliest cases where 

this method has been used in experiments to estimate emissions from road. Two recent 

studies used tracer method for estimation of P11410  emission from paved and unpaved 

road surfaces (Claiborn et al., 1995; Kantamaneni et al., 1996). 

Tracers are gases or lightweight compounds and an ideal tracer must confirm to 

some criteria such as it must be inert and thus long lived; it should be non-depositing, 

non-toxic and harmless to environment; it should have a low background level and 

therefore, low level of detection; and cost of the tracer and its analysis should be low 

(Lovelock and Ferber, 1982). Over the course of research, many different compounds 

have been used as tracers including fiourescin acid (Bultnyck and Malet, 1972), Zinc 
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Sulphide (ZnS) (Sehmel, 1973), CO2  (Henshaw, 2003) and perfluorometliylcyclohexane 

(C6F11CF3) (PMCH) (Arnold et al., 2004). Spores of lycopodium are probably the 

most unusual material to be used to investigate the air flow; the particular colour of 

the spores was an aid in their detection. Work in the mid 1970's by Pasquill identified 

SF6  as a good candidate for a tracer. It fulfills all of the criteria for a good tracer as 

defined by Lovelock and Ferber (1982) with the exception that it is now in commercial 

use, with output at 85700 tonnes in 1995 (Miass and Brenninkmeijer, 1998). It is also a 

greenhouse gas but only very small quantities are released for tracer studies, although 

rising background levels require larger release than in the past. So their contribution 

to climate change is insignificant. SF6  is detectable at the part per trillion level. 

The tracer study on 26 May 2004 was aimed at investigating near-source dispersion 

(< 100 m). Two independent SF6  releases were performed to estimate the average 

dispersion relation. Each involved the constant flow release of SF6  at point Xi  and 

X2, upwind for the prevailing wind direction along the Gloucester Place , between 

Bickenhall Mansions and the WCC building off the Marylebone Road. A number of 

paired receptors, Si  through S6, were placed at distances away from the source (SF6 

release points) and time integrated samples were taken using Tedlar bags (Fig. 3.4). 

All the sampling stations were located on the street level. Samples were analysed in 

triplicate on site using a Hewlett Packard 6890 Gas Chromatograph (GC) with Electron 

Capture Detection (ECD). A dilution ratio at each of the receptor points was calculated 

and the crossroad gradients were determined. 

The tracer study of the day was carried out under the supervision of experts from 

School of Chemistry, University of Bristol, UK. Consequently, the initial raw data were 

supplied by them which were further analysed to derive dispersion relations applicable 

for this experiment. The tracer study in detail is available elsewhere (Martin et al., 

2004). The salient points are described, in brief, below. 

Tracer release mechanism. 

The release equipment (Fig. 3.10) comprised of a 3 L stainless steel (BRC Rasmussen, 

Oregon, USA) canister filled with a certified 1% SF6  in air mixture (Air Products Ltd., 
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A: Data logger 
B: 3 litre stainless steel canister 
C: Pressure transmitter 
D: Flow controller 
E: 12 volt battery 
F: Solenoid valve 

(Source: Martin, et al., 2004) 

Fig. 3.10: Experimental set up for the release equipment. 

Cheshire, UK). This is connected via a 1/4" stainless steel T-piece to a pressure trans-

mitter on one side and a constant flow controller on the other. The flow release was 

controlled by the use of a MNBS12 Flostat flow controller (Roxspur Measurement and 

Control Ltd., Hampshire, UK). This maintains constant flow when the supply pressure 

is varying and the discharge pressure is relatively constant. The pressure, in the range 

of 0 bar to 5 bar with a precision of 1 millibar or 0.05 % at full scale, is monitored 

by a pressure transmitter (Keller UK Ltd., Dorchester, UK). An in-house data logger 

monitored the pressure and temperature of the release apparatus. The output of the 

flow controller was connected via 1/8" stainless steel tubing to a 12 volt (V) solenoid 

valve (Precision Dynamics, Connecticut, USA). The solenoid is controlled by the use of 

a switch powered by a 12 V/7 ampere hour (AH) battery. The outlet nozzle from the 

release equipment is stainless steel (1/8" OD x 0.085" ID). This gives a typical release 

velocity of 0.45 m s-1  per 100 cm' of gas released. All the components were installed 

in a portable container. 

Sampling and analysis 

Sampling consists of a multiport ladder fitting with solenoid valves, onto which a 

sampling bag is attached. The bags used were 10 L Tedlar bags with a stainless steel 

fitting and have been shown to be non-contaminating for SF6. Sample is drawn in from 

a height of 1.5 in through Nathgal tubing (3 mm ID) (Pnuemax ltd., UK) by using a 

small vacuum pump (Vacuum Pump Manufacturing Co. Ltd, Bucks, UK). This draws 
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in sample at a flow rate of approximately 1 L min-1. The 6 V vacuum pumps are 

powered by 12 V/7 AH batteries through a voltage step-down converter. 

During both releases , 8 minute integrated samples were taken. Before sampling, all 

sampling lines were purged for 2 minutes. The flushing time for the sampling apparatus 

in this configuration is approximately 0.6 s + 0.2 s. This ran in synchronisation with the 

release, which for both experiments occurred over a 10 minute time period. Controller 

boxes, manufactured in-house, were operated by volunteers by switching into purge and 

sample modes at the desired times. Times were dictated by the use of radio-controlled 

clocks. 

The analysis by a Hewlett Packard 6890 GC involved separation of SF6  sample 

from atmospheric oxygen by a 10 in x 0.53 min Ultimetal Column with a 50 m coating 

of Molecular Sieve 5 A and introducing these to the analytical system by a 50 microlitre 

(ul) fixed loop injection. Instrumental parameters are shown in Table 3.3. 

Table 3.3: Instrumental parameters for SF6  analyses 

Parameter 	 Value 

Column flow (N2) 	120 ml min' 
Column temperature 	400 °C 
Detector temperature 	3000 °C 
Detector make up flow 	30 ml min-1  

Tracer calibration 

A 0.90 ppmv SF6  Standard (BOC gases Ltd., Surrey, UK) was spiked with pure ethane 

(BOC gases Ltd., Surrey, UK). The propane concentration was analysed by GC using 

a KC1 modified A1203  Porous Layer Open Tubular (PLOT) 50 m x 0.32 mm x 5 m. 

Detection was by flame ionisation (FID) and calibration was achieved by comparison 

with a 5 alkane certified mixture (Scotty Speciality Gases, PA, USA). A new standard 

value incorporating the volume change was ascertained. This sample was then serially 

diluted using 5.5 zero air (Air Products PLC, Cheshire, UK). The dilution ratio was 

then determined by analysis for propane and comparison with the parent standard. 
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3.2.3.7 Sampling of dust on the road surface 

In order to provide a qualitative assessment of the extent of dispersion around the 

road, dust samples from the road surface were collected into a dustpan by brush-

sweeping a length of 30 cm along the gutter and then transferred into sealable sample 

bags. Samples were taken at 3 time intervals during the monitoring period, from the 

specified sampling points using individual dustpan and brush sets for each sampling 

point. Furthermore, dust from the road surface was collected onto transparent adhesive 

tape (Selotape, "Diamond" brand) and stored in plastic wallets for later examination 

by microscope. All the samples were stored at ambient temperature for future analysis. 

Location of various sampling points are described in Table 3.4. 

Table 3.4: Road surface dust sampling locations 

Sampling location 	 Distance from the 
Gloucester Place 

Crawford Street west 
Crawford Street east 
York Street west 
York Street east 
Bickenhall Street 
Salisbury Place 
Pelican crossing round the cor- 
ner on Marylebone Road (out- 
side the WCC building) 

11.9m 
10.6 m 

9.0 in 
9.0 m 
4.2 m 
8.4 m 

19.9 m 

3.3 	Site 2: Manor .Road 

3.3.1 Site description 

Manor Road, Erith, is a narrow, single-carriageway road running east-west, parallel to 

the south bank of the River Thames. It is situated in the north of the London Borough 

of Bexley in East London and is about 400 in from the south bank of the River Thames. 

The westerly half of the road is residential, with terraced houses immediately adjacent 

to the road providing an opportunity for residents to suffer long-term exposure to air 

pollution emissions from the passing traffic. The easterly half of Manor Road passes 
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through an area of industrial development, including two sites handling cement, one 

metal recycling plant, and a waste transfer station (Fig. 3.11) (Bexley, 2001, 2003). 

Fig. 3.11: Manor Road study area. 

Manor Road is selected for model evaluation purpose because the residential part 

of it is an Air Quality Management Area' (AQMA) where resuspended coarse particles 

from road surface are identified as the main reason behind the non-compliance of the 

Standard (Section 3.3.1.1). The surface of the road is visibly soiled by mud carried 

onto it by traffic exiting from an adjacent waste transfer station, called Erith Group 

Transfer Station (EGTS). It is therefore suspected that this mud, being suspended into 

the air, is the reason for the elevated roadside concentrations of PM10. Selecting it as 

'Section IV of the UK Environment Act 1995 requires local authorities to periodically assess air 
pollution within their area against the UK Air Quality Standards (The standards for P11410 , to be 
achieved by 31 December 2004 are (a) 50 pg M-3  as a 24 hr mean, not to be exceeded more than 35 
times a calender year and (b) 40 itg M-3  as an annual mean with no exceedances.) (Buckingham et al., 
1997; DEFRA, 2000, 2003). Under this Act, where a local authority considers that one or more of the 
air quality objectives are unlikely to be met by the due dates, the authority must declare an (AQMA), 
covering the area where the problem has been identified (AQEG, 2004; DEFRA, 2000; NETCEN, 
2005). On the basis of this guideline, following a 3-stage process of reviewing and assessing local air 
quality in the Bexley Council, it was found that the Council may not meet these Standards in respect 
of PM10  at the residential part of the Manor Road by the target date (DEFRA, 2000). Thus, on 22 
August 2001, the Council declared the residential section of the Manor Road as an AQMA for P1\410  
(Bexley, 2001). 



CHAPTER 3. FIELD SITES AND MEASUREMENTS 	 109 

the second field site, the aim is to test this hypothesis, and to make progress towards 

improved capability in quantifying the rate of emission from this road and similar ones 

elsewhere, including those on which the level of soiling is not as high. 

3.3.1.1 Information available from on-going investigations 

Stage 3 report of review and assessment of air quality in Bexley identified that there 

is about 40 % of the particulate matter that is unaccounted for after taking care of the 

all possible local industrial sources. In 1999, the 90th  percentile of fixed 24 hr mean 

for PM10  at Manor Road was found to be 86.6µg in-3 , an exceedance of air quality 

objective by 73 %. On the other hand, a monitoring site at Slade Green, which measures 

urban background level (Section 3.3.2.2), recorded PI1110  level of 40.3 jig m' , thus 

implying that the excesses of particulate matter were due to local sources at Manor 

Road . Local source apportionment by wind direction showed that TEOM records 

highest P1\410  levels when wind came from the direction between north-east and north-

west and therefore travelled over Manor Road before reaching the monitoring station. 

Air from north-east will also travel across EGTS, a waste recycling and transfer site, 

before reaching the monitoring station. Modelling of PM10  distribution in and around 

Manor Road, carried out using relatively well known exhaust emission factors from the 

UK Atmospheric Emission Inventory (NAEI, 2003), revealed that the 90th  percentile 

of PM10  at Manor Road was 44.5 jig M-3, half the monitored value of 86.6 jig m-3 . 

Thus it suggested that some major sources are missing and indicated that suspension of 

dust from Manor Road to be the most likely source, although local industrial activities 

can also be the reason. Subjective assessment of the area confirmed this hypothesis 

(Bexley, 2001). 

Following this, as a part of stage 4 review and assessment by Bexley Council, sam-

ples of road dust were examined under Scanning Electron Microscope (SEM). The SEM 

examination showed that the composition of air samples collected at Manor Road re-

sembles the chemical composition of road dust samples (Jansz, 2002; Jansz et al., 2004). 

The study also found positive correlation between silt loading and PM10  concentration 

in air. Further, a study by the Environmental Research Group (ERG), King's College 
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London (KCL) compared the spatial and temporal variation of NOx  with PM10  and 

concluded that there is excess P11410  concentration at Manor Road that cannot be at-

tributed to exhaust emission (Bexley, 2003). The effective PMN:iNTOx  ratio at Manor 

Road is over 10 times higher than the average factor at other sites in London (AQEG, 

2004; Fuller and Green, 2004). It also suggested that fixed industrial units operating 

in the area are not significant non-exhaust PI\410  contributors. Close relationship be-

tween non-exhaust PM10 , local exhaust PM10  and their diurnal variation with local 

NOx  suggested that these all originate from traffic along Manor Road. The report 

concluded that suspension and resuspension of material from the road surface is a sig-

nificant source along Manor Road. Table 3.5 gives approximate relative contribution 

of various sources of particulate matter at Manor Road, estimated from a modelling 

exercise during the stage 4 review (Bexley, 2001, 2003). 

Table 3.5: Source contribution of PM10  at Manor Road 

Source 	 Contribution 

Exhaust emissions 	 1.5 %, 
Industrial emissions 	 3.5% 
R.esuspension of road dust 

	
32% 

Urban background 
	

63 % 

The large quantity of data available, and accumulation of evidence in favour of a 

hypothesis that the road is a major source of airborne PM10 , make Manor Road an 

ideal location to try and improve our understanding of the process by which sediment 

moves along a road and becomes entrained into the air during the passage of vehicles. 

3.3.2 Particulate matter concentration in air 

3.3.2.1 PM10  at Manor Road 

A Tapered Element Oscillating Microbalance monitor (TEOM) sampling PM10  is lo-

cated at a distance of 6 In from the kerb on the south side of Manor Road, a few metres 

to the west of the exit from the EGTS, to provide hourly measurements of roadside air 

pollution levels continuously. The equipment is run by the local authority and quality 
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check is carried out by AEA /NETCEN. Frequent heavy goods traffic exiting from the 

waste transfer station turns right and proceeds to the west along Manor Road, past 

the monitoring station and then on through the residential area (Fig. 3.11). 

The TEOM is the most widely used equipment for measurement of airborne par-

ticulate matter in the UK which is capable of operating with a time resolution of, as 

high as, 0.5 s. This technology utilises a hollow tube with the wide end of the tapered 

tube fixed. The narrow end of the tube holds a filter cartridge, and a sample is passed 

through the filter and tube to a flow controller. The tube-filter unit acts as a simple 

harmonic oscillator with its oscillating frequency being a function of filter mass loading 

(Green et al., 2001; Moosmiiller et al., 2001). The system can be calibrated by placing 

a calibration mass on the filter and recording the frequency change due to this mass. 

Air is sampled at 16.7 L min-1  through a USEPA approved PM10  size selective inlet. 

A sample splitter divides the flow, carrying 3 L min-1  to a 16mm Polytetrafluoroethy-

lene (PTFE)-coated quartz filter (AUG, 2004; Green et al., 2001). The sample inlet 

is heated to 50°C to cause evaporation of particle bound water that had condensed at 

the time of sampling. However, this aerosol conditioning leads to undesired losses of 

some volatile compounds i.e., hydrocarbons, nitrates (especially, ammonium nitrate), 

etc. Therefore, the TEOM technique may give lower concentrations than the gravi-

metric methods that are recommended as reference methods for measurement of PM10  

and P1\42.5  in the EU and in USA (Allen et al., 1997; King et al., 2000). The APEG 

report in 1999 concluded that at concentrations around 50 /4 m-3, the TEOM under-

reads between 15 % and 30 % when compared with gravimetric measurements (APEG, 

1999). In order to allow TEOM data to be compared against the air quality objectives, 

a correction factor of 1.3 has been applied as recommended in the Pollution Specific 

Guidance, although several studies indicate that a single correction factor does not 

reflect the site and season specificity (Allen et al., 1997; APEG, 1999; Green et al., 

2001; Salter and Parsons, 1999; Smith et al., 1997) and that correction factors can vary 

depending upon the amount of volatile matter (AQEG, 2004; EPAQS, 1998, 2001). 

'The air quality objectives are based upon measurements carried out using the European reference 
method, a filter-based gravimetric measurement. 
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3.3.2.2 Background PM10  

Monitoring stations that measure urban background pollution level in Bexley area 

are located at Bedonwell, Belvedere, Eltham, Thamesmead and Slade Green, out of 

which Slade Green, located about 1.3 km south of Manor Road, is the closest one to 

Manor Road. Therefore monitoring data of this station is used as background level for 

Manor Road. The monitoring station is located within a self-contained, air conditioned 

housing located approximately 40 m from the nearest road in a suburban background 

setting. The surrounding area, is generally open.and comprises residential dwellings and 

gardens. The manifold inlet is approximately 3 in above ground level. It is measuring 

03, CO, SO2, PM10  and NOx  at 15 minute intervals since 1 May 1997. This monitoring 

site is a part of the UK Automatic Urban and Rural Network (UKAURN) (NETCEN, 

2005; Stanger, 2005). Like the P11410  measurement at Manor Road, a correction factor 

of 1.3 has been applied to convert TEOM concentration to equivalent gravimetric 

concentration. 

Quality assuarance/Quality control(QA/QC) 

Day to day operation of the sites, bi-weekly site visits to undertake replacement of 

filters, zero and span checks and review of operation of equipment are undertaken by 

Bexley council staff trained for this operation. Independent data checking, adjustment 

and quality control checking are undertaken by the ERG, KCL. Additional independent 

quality assurance and control is undertaken by AEA/NETCEN. Half-yearly, staff from 

National Physical Laboratory (NPL) visit the site to carry out further independent 

audits of analysers and equipment (Bexley, 2003). 

3.3.3 Traffic 

From the average hourly NO„ measurement for a week, obtained from a study con-

ducted by ERG, KCL for a 3 -month period from 6 July 2001 to 18 October 2001 

and hourly traffic count and composition for a single day, obtained from Babtie Group 

traffic survey on 24 -25 July 2001 at Manor Road (Bexley, 2003), average hourly traffic 

flow on Manor Road for a week was estimated and the same weekly pattern has been 
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assumed for the whole modelling period. 

Fig. 3.12: Simplified diagram of traffic flow on Manor Road. 

Vehicles from EGTS enter Manor Road at the industrial end of it from where a 

few vehicles move east towards Slade Green and the majority move west towards the 

residential end of the Manor Road (Fig. 3.12). Method similar to that of Manor Road is 

followed for estimating the vehicle count from EGTS to Manor Road except that, while 

NO study was available to extrapolate the traffic flow pattern on Manor Road for a 

week, no such study was available for vehicles coming from EGTS. So it is assumed 

that the same pattern of flow is maintained throughout all weekdays. On weekends, 

the EGTS operates between 8:00 and 13:00 and traffic flow for this period is assumed 

same as that of corresponding periods for the weekdays. 

3.3.4 Road surface loading 

Available data on road surface loading, generated from road dust samples collected 

and size-segregated by Jansz (2002) as a part of her MSc. fieldwork, have further 

been analysed and used in this research. Briefly, it involved collection of samples 

between 11:30 and 12:30 on Saturdays for five consecutive weeks beginning on 29 

June 2002 and ending on 27 July 2002. On all days, samples were collected from 

a 500 mm x 1000 mm section of the road at the industrial end outside the TEOM 
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monitoring station (Fig. 3.12). On last two Saturdays, samples were also collected 

from the residential end of the road, located at about 180 m west of the first sampling 

point. In addition to usual dry vacuuming method, wet vacuuming methods were used 

which involved spraying of deionised water onto the road surface and collection using 

an industrial wet vacuum cleaner (Jansz et al., 2004). The wet vacuuming technique 

is believed to be much more efficient than dry vacuuming at collecting the smaller 

size of particles from the road which, if become airborne, likely to contribute to PME)  

emissions (Deletic and Orr, 2005). Samples on the first four weeks were collected at each 

point at the industrial end from 3 adjacent positions representing three different tyre 

tracks and the average was calculated. Further, at one position, a second vacuuming 

was carried out to find out the vacuuming efficiency and to apply necessary corrections 

to road surface loading. Sample analysis consisted of estimating different size fractions 

following the basic protocol of separating, drying and weighing. Particulate matters 

were separated into five size groups: coarse (> 425µm), medium coarse (150 pm to 

425 pm), medium fine (63µm to 150µm), fine (< 63 pm) and PIVIK, (< 10 pm). The 

first four size fractions were separated by sieving while the P1\110  fractions are the 

materials that were left over the filter (Jansz, 2002). 

3.3.5 Meteorology and Dispersion condition 

A dispersion function that relates emission rate with air concentration can be obtained 

by any of the following three methods: mass balance method, dispersion model method 

and tracer methods (Fitz and Bufalino, 2002; Lohmeyer et al., 2002; Venkatram, 2000). 

Considering accuracy and field logistics, dispersion model method is suggested to be 

a compromise between mass balance method and tracer experiments (Fitz and Bu-

falino, 2002; Venkatram, 2000). A dispersion model is a mathematical description of 

the transport and dispersion process of airborne materials due to interplay of meteo-

rological parameters during a particular period and for a particular emission inventory 

(Painter, 1974). The standard models for estimating the time and spatial distribution 

of point sources of contamination in the atmosphere are the Gaussian statistical solu-

tions of the atmospheric diffusion equation. These models are obtained from solution 
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of the classical differential equation for time-dependent diffusion in three dimensions. 

Pasquill (1961) has discussed the physical basis, analytical solutions, and the use of 

these equations. Turner (1970) and Hanna et al. (1982) have compiled workbooks on 

applications of these solutions to air pollution problems, including the application of 

the Gaussian models to area and line sources. 

Atmospheric Dispersion Modelling System (ADMS) Urban version 1.6 (ADMS, 

2000) is used to derive the dispersion function at Manor Road because of its easy ac-

cessibility and familiarity. The model has been developed by Cambridge Environmental 

Research Consultants (CERC), UK, to simulate the dispersion of a wide range of buoy-

ant and passive releases to atmosphere. The atmospheric dispersion algorithms used 

by the model are based on current understanding of the atmospheric boundary layer. 

A Gaussian distribution is used to model vertical concentrations in the plume under 

neutral or stable atmospheric conditions, while a skewed Gaussian distribution is used 

for convective conditions. Horizontal concentrations are modelled using a standard 

Gaussian distribution. Plume spread is calculated using local boundary layer variables 

(ADMS, 2000). The model has been validated against field data from a number of sites 

in the UK and elsewhere and is used extensively in the UK. The model contains a set 

of predefined chemical species such as SO2, NO2, CO, PMio  and NOx  with the option 

of user adding more substances. Averaging time can be 15 minute, 1 hour, 8 hours, 

1 day or 1 year. It can take care of point, line, area and volume sources. Five sets of 

parameters that are required as inputs to the model are set up details (site details and 

modelling options), sources details (source types, source locations, source dimensions 

and release conditions), meteorology (wind speed, wind direction, temperature, solar 

radiation and cloud cover), grids (type and size of grids for spatial output data) and 

outputs (output options). 

Temperature, wind speed and wind direction data are taken from the measurement 

carried out at Manor Road. Solar radiation and cloud cover data for Greenwich obser-

vatory, the nearest place to Manor Road for which such data are available, obtained 

from the British Atmospheric Data Centre (BADC7) website, were used. 

TBADC is the UK Natural Environment Research Council's (NERC) designated data centre for 



CHAPTER 3. FIELD SITES AND MEASUREMENTS 
	

116 

3.4 Summary 

Table 3.6 presents a. comparison between the two sites. 

Table 3.6: Comparison between field sites 

Parameters 	Gloucester Place 	 Manor Road 

Legislative in-
terpretation 

Street geome-
try 

Road surface 
condition 

Source origin 

Source area 

Traffic 

Measurements 

Surface mate-
rial loading 

Particulate 
matter level 

Traffic 

Meteorology 

Dispersion re-
lation 

PMio  level is high 

Street canyon 

Paved and well-maintained 

Exhaust and non-exhaust 
emission plus short. period 
initial gritting 

A gritted road segment of 
known dimension 

High traffic flow rate, pro-
portion of heavy-duty vehi-
cles is 10 % 

Amount is known from cal-
ibration of gritting lorry 

Grimm and P-Trak 

SCOOT data and manual 
traffic count 

Data is generated at site by 
using ultrasonic anemome-
ters 

Obtained from SF6  tracer 
study and CO, emission fac-
tor 

An AQMA for PMio 

Flat terrain on industrial end; 
residential end is a street canyon 

Paved, but poorly maintained; 
visible pot-holes on road surface 

Exhaust and non-exhaust emis-
sion plus continuous input of ma-
terial from EGTS 

A road segment of known dimen-
sion to which significant amount 
of material is added from EGTS 

Low traffic flow rate, proportion 
of heavy-duty vehicles is 17 % 

Amount is estimated from dry 
and wet vacuuming 

TEOM 

Manual traffic count 

Some data are generated at site 
and the rest are taken from 
BADC website 

Estimated using ADMS 

the atmospheric sciences (BADC, 2003). 



Chapter 4 

Results of field measurements 

4.1 Site 1: Gloucester Place 

4.1.1 General condition 

At the start of experiment, the sky was slightly overcast. With brief sunny spells, the 

weather stayed dry until shortly after the experiment was finished. At the roof level, 

the predominant wind direction was from East, varying between NE and SE (across 

the Gloucester Place from the East to the West) with the mean wind direction of 174° 

(Fig. 4.1a). Wind directions at street level, measured close to the facade of WCC, were 

largely from South (mean wind direction of 91°), a channelled flow along Gloucester 

Place in the direction of traffic flow (Fig. 4.1b). The highest wind speed recorded at 

the roof level was 8 m s-1. However, most of the times it varied between 0 and 4 m 

s-1  (Fig. 4.1c). The mean, mode and 90th  percentile of the roof-level wind speed were 

1.8m s-1, 1.4m s' and 3.2 m s-1  respectively. The corresponding values for street- 

level wind speed were 1.6 m 	1.6m s-1  and 2.6m s-1. The highest speed recorded 

at street level was 5.5 m s-1. Most of the time the street-level wind speed varied 

between 0 and 3 in s' (Fig. 4.1d). Wind speed at street-level was intermittent and 

was characterised by periods of low speed, especially when the traffic wasn't moving. 

On average street-level wind speed was 70 % of the roof-level wind speed. 
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Fig. 4.1: Wind directions and speeds at Gloucester Place: (a) Wind direc-
tion at roof level; (b) Wind direction at street level (Arrow indicates mean 
wind direction. See Fig. 3.4 for orientation of u along 0° and v along 90°); 
(c) Wind speed at roof level; and (d) Wind speed at street level. 

4.1.2 Traffic 

Traffic on Gloucester Place consisted of a combination of motor cycles, cars, taxis, 

light goods vehicles (LGVs), heavy goods vehicles (HGVs), buses and coaches. The 

average traffic flow was 4800 vehicles per hour (i.e., 1600 per lane), buses/coaches and 

HGVs having a share of 10% of the total flow. Hourly traffic flow and average traffic 

composition are presented in Fig. 4.2. Traffic flow was not continuous because of two 

traffic lights, marked by letter L in Fig. 3.4, that influenced the flow of traffic within 

the experimental site. The average durations of the traffic lights were 42 s of green 

phase and 47 s of red phase. 
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Fig. 4.2: Traffic at Gloucester Place: (a) Traffic flow rate; and (b) Traffic 
composition. 

4.1.3 SF6  tracer release 

The first release of SF6  took place at X1, between 11:47 and 11:59 (Fig. 3.4). Bag 

samples were collected at each of the marked sampler positions (S1, S2, S3  and S4 ), on 

either side of the road, between 11:49 and 11:57 (i.e., an 8 min integrated sample). The 

second release of SF6  took place at X2 , between 15:05 and 15:17, and samples were 

collected at Si , S2 , S3 , S4 , S5  and S6, between 15:07 and 15:15 (i.e., an 8 min integrated 

sample). The release profiles are shown in Fig. 4.3. 

The pressure drop across the release equipment corresponds to the amount of 1% 

SF6  released over the integrated release period of 12 min. The pressure drop recorded 
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(a) 
	

(b) 

Time 	 Time 

Fig. 4.3: Tracer release profiles: (a) First tracer release; and (b) Second 
tracer release. 

across the 3000 ml release equipment was 1394 millibar for the first tracer release and 

1406 millibar for the second tracer release (Fig. 4.3). At 20°C, the molar volume is 

24.04 L. Molecular weight of SF6  is 149.05. This equates to a release rate of 349 ml 

min-1  or 2.09 x 10-4  kg s-1  at 20°C for the first tracer release and 352 ml min-1  or 

2.11 x 10-4  kg s-1  at 20°C for the second tracer release, calculated using Equation 4.1. 

Q  = 	Vin 	Ct 	(I) v 
60 x 103  x 103)f 	tr  

(4.1) 

\\There, 

p 	= pressure drop in release equipment (bar) 

v 	= volume of release equipment (m1) 

tr 	= tracer release time (min) 

Q 	= SF6  release rate at 20°C (kg s-1) 

14,1  = molar volume at 20°C (L) 

= molecular weight of SF6  

Ct  = % concentration of SF6  measured at locations S1 through S6 

The results of tracer releases are summarised in Table 4.1. 
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Table 4.1: Results of tracer releases 

Tracer release 1 

Sampling 
position 

Ct  (kg m-3) Q (kg s-') t   (m-3  s) 

S1  4.80 x 10-10  2.09 x 10-4  2.30 x 10-6  
S2 6.65 x 10-9  2.09 x 10-4  3.18 x 10-5  
S3 2.68 x 10-9  2.09 x 10-4  1.28 x 10-5  
S4 9.22 x 10-8  2.09 x 10-4  4.41 x 10-4  

Tracer release 2 

Sampling 
position 

Ct  (kg in-3) Q (kg s-') rt= c2 	111 ( 	 3s) 

S1 1.21 x 10-9  2.11 x 10-4  5.73 x 10-6  
S2 3.17 x 10-9  2.11 x 10-4  1.50 x 10-5  
S3 3.85 x 10-9  2.11 x 10-4  1.82 x 10-5  
S4 4.41 x 10-9  2.11 x 10-4  2.09 x 10-5  
S5  7.64 x 10-9  2.11 x 10-4  3.62 x 10-5  
S6 1.10 x 10-9  2.11 x 10-4  5.21 x 10-6  

The tracer measurements provide values of the dispersion relation between point 

source emissions and six point receptors. Assuming the dispersion over a 12-minute 

average is similar for parallel source-receptor vectors within a distance of about 10m of 

the measured source-receptor positions, source-receptor relationships can be mapped 

for unit emission as a function of distance and direction, by interpolation between 

the six measured source-receptor vectors. The assumption of similar dispersion along 

parallel vectors is reasonable in this case because of the small angle between the wind 

direction and the orientation of the street. Integration of the resulting map then gives 

the contribution of an area source to concentrations at a single receptor. 

The SF6  measurements show that the majority of the concentration above }Jack-

al-mind levels can be attributed to emissions within a distance of 5 m of each roadside b • 

measurement location (Fig. 4.4). Considering homogeneous area sources, Equation 4.2 

has been used to estimate dispersion relation: 

=fi t  dA 	 (4.2) 

Where, 
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Fig. 4.4: Location of source area contributing to elevated particle concen-
tration in air sampled by Grimm monitors. 

dispersion coefficient i.e., ratio between emission from a section of a 

road and concentration at the receptor (m-1  s) 

rt 	concentration-emission ratio obtained from the tracer release (rn-3  s) 

A 	= source area (i.e., area of a section of a road, emissions from which 

contribute to the receptor) (m2 ) 

The estimates show that the dispersion conditions on both occasions of tracer release 

were riot the same. For the first tracer release, x values are 6.0 x 10-2 	s and 

7.1 x 10-2  m' s for receptors at Site 1 and Site 3 respectively. For the second release, 

the x values are 5.7 x 10-3  rri s and 7.2 x 10-3  m-1  s for receptors at Site 1 and 

Site 3 respectively. It suggests that dilution of pollutants in air was 10 times greater 

during the second tracer release than the first one. This localised dispersion pattern is 

dictated by combined influence of flow of wind in street (which, in effect, is influenced 
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by the building geometry on both side of the street) and turbulence generated from 

traffic movement. 

The dispersion relations derived from SF6  tracer release measurements are found 

to be consistent with the one estimated from traffic data and expected emissions 

of carbon dioxide (CO2), estimated by using CO2  emission factor from the National 

Atmospheric Emissions Inventory (NAEI) database (http://www.naei.org.uk). The 

observed difference between the two is smaller for the second gas tracer release than 

the first. We, therefore, decided to use the dispersion coefficient obtained from second 

tracer release in subsequent calculations. Wind direction, tracer release point and 

location of receptor suggest that, out of the two x values obtained for two receptors 

during second tracer release, the one between X2 and G1 (x = 5.7 x 10' m-1  s) is the 

appropriate one. 

4.1.4 Qualitative observations of grit movement 

The following on-field qualitative observations were made during the experiment: 

1. The dust clearly moved in a way that was broadly similar to that expected in 

designing the experiment, but with some surprises. The initial movement was 

much faster than expected, followed by a slower decay and final accumulation of 

mostly coarser material along the east side of the carriageway. The dust provided 

visualisation of the large but very localised effect of bus exhaust gas exit velocity. 

2. A visible plume of dust followed the vehicle. After about an hour, clear build-up 

of particulate at the edge of the road and deposition of grit on the pavements 

were seen. After one and half hours, no appreciable grit on road surface was seen, 

indicating most of resuspendible grit being removed by that time from the road 

surface. This was also corroborated by the fact that no visual plume was now 

seen after any light vehicle pass. 

3. However when the buses and coaches passed over the gritted segment, visible 

plumes were still observed. This may be the grit locked within the interstices 
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on the road surfaces which were difficult to entrain into the air due to small 

turbulence created by the movement of light vehicles, but got entrained into the 

air by the movement of vehicles with more turbulent vehicle wake coupled with 

greater disturbance of the road surface by the weight of the vehicle. Similar 

observations have been reported from earlier studies (AUG, 2004; Nicholson 

and Branson, 1990; Sehmel, 1973, 1976b). Larger vehicles also had tyre tracks 

closer to the kerb where accumulation of dust was most persistent and therefore, 

suspended this more frequently. 

4. After about three hours, the road surface appeared clean, except for a small sand 

dune like feature along the windward facing kerb indicating a process that caused 

flow of grit across the road. 

4.1.5 Roadside observation of exhaust and non-exhaust emis-

sions 

Fig. 4.5 shows the variability in wind speed and traffic flow compared with variability 

in roadside CO2  and fine particle concentrations that are expected to be associated 

with exhaust emissions. Only the particles 0.75 pm to 1 pm measured in the smallest 

size channel of the Grimm show a response albeit weak to the application of grit at 

11:15 (Fig. 4.5d). 



(b) 

	

8000 	 

6000 

>▪ • 4000 

2000 

	

0 	 
LU 

O 
O 

• LL) 	t•••• 
CV CI' 0 

61 61 61 
O 	N 	 1•••• 
CO 	10 	••••-•M 	Lf) 
eO é') 4 4 4 

CO CO 
• C') 

CHAPTER 4. RESULTS OF FIELD MEASUREMENTS 	 125 

(a) 

Time 
(c) 

	

3000 	  
• 2500 	  

	

0.E 2000 	  

	

CL  1500 	  

	

0 500 	LLAJ.13ttlid 
6,  -moo - 	 

   

  

  

  

  

CI 	 r• 	0 	N 	`c;1- 	CD 	Cr) 
N 	 0 CO U) 	 CO U) 
e.; e.; 	 4 4 4 

4000 

3000 — 

2000 

1000 

0 

Time 

CO 
	co 	 'Cl• 

	
rn 

CO 
	

1— • CO 
	

LC) 
O 
	 C‘.1 c;i 

	
4 4 

Time 

Fig. 4.5: (a) Wind speed; (b) Traffic flow rate; (c) CO2  concentration; and 
(d) Concentration of PM°  75_1. 

Fig. 4.6 shows in more detail a. period of time when the P-Trak, Grimm and CO2 

monitors were all working simultaneously, indicating how it is difficult to relate in-

dividual peaks to specific wind speed or traffic flow changes, but that the generally 

homogeneous noise in the data are all similar when the different averaging times of the 

various measurements are taken into account. 
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Fig. 4.6: (a) Traffic and CO2; (b) Traffic and ultrafine particles; and (c) 
Traffic and P1140.75-1. 

Fig. 4.7 shows that the progressively coarser particle size fractions counted in the 

higher channels of the Grimm monitor show a very different pattern, with increasing 

response to the gritting event with increasing particle size. Most significantly, immedi-

ately after gritting, the levels of particles in air at Site 2 increased as follows: 0.75 pm 

to 1µm by a factor of 1.5, 1µm to 2 pm by a factor of 1.5, 2 pm to 3.5 pm by a factor 

of 2.5, 3.5 pm to 5 pm by a factor of 6.5, 5pm to 7.5 pm by a factor of 9, 7.5 pm to 

10 pm by a factor of 13, 10 pm to 15 pin by a factor of 15 and >15 pin by a factor of 30. 

After some time, it was observed that grit had moved along the road in the direction 

of traffic. The leading edge c-d had moved to a new position C-D, relatively more 
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distance than the movement of trailing edge, which moved from a-b to A-B (Fig. 3.4). 

Irrespective of particle sizes, the particulate matter level at Site 2 had come down to 

its pregritting level within the period of experiment. However, varying rates of decay 

for different particle sizes are observed. Particulate matter larger than 2 pm follows an 

exponential decay pattern (Figs. 4.7b, c, d, e & f). For very fine particles up to 2 pm, 

no clear decay pattern is observed at Site 2. However, for particles of this size range, 

differences in patterns between Site 1 and Site 2 are observed. While at Site 2, the 

particulate matter level came down to pregritting level within 2.5 hours, at Site 1, they 

were at a level higher than the pregritting level by a factor of 2 to 2.5 until the end of 

the experiment at 15:40 (Figs. 4.5d & 4.7a). This indicates addition of fine particles to 

road surface at Site 1 due to grinding of material by traffic as the material moves along 

the road from the gritted site to the ungritted site. With increase of particle size, the 

ratio of first peak particulate matter levels immediately after gritting at Site 1 and Site 

2 decreases from > 1 to < 1, indicating little contribution of grinding to particles larger 

than 7.5 pm. These observations are from G1 and G2, following instrument failure 

of G3 and G4, although the measurements of ultrafine particles at Site 1 and Site 3 

suggest concentration of G3 and G4 may be a factor of 2 to 5 higher than G1 and G2 

respectively. 
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There was also a rise in background levels of mainly PIV12.5  fraction in the latter 
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part of the experiment that is largely obscured by the local exhaust contribution to the 

finest particles (Fig. 4.5d) but seen most clearly in the 1 pm to 3.5 pm range (Figs. 4.7a 

& b), consistent with data from two nearby London urban background monitoring sites 

(Fig. 4.8). 

4.1.5.1 Roadside and background PM10  concentration in air 

Time Time 

0 0 8 0 8 0 0 	 (,) 0 0 0 0 0 
6 4 4 6 6 6 6 n 

0 0 0 
9 co 

Time Time 

Fig. 4.9: (a) PM10  level at the gritted site; (b) PM10  level at the ungritted 
site; (c) 12-minute averaged PM10  level at the gritted site; and (d) 12-minute 
averaged PM10  level at the ungritted site. 

In order to relate the mass of the material on road surface with the roadside mea-

surement of particulate matter concentration and also to evaluate the performance of 

the model developed in Chapter 5, measured particle number concentration need to 

be converted to gravimetric units. For this, assumptions for "average diameter" and 

"effective density" of particle for each size are necessary. Median size of each particle 

size range is assumed as the average diameter for the particles in that size range; i.e., 



CHAPTER 4. RESULTS OF FIELD MEASUREMENTS 	 130 

average diameters of 0.87pm, 1.5 pm, 2.75 pm, 4.25 pm, 6.25 pin and 8.75 inT1 for par-

ticles with size 0.75 pm to 1 pm, 1 pm to 2 pm, 2 pm to 3.5 pm, 3.5 pm to 5 pm , 5 pm 

to 7.5 pm and 7.5pm to 10 pm respectively. Effective density of the particle depends 

on particle composition and shape. Assuming spherical particles with effective density 

of 1 x 106  g m-3, an assumption similar to that made during earlier experiments of this 

nature (Nicholson and Branson, 1990; Nicholson, 1993), the PM10  levels in gravimetric 

units at Site 1 and Site 2 are presented in Fig. 4.9. 

Figs. 4.9a & b show the variation of PM10  in each minute. The 12-minute averaged 

PM10  time-series, shown in Figs. 4.9c & d, are generated to compare it with the model 

output that is obtained by using a 12-minute averaged dispersion relation obtained 

from tracer study (Section 4.1.3). The rise of P1\410  levels from 13:54 until about the 

end of the experiment duration is caused by the rise of background level, discussed 

earlier in Section 4.1.5. 

Data from two nearby London urban background monitoring sites (London Brent 

and London Bloomsbury) show that the PM10  levels at these sites are higher than the 

local background PM10  at Gloucester Place (Fig. 4.8). Therefore the lowest pre-gritting 

PM10  level of about 10µg rri-3  (Figs. 4.9a & b) is considered as the background level 

for Gloucester Place. 

4.1.5.2 Particulate matter decay rate 

From the tracer study it is observed that material on road surface within about 5 m 

of each roadside measurement location contributes to the majority of the concentra-

tion above the background levels (Section 4.1.3). Therefore assuming the excess air-

borne concentration at a location is proportional to the mass of the material on the 

road surface within about 5 rn of each roadside measurement location, the exponen-

tial decay pattern of airborne particulate matter larger than 2 pm, discussed earlier 

in Section 4.1.5, can equally be applicable for the material decay on the road surface. 

Therefore the material decay on the road surface can be expressed as follows: 

(To)iii = 171.o 
	 (4.3) 
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Where, 

flit  

MO 

To 

amount of material on road at time t, (g) 

amount of material on road at the end of the gritting (g) 

time taken for the material on the road to decay by a factor of e-1  (s) 

It takes about an hour from the end of gritting for airborne particles with size 

>15,am to come down to its pregritting level. This time increases with decreasing 

particle size until particles with size 2 [GM to 3.5 fim taking about 1 hour and 30 minutes 

(Fig. 4.10a). Therefore, the rate of decay increases with increasing size of particulate 

matter ; To  decreases from 15 minutes for 2 Am to 3.5 pin particles to 9 minutes for 

>15 pm particles (Fig. 4.10b). 

(a) 
1000.0 

100.0 - - -2 -3.5 pm 
- —3.5 -5 pm 

— - - 5 -7.5 pm 
— — 7.5 -10 pm 
	1 0 -1 5 pm 

>15 pm 

0.1 
<7i ry 

Tim e 

2 - 3.5 	3.5 - 5 	5 - 7.5 	7.5 -10 	10 -15 	>15 

Particle size ( pm ) 

Fig. 4.10: (a) Decay of particulate matter level as a function of time; and 
(b) Decay time as a function of particle size. 
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4.1.6 Movement of material along the road 

Fig. 4.11: Arrival times of airborne particulate matter downstream of ini-
tially gritted section of road. 

Fig. 4.11 shows that, irrespective of particle sizes, the pattern of material movement 

along the road, during the first 30 minutes after gritting, was similar. Although gritting 

was over by 11:20, particulate matter levels recorded by both G2 and Cl were on 

the decline or at same general level until 11:24, suggesting no effect of gritting on 

particulate matter level at road side air until that time. Most of this delay is expected 

since the gritting was carried out during a point in the traffic signal sequence where 

only a few vehicles were travelling along Gloucester Place . At 11:24, G2 recorded a 

sharp rise of particulate matter level while particulate matter level at Site 1 was yet 

to be influenced by gritting. This indicates that it took less than 4 minutes for the 

grit to become airborne and reach the pavement right across the gritted area. It is 

likely that air emissions of grit commenced earlier but wind at that point of time was 

blowing away from the receptor causing some of this delay to happen. With a time 



CHAPTER 4. RESULTS OF FIELD MEASUREMENTS 	 133 

delay of about 1 minute, at 11:25, the effect of gritting was seen at Site 1 and at the 

same time the particulate matter level at Site 2 reached its maximum. Then, for the 

next 15 minutes since the first arrival of grit at Site 1, there followed a period of rapid 

material transfer along the road from gritted section (abed) to an initially ungritted 

section (dcCD), between Salisbury Place and Marylebone Road, along the direction 

of traffic movement. At about 11:38, the particulate matter level of G1 exceeded the 

general particulate matter level of G2, thus indicating that much of material has now 

moved from an initially gritted section (abed) and that material on the road in the 

new section (dcCD) is more than that of initially gritted section (abed). 

4.2 Site 2: anor Road 

4.2.1 Meteorology 

During the study period of 9 weeks between 10 June 2002 and 10 August 2002', the 

highest wind speed on Manor Road was 5.2 m s-1. However, most of the time it varied 

between 1 m s-1  and 3 m 	(Fig. 4.12a). The mean, mode and 90th  percentile of 

the wind speed were 2 m s-1, 1.8 in s-1  and 3.4 m s-1  respectively. The predominant 

wind direction at Manor Road was from south-west (Fig. 4.12b). Events of rain are 

recorded in first, second, fourth, fifth, seventh, eighth and last weeks of the study period 

(Fig. 4.12d). The rainfall rate increased from the first week until the penultimate week 

which recorded highest rainfall of 11.8 mm h-1. Effect of rainfall on reduction of 1311410  

is evident from Figs. 4.12d & e. 

'Study period includes 3 weeks before and 1 week after the 5-week period for which the data on 
surface material loading are available from a previous study. 
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Date in 2002 ( tick marks at 00:00 Sunday morning ) 
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Fig. 4.12: Meteorology and PMio  at Manor Road: (a) Wind speed; (b) Wind 
direction (Arrow indicates mean wind direction); (c) Dispersion condition; 
(d) Rainfall; (e) PMio  at Manor Road; and (f) Background PMio  for Manor 
Road . 

4.2.2 Dispersion relation 

The dispersion coefficient is estimated from ADMS for each hour of the period studied. 

Data on solar radiation and cloud cover are unavailable for the model simulation period 

and in absence of this, cloud cover value is taken as 8 i.e., the sky is assumed to be 

completely covered with cloud and solar radiation playing no role in dispersion. So 

the dispersion process is largely influenced by local wind and associated atmospheric 

turbulence. There are no high buildings at the roadside at: the industrial end of the 

road where the TEOM is located. Therefore a flat terrain is assumed for road geometry. 

Receptor height for ADMS is 3 m, same as the height of measuring probe of the TEOM. 

The highest estimated dispersion coefficient value was 1.8 x 10' ni-2  h. However, 
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on many occasions it was less than 4 x 10-5 m-2  h (Fig. 4.12c) with mean of 1.3 x 

10-5  111-2  h and 90th  percentile of 3.3 x 10-5 m-2  h. Association of high wind speed 

with low dispersion coefficient (indicating high dispersion) and low PM 10  level shows 

the consistency of the meteorological and P11410  data. (Figs. 4.12a, c & e). 

4.2.3 Particulate matter concentration in air 

The 90th  percentile of hourly PM10  at Manor Road was 1.8 times the limit value of 

50 µg in' prescribed in the UK Air Quality Standard (Fig. 4.12e). The highest level 

of P11410  recorded during the study duration was 28511g m-3 . On 22 % occasions the 

PM10  level exceeded the limit value 50 pg m-3. This is equivalent to 47 exceedances in a 

9-week period for which this study is conducted as against the permissible exceedances 

of 35 exceedances a calender year. In spite of the background level of PM10  recorded 

as high as 107 ug m-3, the 95th  percentile of hourly PM10  was within the limit of 50 pg 

m-3  (Fig. 4.12f). 

4.2.4 Traffic 

On a day, typically, 12000 vehicles travel on Manor Road. Hourly traffic flow for a week 

along half the carriageway of Manor Road, for which the modelling exercise is carried 

out, shows that traffic on Friday is the highest among all days (Fig. 4.13a). On each 

day a morning peak at 8:00 and an evening peak at 17:00 are observed. Traffic flow 

from EGTS to Manor Road is presented in Fig. 4.13b. On average 118 vehicles enter 

Manor Road from EGTS on a weekday, out of which 103 HGVs loaded with waste 

material move west towards Erith arid 15 vehicles travel east towards Slade Green. 

On weekends, 51 HGVs carry waste towards Erith during the limited opening time 

of EGTS between 8:00 and 13:00. The HGVs comprise 17 % of the traffic on Manor 

Road (Fig. 4.13c). 
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Fig. 4.13: (a) Traffic flow on Manor Road towards Erith; (b) Traffic flow 
from EGTS to Manor Road; and (c) Traffic composition on Manor Road. 

4.2.5 Road surface loading 

Mass obtained from first vacuuming ( g) 	 Mass obtained from first vacuuming ( g ) 

Fig. 4.14: Vacuuming efficiency of particles < 63 /cm at Manor Road : (a) 
Sampling location at industrial end; and (b) Sampling location at residential 
end. 
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Surface loadings, after correction for second vacuuming, from a road segment of 0.5 m2  

(Section 3.3.4) were obtained from an earlier study (Jansz, 2002). Out of the different 

size fractions to which the samples were segregated, particles below the size of 63 pm 

are assumed to contribute to PMio  emissions. This size is a little smaller than EPA 

defined silt size of 75 pm that is assumed to be proportional to PMio  emissions. With 

little knowledge of how grinding action by traffic changes the size of particles, this 

assumption appears to be reasonable. The second vacuuming accounts for 19 % and 

29 % of additional mass for particles below the size of 63 pm at industrial and residential 

ends respectively (Fig. 4.14). 

Table 4.2: Surface loading and silt loading on Manor Road 

Date Location 
Surface 
loading 
(g m-2) 

Silt 	loading 
(g rir 2 ) 

Silt loading 
Surface loading 

29 June 2002 Industrial end 304.8 84.1 0.28 
06 July 2002 Industrial end 369.2 103.2 0.28 
13 July 2002 Industrial end 245.0 34.7 0.14 
20 July 2002 Industrial end 297.6 65.6 0.22 

Residential end 82.6 15.2 0.18 
27 July 2002 Industrial end 253.6 57.5 0.23 

Residential end 60.2 8.8 0.15 

The surface loading and silt loading after correction for second vacuuming are mul-

tiplied by 2 to estimate their values for a road segment of 1 m2. Estimates of surface 

loading and silt loading are presented in Table 4.2. The estimates show that on average 

the silt loading is 0.23 times and 0.16 times of the surface loading at the industrial end 

and at the residential end respectively. 

4.3 Quantitative analysis of dust movement 

In this section various parameters that describe the particle movement and emission 

processes and, therefore, account for the results summarised in Sections 4.1.4, 4.1.5 

Sz, 4.1.6, have been estimated. The quantitative analysis is done prior to modelling 

only on Gloucester Place, since quantitative analysis on Manor Road had already been 
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carried out in previous works (Section 3:3.1.1). 

4.3.1 Flux along the road 

Section 4.1.6 suggests that there exists a process of material movement along the road 

that has caused material to move from the gritted section to the initially ungritted 

section in the direction of traffic. Visual observation indicates involvement of two 

processes. While the vehicle wake may be a dominant process for some movement 

of suspended particles, material sticking to the outer surface of the wheels and thus 

carried along the road is a more likely mechanism for movement of material that is 

not already airborne. From the along-street particle movement time measurements 

described in Section 4.1.6, different speeds with which material moves along the road 

are estimated as follows: 

1/xnmx 
x1_2 

 

(4.4) 

(4.5) 

(4.6) 

txrnin 
x1-2 

 

Uxavg = 

 

txavg 
Uxavg 
77„, 

Where, 

nxmax = maximum speed of material movement along the road by the 

whole fleet of vehicles (m s-1) 

Uxavg 	average speed of material movement along the road by the 

whole fleet of vehicles (m 

= average distance of material movement along the road by one 

vehicle (m v-1) 

X1 — 2 
	distance between Site 1 and Site 2 (in) 

txnain 	minimum time elapsed between end of gritting and first arrival 

of grit at Site 1 (indicated by first peak of G1) (s) 

txavg 
	time elapsed between end of gritting and time when general level 

of grit in air at Site 1 exceeded that at'Site 2 (indicated by the 

peaks of Cl consistently higher than the peaks of G2) (s) 
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nv 	= traffic flow rate (v s-1) 

Substituting measured values into the Equations 4.4, 4.5 & 4.6 gives an estimate of 

0.11 m 	0.06m s-1  and 0.05m v-1  for nxmax, ur,,,,g  and nix  respectively. Using the 

traffic flow variability along the Gloucester Plate (Section 4.1.2), u'a, has a range of 

0.03m v-1  to 0.09m v-1. Assuming 5.6 in s' (equivalent to 20 km h-1) as the average 

speed of vehicle along the Gloucester Place, the average speed of the material movement 

along the road is about 1.1 % of the vehicle speed and 3.8 % of the average street-level 

wind speed. 

Therefore, material removal fraction along the road is estimated as follows: 

f x  

nv S1w  
Usavg =-4 
ny 1 

1 

Where, 

fraction of material removed from a road segment along the 

road by one vehicle (v-1) 

.f; 
	amount of material removed from a road segment along the 

road by one vehicle (g v-1) 

= amount of material removed from a road segment along the 

road in unit time by the whole fleet of vehicles (g s') 

Uxavg 	average speed of material movement along the road by the 

whole fleet of vehicles (m s-1) 

11 / 	= average distance of material movement along the road by 

one vehicle (m v-1) 

nv 	traffic flow rate (v s-1) 

S 	surface material loading on the road segment (g 

length of the road segment (m) 

(4.7) 
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w 	= width of the road segment (rn) 

Substituting measured values into the Equations 4.7 gives an estimate of 3.9 x 10-4  v-I  

for h. Using the time-series of traffic flow along the Gloucester Place, h has a range 

of 2.6 x 10-4 v-1  to 7.1 x 10-4 v-1. 

4.3.2 Flux across the road 

After about an hour of the gritting event, a clear build-up of material along the kerb 

was observed (Section 4.1.4). It stretched through the entire length of the gritted 

road segment. The build-up at the downwind kerb was sufficient enough to make an 

approximate visual estimate of dimensions as 20 mm wide and 2mm deep. Without 

cross-street wind, build-up would have been seen on both sides of the road, but in 

the presence of cross-street wind all the material was observed on the downwind side. 

Therefore, material removal fraction across the road is estimated as follows: 

fy =  • Y  

S 1 w 
Fy  

nv  S / w 
pw y d y  

(4.8) 
ty  nv  S w 

Where, 

fy 	fraction of material removed from a road segment across the 

road by one vehicle (v-1) 

= amount of material removed from a road segment across the 

road by one vehicle (g v-1) 

Fy 	amount of material removed from a road segment across the 

road in unit time by the whole fleet of vehicles (g s-1) 

p 	particle density (g in-3) 

S 	surface material loading on the road segment (g m-2) 

I 	length of the material build-up along the kerb (same as the 

length of gritted segment) (m) 

w 	width of the road segment (in) 
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w 	width of the material build-up along the kerb (m) 

dy 	= depth of the material build-up along the kerb (in) 

7Lv 	traffic flow rate (v s-1) 

ty 	time taken for the kerb-side build-up to take place (s) 

Substituting measured values into the Equations 4.8 gives an estimate of 5.0 x 10-5 v-1  

for fy. Using the time-series of traffic flow along the Gloucester Place, fy  has a range 

of 3.3 x 10-5 v-1  to 9.1 x 105v-1. Larger cross-road fluxes may arise where there is a 

stronger cross-road component of the street-level wind. 

Speed and direction of material movement across the road 

Assuming speed of material movement along and across the road are proportional to 

the amount of material removed in those directions, the speed and direction of material 

movement across the road can be derived as follows: 

Where, 

nymax 

Uyavg 

0 

fy  Uxmax  

fx 
fy Uxavg 

fx 
Uyavg  

fly 

= tan-1 f
y 

fx 

Uymax 

Uyavg  

0 

maximum speed of material movement across the road by 

the whole fleet of vehicles (m s-1) 

= average speed of material movement across the road by the 

whole fleet of vehicles (m s-1) 

average distance of material movement across the road by one 

vehicle (m v-1) 

direction of material movement relative to the direction 

of vehicle movement i.e., angle of spread (degree) (Fig. 4.15) 
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Fig. 4.15: Direction of the across-street material movement 

Equations 4.9, 4.10 & 4.11 give an estimate of 0.014 m s-1, 0.007m s-1  and 0.006m 

v-1  for uvinax, uyavg  and u'y  respectively. Using the time-series of traffic flow along the 

Gloucester Place, u'y  has a range of 0.004 m v-1  to 0.011 m v-1. From Equation 4.12, 

direction of the across-street component is estimated to be 	8°. 

4.3.3 Flux to air 

A fraction of the material is lost from the road surface due to emission to air. The 

varying levels of air concentration with time was recorded by the on-site Grimms (Sec-

tion 4.1.5.1) and the dispersion coefficient is obtained from the tracer study (Sec-

tion 4.1.3). Therefore, fraction of material emitted to air is estimated as follows: 

fz 

  

w 
F, 

?T S 1 w 
R 

n, S 
C —  Ch (4.13) 
X 71.v  S 

Where, 

= fraction of material removed from a road segment to air by one 
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vehicle (v-1) 

fy 	amount of material removed from a road segment to air by one 

vehicle (g v-1) 

amount of material removed from a road segment to air in unit 

time by the whole fleet of vehicles (g s-1) 

R 	resuspension flux (i.e., mass emitted from unit area of road in 

unit time) (g m-2  s-1 ) 

S 	surface material loading on the road segment (g m-2 ) 

traffic flow rate (v s-1) 

concentration of particulate matter at the receptor (g m-3) 

Cb 	background concentration of particulate matter at the 

Gloucester Place (g m-3) 

x 	= dispersion coefficient (m.-1  s) 

length of the road segment (m) 

zv 	width of the road segment (m) 

Substituting measured values into the Equation 4.13 gives an estimate of 3.1 x 10-4  v-1  

for h. Using the time-series of traffic flow along the Gloucester Place, h has a range 

of 2.1 x 10-4 v-1  to 5.4 x 10-4 v-1. 

4.3.4 Summary of flux estimates 

Table 4.3.4 presents a summary of the flux estimates obtained from the experiment. 
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Table 4.3: Summary of flux estimates 

Parameters 	Average value 	Range 

fx 	 3.9 x 10-4 v-1 	2.6 x 10-4 v-1  to 7.1 x 10-4 v-1  
fy 	 5.0 x 10-5  v-1 	3.3 x 10-5 v-1  to 9.1 x 10-5 v-1  
fz 	 3.1 x 10-4  v-1 	2.1 x 10-4 v-1  to 5.4 x 10-4 v-1  
f; 	 1.2 x 101  g v-1 	8.1 g v-1  to 2.2 x 101  g v-1  
fy' 	 1.6g v-1 	1.0g v-1  to 2.8g v-1  
f; 	 9.6 g v-1 	6.5g v-1  to 1.7 x 101  g v-1  
Fx 	 1.6 x 101 g s-1  
Fy 	 2.0 g 
Fz 	 1.3 x 101 g s-1  

Estimates of fluxes show that with a single vehicle pass the average amount of material 

lost from a road segment in different directions are as follows: 0.04% along the road, 

0.005 % across the road and 0.03% into the air. Therefore, the total amount lost from 

a road segment after a single vehicle pass is 0.075 % of the material available on the 

road surface at that instant. 

4.3.5 Relative contribution of different material removal pro-

cesses 

Equations 4.14, 4.15, 4.16, 4.17, 4.18 and 4.19 summarise the relationship between 

material emission to air and removal along and across the road. 

	

Fz  = 	(Fx  + Fy  + Fr.) 

	

= 	(Fx  + k2 Fx  + k3Fx ) 

= k1  Fx(1+ k2  + k3 ) 

Where, 
kJ. = 

k2 = 

k3 = 

+ fy + 
fy 
fr 
fz 
fr 

(4.14) 

(4.15) 

(4.16) 

(4.17) 
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Substituting values for f x , f y  and h from Table 4.3.4 in Equations 4.15, 4.16 and 

4.16, the average values of k1 , k2  and k3  are estimated as 0.4, 0.13 and 0.8. The 

estimate indicates 40% of the material removed from the road surface is due to resus-

pension. Material removed across the road is about 13 % of that removed along the 

road. Amount of material removed through resuspension is 20 % less than the amount 

removed along the road. 

Further, the amount of material removed through resuspension as a proportion of 

total material removed from the road surface is estimated by Equation 4.18: 

Fz  = kl (Fr Fy Fz) 

F, — ki F, = 	(Fx  + Fy) 

ki  Fz  = 
1 — 

(Fx  + Fy ) 

F 	= k4 (Fx + Fy) 	 (4.18) 

Where, 

k4 = 	 
fx + fy 

(4.19) 

The average value of k4  is 0.7, indicating the amount of material removed through 

resuspension is about 70 % that removed together through along-street and across-

street movement. 

4.3.5.1 Road surface dust dispersion formula 

For a mass of material in on road, the following formula describes the road surface 

material dispersion at point (x, y) and at time t: 

S(x, '11,0 = 

 

2 	2 
(a' — t Uxavg)  

e — (1-6) 	(4.20) 
TT-  ox  ay  



1 
(4.21) 

(4.22) 

(4.23) 

To 
fz nv 

GM _ fy 
ax 	 fx 

t (Uxmax Uxavg) 
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The tentative parameterisation is as follows: 

Where, 

S(x, y, t) 	 road surface loading at point (x, y) and at time t (g m-2) 

cry 	 along-street spread of a patch of material on road surface (in) 

= across-street spread of a patch of material on road surface (in) 

Uxmax 	= maximum speed of material movement along the road by the 

whole fleet of vehicles (in s-1) 

= average speed of material movement along the road by the 

whole fleet of vehicles (m s-1) 

To 	time taken for the total amount of material on the road to 

decay by a factor of e-1  (s) 

4.4 Summary 

This chapter presented results of the field measurements and associated quantitative 

analyses for its application to model parameterisation. Sections 4.1.4 to 4.1.6 provided 

the on-field evidence of the traffic-induced particle movement. For the model described 

in Chapter 5, meteorological data, traffic flow rate, dispersion relation and background 

PM10  serve as inputs to the model. Roadside PM10  measurement (Sections 4.1.5.1 

and 4.2.3) as well as surface loading data (Section 4.2.5) are used to evaluate the 

model performance. Quantitative analysis of dust movement (Section 4.3) provided 

the parameter values for traffic-induced depleting fluxes. 



Chapter 5 

Model development 

5.1 Introduction 

A model is an abstraction of a real system, a simplification in which only those com-

ponents which are seen to be significant to the problem at hand are represented. Thus, 

a model takes influence from aspects of the real system, aspects of the modeller's per-

ception of the system and its importance to the problem at hand. Modelling supports 

in the conceptualisation and exploration of the behaviour of objects or processes and 

their interaction as a means of better understanding these and generating hypotheses 

concerning them. Modelling also supports the development of experiments in which 

hypotheses can be tested and outcomes predicted. A model provides a means of im-

proving decision making capabilities as it helps in understanding the effect of changes 

on dynamic systems (most of the systems and problems are dynamic i.e., they vary 

with time) and verification of a model can identify deficiencies in both model structure 

and the information (i.e., data base or resources) (Baker, 1998). 

Modelling is not an alternative to observation but, under certain circumstances, can 

be a powerful tool in understanding observations and in developing and testing theory. 

Observations will always be closer to truth and must remain the most important com-

ponent of scientific investigation (Wainwright and Mulligan, 2004). The more complex 

a model, the more uncertainty is associated with the identification of model structure 

arid parameters. The goal is a parsimonious model which nevertheless captures the 

147 
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essential features of the underlying processes (Thiessen et al., 1999). 

5.2 	Objectives of the present modelling exercise 

Decisions regarding the remedial measures for particulate pollution requires a two-

prong knowledge; i.e., how much of it should be reduced and how should it be reduced? 

While the measurement of pollution level and air quality standards provide the answer 

to the former, the latter can only be addressed if knowledge on generation/propagation 

of particulate pollutants is available. The aim of this modelling exercise is to formu-

late a model that provides answers to the latter and therefore helps in identifying the 

appropriate control efforts. The goal of this model is to use an appropriate combina-

tion of measurements and modelling to identify the processes and estimate the process 

parameters that provide a sufficient level of accuracy and resolution in understanding 

the influence of traffic on roadside particulate pollution. Reasonably good information 

is available regarding the exhaust emission processes. Therefore the aim is to obtain 

information on processes behind resuspension. Estimation of resuspension alone with-

out understanding of underlying processes has several limitations, discussed in detail, 

in Chapter 2. Therefore the objectives of this modelling exercise are to identify pro-

cesses that cause resuspension as well as other modes of material movement in the 

road/vehicle environment and estimate parameter values for those processes so that a 

better understanding of the processes, the interplay of which determines the road dust 

resuspension, is obtained. 

5.3 Modelling approach 

The model includes description, parameterisation and estimation of parameter val-

ues for the process involved in road dust resuspension/movement. This modelling 

approach bears some similarity to studies in other branches of environmental science 

such as radioecological modelling (Whicker et al., 1999), where the need is to have more 

process-level studies which provide better insights into the fundamental mechanism 

which control the transport of particulate matter through various compartments of the 
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environment. Such studies can lead to better estimates of the pathways and param-

eters of individual processes and their variation with other factors (e.g., meteorology, 

traffic characteristics, sweeping, etc.). The better the key processes are understood 

and quantified, the more robust the model structure becomes. If such knowledge is 

adequate over the broad range of conditions and scenarios that occur across time and 

space, more generally applicable models can be constructed. These models require 

more input data, but they could provide much more informative predictions. 

5.3.1 Model structure 

Three dynamic processes, i.e., source, transport and sink, must be balanced in a model. 

In the present model the source terms are the processes that are believed to contribute 

to the traffic-induced particulate matter emissions. Besides exhaust emission, which 

as a source of traffic emission is well investigated (Abu-Allabari et al., 2003b; Goodwin 

et al., 1999; Harrison et al., 2005; Le Bihan et al., 2004; Kathuria, 2005; Kittleson 

et al., 2004), other sources and associated processes included in this model are either 

those indicated as a possible one in earlier studies, such as road abrasion (Gamez et al., 

2001b) or site-specific sources which are perceived to be important from visual obser-

vation, such as carry-over from surrounding unpaved areas (Bexley, 2001, 2003). The 

estimates for these sources are obtained from available literature and field measure-

ments. Sink in this case is roadside air, kerb; pavement and a section of road along 

the direction of traffic movement down the original road segment for which modelling 

is carried out. Roadside measurements provide estimates for these. The major gap is 

the knowledge of transport of particulate pollutants in road; vehicle environment and 

the main objective of this model is to narrow this knowledge-gap by quantifying these 

processes and understanding their interaction. Fig. 5.1 summarises these processes. 
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Fig. 5.1: Processes involved in traffic-induced particulate matter emissions. 

The source terms of the model are represented by two sets of fluxes depending on 

their mode of contribution; the one that is emitted directly to the atmosphere and 

the other that contributes, to begin with, to road surface loading and subsequently to 

traffic emissions when it becomes resuspended. The processes which result in direct 

emission of particulate matter are exhaust emission and brake wear emission. Con-

tributions of these two processes are represented by Ce  and C►,r  respectively. Several 

sources contribute to the surface material loading such as abrasion of road surface, 

wear and tear of brake, tyres and other parts of vehicle, deposition from other nearby 

sources, carry over from surrounding unpaved areas, litter and spillage from vehicles, 

mud/ dirt carry out from construction activities in the area and wind and/or water ero-

sion of surrounding destabilised areas (USEPA, 1993c). However, modelling of the local 

sources such as deposition from other nearby sources and carry over from surrounding 

unpaved areas requires the site-specific information. Therefore the model structure is 

based on the premise that particulate matter enters the road surface as a result of the 

three permanent (i.e., process is occurring all the time) arid universal (i.e., process is 

valid for all paved roads) processes. These are road abrasion, tyre wear deposition and 

dry deposition from atmosphere, represented by accumulating fluxes F,,, Ft  and F1  re-

spectively. Although these processes were recognised by earlier studies (Gamez et al., 

2001a,b; Muschack, 1990), their likely contribution to resuspension was not thoroughly 
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estimated. Other site-specific sources, unique to a particular road/vehicle environment 

such as the ones mentioned before, can be included in the model depending on their 

nature and transport processes. For Gloucester Place, gritting is an additional local 

source and is represented by Fg. As discussed in Section 3.3.1, Erith Group Transfer 

Station (EGTS) is an additional local source for the road surface loading at Manor 

Road. Accumulating flux from EGTS is represented by F. Parameterisation of the 

source terms are described in Sections 5.6.1 & 5.6.2. 

With vehicle movement, material on the road surface is moved and lost from the 

road surface through a number of transport processes. The quantity of material re-

moved through any process depends on a number of factors such as moisture content 

of the material (e.g., dry material will be easily resuspended, material with a compar-

atively less moisture content will stick to the wheel and therefore will be more easily 

carried along the direction of movement, etc.), vehicle speed (e.g., higher vehicle speed 

will cause more turbulence and therefore more resuspension (Sehrnel, 1973, 1976b)) 

and nature of the road surface (e.g., on a wet road removal of material to kerb and 

pavement through tyre-spray can be an important process (Smith, 1970)). The mate-

rial removal processes, included in this model, are movement along the road, movement 

across the road, emission to air and removal by rain; represented by draining fluxes 

Fx1 , Fy , F., and Fr  respectively. These processes are conceptualised on the basis of 

on-road observation of material movement. Fx , Fy, F, are parameterised on the basis 

of rate constants defined as the fraction of the material removed from road surface 

per vehicle pass and Fr  parameterisation is linked to intensity of rain, defined as frac-

tion of material removed in unit time. The relationship between removal fraction and 

intensity of rain, however, is non-linear in nature. While earlier studies are confined 

only in estimating the resuspended fraction of the road dust, the present model, for 

the first time, besides resuspension, attempts to identify other processes of material 

removal described above. Identification and estimation of these additional processes 

are required for the mass-balance of the particulate matter on the road and better 

understanding of the processes behind these. Section 5.6.3 illustrates parameterisation 

1F, therefore acts as a source flux for the downstream road segment 
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of these draining fluxes. 

Fr  

Fig. 5.2: Direction of accumulating and draining fluxes. 

Fig. 5.2 shows the direction of accumulating and draining fluxes except those which 

are specific to a road surface as these can vary from one site to the other. Ce  and Chi., 

the P11110  contributions due to emissions directly from the vehicle, are expressed in 

g m-3, the units of airborne particulate matter concentration. Fluxes Fa , Ft , Fd, Fg , 

F„,, Fr , Fy , F., and Fr  are expressed in terms of their input and removal rate to and 

from the road surface respectively, with units of g s'. 

A road segment is described, at any time, by the total mass of particulate matter on 

it. The dimension of a road segment is described by its surface area. Each road segment 

gains and loses particulate matter through a series of transport and emission processes 

that can be represented mathematically as first order losses i.e., the rate of loss is 

linearly proportional to the mass on road. Changes in quantity to the mass on road 

segment is therefore described by a mass-balance equation given below: 

d 
antdt 

(5.1) = 	Fout. 

= (Fa  + Ft  ± 	Fg ) — (F, + Fy + Fx. + Fr ) 	 (5.2) 

for Gloucester Place 

	

(Fa  + Ft  + Fd F„ (Fs  + Fy + Fz + Fr) 	(5.3) 

for Manor Road 
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Where, 

TrIt 	amount of material on road segment at any time t (g) 

-F;i1 	sum of accumulating fluxes (g s-1) 

-Pout = sum of draining fluxes (g s-1) 

Fa 	= rate of road abrasion (g s-1) 

Ft 	rate of tyre wear deposition (g s-1) 

Fd 	rate of dry deposition (g s-1) 

Fg 	= rate of gritting at Gloucester Place (g s-1) 

rate of material input from EGTS onto Manor Road (g s-1) 

Fx 	rate of material removal along the road (g s-1) 

Fy 	rate of material removal across the road (g s-1) 

F 	= rate of material emission to air (g s-1) 

Fr 	rate of material removal by rain (g s-1) 

The types of data needed to construct this model include meteorological data such as 

wind speed, wind direction, deposition velocity and dispersion condition; hydrological 

data such as rainfall; traffic data such as traffic composition and traffic flow rate 

and parameter values for source terms and material transport and emission processes. 

Collection of these data and its quality depend on number of factors such as precision 

of field and laboratory instruments, accuracy of sampling technique and the computing 

techniques available. Data generation methodology, which includes QA/QC of data, is 

described in Chapter 3 and its quantitative estimation procedures, including the range 

of likely variability of the estimates for parameter values, are presented in Chapter 4. 

5.3.2 Assumptions 

Modelling requires some simplification of the complex real system through some as-

sumptions. In the present modelling exercise following assumptions are nriade. 

1. Except for the processes described, there is no other mode of material input and 

output from road surface. 
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2. Particles from various sources and of various sizes are thoroughly mixed. 

3. There is no chemical reaction between various types of particles. 

4. Due to the lack of any earlier study that provides an estimate of change of particle 

size on road surface due to traffic movement, it is assumed that there is no change 

in particle size between its arrival /generation on the road surface and its removal 

from the road surface. 

5. All the material lying on road is available for resuspension. This may lead to a 

overprediction. However this assumption is reasonable due to the following two 

reasons: 

(a) Visual observations indicate that a paved road virtually gets cleaned after 

a certain time which besides meteorological and traffic condition depends 

on particle size, if there is no appreciable addition of material onto it. It 

is plausible that a certain proportion of material may remain locked within 

interstices of road surfaces. But it is certainly a very tiny fraction and over 

a period of time it ultimately gets resuspended due to heavy gusts of wind 

or high turbulence from heavy vehicles. 

(b) An overestimation is acceptable from a regulatory viewpoint, because it will 

necessitate better control regime. 

6. Except for removal by rain and wind, the amount of material removed is directly 

proportional to the traffic volume. 

7. Material from EGTS enters to Manor Road only by sticking to the outer surface 

of the wheels. 

5.4 	Justification of choice of modelling approach 

The review in Chapter 2 highlights the lack of realism and accuracy associated with 

presently used empirical models for estimations of traffic emissions and suggests the 
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development of a model that includes the sources and the underlying processes involved 

in traffic emissions as an important option. Modelling the resuspension process sepa-

rately from the exhaust emission process is identified to be the main necessity because 

in spite of its significant contribution to urban particulate matter level, processes be-

hind resuspension are poorly understood. Gamez et al. (2001a) proposed to calculate 

P11410  emission as sum of emissions from exhaust pipe, vehicle component (e.g., tyre, 

brake and clutch wear), road abrasion and emissions resulting from material entering 

the road via external sources (e.g., dirt inputs, sanding process, etc.). Subsequent Ger-

man studies by During et al. (2002a,b) tried to proceed in this direction although these 

studies also included some of the EPA assumptions and expressed lack of sufficient 

data as the constraint in understanding the resuspension process. Therefore, through 

this research, an attempt has been made to develop a mass-balance model that cap-

tures all the essential processes to explain the emission' and translocation of particulate 

matter from road due to traffic and therefore to estimate importance of resuspension 

in urban air pollution. 

The silt loading in this model is instantaneous and is always variable depending 

on inflow-outflow quantity and it contributes only to resuspension. When silt loading 

reaches equilibrium, i.e., material inflow on to the road is same as material outflow 

from the road, emission will still take place from the road which will consist of exhaust 

emission with resuspension component zero. Rogge et al. (1993) have expressed that 

resuspension, fallout, street sweeping, rain, and generation of new particles through 

vehicle exhaust drive a dynamic source and sink relationship contributing apprecia-

ble amounts of particulate matter to the atmosphere and hydrosphere. With both 

depletion and replenishment processes included and estimated in this model, such a 

dynamic source and sink relationship is therefore established. Therefore resuspen-

sion is a dynamic process, as indicated by other studies (Ruellan and Cachier, 2001). 

This eliminates the dilemma, discussed by earlier researchers (Fitz and Bufalino, 2002; 

Venkatram, 2000), over use of a single silt loading value (with no description of pro-

cesses replenishing and depleting it) to deduce emission factor. Besides giving a better 

understanding of particle movement on road vehicle environment, the model has the 
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potential to predict emission estimates that are based on realism that the earlier em-

pirical approaches, including AP-42, were lacking. Necessity of such an approach has 

been advocated by many researchers (Countess et al., 2001; Karppinen et al., 2004; 

Kuhns et al., 2001b; Nicholson and Branson, 1990; Venkatram, 2000). 

5.5 Modelling software 

The model is based on a system dynamics (SD) approach where the the physical or 

abstract processes that define a system are first conceived and then these processes 

are transferred, through various building blocks in the model construction layer of the 

software, as components of the model. The basic building block of SD model is the 

"stock" that represents anything that accumulates. The second building block is the 

"flow" that represents the rate of accumulation or loss that causes change in magnitude 

of the stock. The third one, called "connector", transmits information that is used to 

regulate flows. The last building block is the "converter" that stores constant values or 

equations to generate output values for each time period. It often processes the initial 

input information to a form that can be used as a variable in the model. Converters, 

used in details, simplify the understanding of various processes of the model, although 

their presence itself increases the visual complexity of the model. 

The systems thinking tool, Stella Research Version 8.0, developed by High Per-

formance Systems, Inc., USA (HPS, 2003), is used to develop and simulate this SD 

model. Stella software executes the simulation model coded by visual programming 

based on SD for personal computer (Matsumoto, 1999). Basic tools for model building 

and model simulation are similar to several other softwares used to build SD model 

such as Simulink, the graphical modelling environment from the MathWorks, Inc., USA 

(MathWorks, 2004); Powersim from the Powersim Ltd., Norway (Powersim, 2003); Sim-

ile from the Simulistics Ltd., UK (Simulistics, 2004); and Vensim from the Ventana 

Systems, Inc., USA (Vensim, 2003). Stella software, which can be used by people of 

any discipline, e.g., humanities, engineering, life sciences, etc., has been used in popu-

lation dynamics, financial planning, life cycle assessment of residential buildings, etc. 
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(Matsumoto, 1999). However no earlier studies could be found which has used this 

software for environmental problems. 

In this model stock represents the particulate matter mass on a road segment. 

Inflows and outflows to the stock represent accumulating and draining fluxes that cause 

mass of particulate matter on road surface to vary with time. Connectors connect 

several converters, in a way defined by their connection pattern, to have the right 

calculation in steps until the final converter which connects it to a flow, the building 

block ultimately responsible for conveying the input to stock. On the model output 

side, connectors connect the outflows with a number of converters to present the output 

as per requirement. Converters have been used extensively for variety of purposes such 

as holding equations for calculations; time-series data, in graphical form, for traffic 

flow rate, PM10  concentration, dispersion function, etc and numerical values for road 

dimensions. So, in calculus parlance, flows represent time derivatives, stocks are the 

integrals of flows over time and converters contain the micro-logic of flows. 

The software provides three algorithms for numerical integration of mathematical 

equations. They are Euler's method, 2nd order Runge-Kutta method and 4th order 

Runge-Kutta method. 

5.6 Model formulation and estimation of parameter 

values 

A model can be designed either around available measurements or can be fully de-

veloped first and then data collection follows as per the requirement of the developed 

model structure. For systems for which underlying processes are relatively unknown, 

development of a model on the basis of available measurement may be the only option 

to start with. However, many modellers would favour the latter approach, because 

it leads to the development of model structure (and thus the process underlying it) 

first and indicates which parameters need to be measured to validate the process. In 

such cases we may have to make reasonable guesses based on indirect evidence. The 
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modelling procedure then may be carried out iteratively to investigate which of a num-

ber of reconstructions may be the most feasible. This iterative approach to evaluate 

a correct model parameter is generally known as model calibration. Optimal model 

structure may also produce parameters which cannot be measured in the field setting, 

especially at the scales in which they are represented in the model. The limitations 

may be due to cost, or the lack of appropriate techniques. In such cases, it may be 

necessary to derive parameter values from (surrogate) parameters that are simpler to 

measure (Wainwright and Mulligan, 2004). Further, parameterisation is also costly. 

Work in the field requires considerable investment of time, and generally, also money. 

Therefore, investment in parameter measurement should be according to how great 

an effect the parameter has on the model output. Sensitivity analyses indicate the 

magnitude of the effect of parameters on model output (Wainwright and Mulligan, 

2004). 

The main approach followed here is to construct the basic structure of the model 

without considering any measurement. Therefore, the model formulation, described in 

this section, is based purely on the processes observed in the field and processes identi-

fied in earlier studies. Some of the parameter values for the processes are obtained from 

available literature and the rest are estimated from the data obtained from field mea-

surements. However, no measurement is available for the process represented by flux 

Fw  and therefore, this parameter is calibrated to fit with other available measurements 

at Manor Road. 

5.6.1 Fluxes emitted directly to air 

5.6.1.1 Exhaust emission, Ce  

The assumption is that exhaust emissions are emitted to air at the point of release 

from vehicle and are therefore contribute directly to airborne particulate matter con-

centration. 
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In the model, exhaust emission is parameterised as follows: 

Ce  = eie  x 

= 	ee  Ttv x 
	 (5.4) 

Where, 

= contribution of exhaust emission to roadside P11410  concentration (g m-3) 

e'e = exhaust emission strength (g m-1 s-1) 

x 	= dispersion coefficient (m-2  s) 

ee 	average exhaust emission factor for a fleet of vehicle (g 	v-1) 

Try 	= traffic flow rate (v s-1) 

nv  and x at Gloucester Place are estimated in Sections 4.1.2 Sz 4.1.3 (x, obtained in 

units of ni-1  s at Gloucester Place, is changed to units of M-2  s by dividing the width 

of the road). Estimates of 77,v  and x at Manor Road are obtained from Sections 4.2.4 

& 4.2.2. ee  for each site is estimated as follows: 

ee  = 	eeiZi 
	 (5.5) 

Where, 

eei  is the exhaust emission factor of each type of vehicle (g km-1  v-1) and zi  is the 

respective proportion of each type of vehicle (%). 

The traffic on Gloucester Place and Manor Road has been classed into following six 

types: (a) solo motorcycles and scooters; (b) cars, taxis and motorcycle combinations; 

(c) LGVs; (d) buses and coaches (e) HGVs (rigid); and (g) HGVs (articulated or with 

trailer axles). Exhaust emission factor for each type of vehicle has been taken from 

the "UK Emission Factor Database" (NAEI, 2003). The database contains emission 

factors for different driving conditions and different years, i.e., rural driving, urban 

driving and motorway driving for the year 2000, 2005 and 2010. In this model emission 

factors for urban driving condition for the year 2005, presented in Table 5.1, are used. 

These emission factor values are comparable with PM2.5  tailpipe emission factors of 

0.63 x 10-2 g km" v' for light-duty spark ignition (LDSI) vehicles and 3.5 x 10-1  g 
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km-1  v-1  for heavy-duty diesel (HDD) vehicles reported in recent studies (Baldauf 

et al., 2002). 

Table 5.1: Exhaust emission factors for different types of vehicles for 
the year 2005 (NAEI, 2003) 

Vehicle type Exhaust emission factor 
(g km-1  v-1) 

Solo M/C, scooters & mopeds 9.0 x 10-2  
Cars, taxis & M/C comb 7.0 x 10-2° 3.2 x 10-3' 
Light Goods Vehicle 1.3 x 10-1c 4.8 x 10-3d  
Buses and Coaches 2.3 x 10-1  
Heavy Goods Vehicle (rigid axles) 1.4 x 10-1  
Heavy Goods Vehicle (Articulated 
or with Trailer axles) 

3.3 x 10-1  

'Diesel cars and taxis. 
bPetrol cars and taxis. 
`Diesel LGVs. 
dPetrol LGVs. 

Substituting emission factor values from Table 5.1 and traffic composition of Glouces-

ter Place from Section 4.1.2 and that of Manor Road from Section 4.2.4 in Equation 5.5, 

the estimates for ee  are obtained as follows: 3.4 x 10-2  g km-1  v-1  to 8.9 x 10-2  g km-1  

v' for Gloucester Place and 5.8 x 10-2 g km .v.2 	
to 1.0 x 10-1  g km-1  v-1  for Manor 

Road . The lower values correspond to petrol cars, taxis and LGVS and the higher 

values correspond to diesel cars, taxis and LGVs. These estimates are higher than 

the P11410  exhaust emission of 2.3 x 10-2  g km-1  v-1, estimated for an urban kerbside 

location in Sweden (Johansson et al., 2004), mainly because of the high proportion of 

heavy duty vehicles (Sections 4.1.2 & 4.2.4) on Gloucester Place and Manor Road. 

5.6.1.2 Brake wear emission, Cur 

Debris from wear of brake linings have been identified as contributors to airborne 

particulate matter concentration in the vicinity of the busy roads and in ambient 

urban air (Abu-Allaban et al., 2003b; Alastuey et al., 2004; Kim et al., 1990; Pierson 

and Brachaczek, 1974; Rogge et al., 1993; Thompson et al., 1966). During application 

of the brake, motor vehicle brake linings and brake surfaces are subjected to frictional 
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heat generation and associated wear. This mechanically induced wear generates brake 

lining particles which under normal conditions are introduced into the environment 

(Rogge et al., 1993). Usually, passenger cars are equipped with front disc brakes and 

rear drum brakes. During the deceleration process, front brakes have to provide most 

of the braking power. In addition, front disc brakes have a smaller friction lining area 

when compared to rear drum brakes. Consequently, the friction force per unit area 

of brake lining material is 5 times to 6 times larger for front disc brakes. Because of 

the different physical demands (e.g., higher friction-induced temperature), brake lining 

materials for disc and drum brakes differ somewhat in composition. While basically 

all of the fine particulate brake dust from disc brakes is released to the environment, 

small amounts of brake dust (11 % on average) are retained in the drum brakes (Rogge 

et al., 1993). 

Brake linings consist mainly of inorganic materials with appreciable amounts of 

copper, nickel, chromium and lead along with iron (Hewitt, 1990; Muschack, 1990). 

Strong correlation between particulate barium, a common element in brake linings, 

and heavy-duty traffic suggests that HDVs are responsible for larger brake wear par-

ticulate emissions than LDVs (Sternbeck et al., 2002). Garg et al. (2000) have suggested 

that higher brake wear emission rates by HDVs would include both mechanically gen-

erated coarse particles and the formation of finer particles due to high temperature at 

the brake/rotor interface. Metals like iron, manganese and copper show a distinct gra-

dient in their concentration in airborne particles with highest concentration in roadside 

samples, moderate levels at background sites and lowest concentration at rural sites 

(AQEG, 2004), indicating traffic as its source. 

Goodwin et al. (1999) have reported contribution of resuspension and emissions 

from brake and tyre wear to PMio  emissions in UK as 18.9 kt and 5.0 kt respectively. 

Therefore, brake and tyre wear contributes about 25 % to the resuspended material. 

Further, its increase by 25 % between 1990 and 1995 indicates the importance of brake 

and tyre wear as a source of resuspension. In 2001, brake and tyre wear emissions 

accounted for approximately 23% of the total road transport emissions (AQEG, 2004). 

Typical PlVlio  emission factors from brake wear lie between 1 x 10-3 g km-1  v-1  and 
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9 x 10-3 g km' v-1  for LDV and between 2 x 10-2 g kin-1  v-1  to 4 x 10-2 g km-1  

v-1  for HDV (USEPA, 1995; TNO, 1997). Limited studies in this area also indicate 

emissions as P1\410  are higher from brake wear than from tyre wear. The estimate for 

brake wear is around 1 x 10-2  g km' v-1  to 2 x 10-2  g km-1  v-1  and this figure is 3 or 4 

times higher for HDVs. However, these studies conclude that a significant proportion, 

as high as 33 %, of brake wear emissions are less than 0.1 pin in diameter. 

Based on average speeds on the UK roads, Table 5.2 presents tyre and brake wear 

emission factors for different vehicle types on different road types. 

Table 5.2: Average P1\410  emission factors for tyre and brake wear in the 
UK (AQEG, 2004) 

Vehicle category Road type Tyre 	wear Brake 	wear 
(g km-1  v-1) (g km-1  v-1) 

Motorcycles Urban 3.76 x 10-3  5.8 x 10-3  
Rural 2.92 x 10-3  2.8 x 10-3  
Motorway 2.49 x 10-3  7.0 x 10-4  

Cars Urban 8.74 x 10-3  1.2 x 10-2  
Rural 6.80 x 10-3  5.5 x 10' 
Motorway 5.79 x 10' 1.4 x 10-3  

LGVs Urban 1.38 x 10-2  1.8 x 10-2  
Rural 1.07 x 10-2  8.6 x 10-3  
Motorway 9.15 x 10-3  2.1 x 10-3  

HGVs a Urban 9.18 x 10-3  5.1 x 10-2  
Rural 7.37 x 10-3  2.7 x 10-2  
Motorway 6.08 x 10-3  8.4 x 10-3  

Buses a Urban 9.37 x 10-3  5.4 x 10-2  
Rural 7.37 x 10-3  2.7 x 10-2  
Motorway 6.08 x 10-3  8.4 x 10-3  

a  For HGVs and buses the unit of tyre wear is in gram per axle-km. 

Based on data collected under Co-ordinated European Programme on Particulate 

Matter Emission Inventories, Projections and Guidance (CEPMEIP) project, Table 5.3 

presents brake and tyre wear emission factors for different vehicle types in the EU. 

The emission factors for brake and tyre wear emission from the "UK Emission Factor 

Database" is presented in Table 5.4. The database provides a combined emission factor 

for brake and tyre wear emission. For pollutants like PI1410 , NOR , CO, etc., the database 

contains emission factors for different driving conditions e.g., cold start, rural driving, 
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Table 5.3: Average PM10  emission factors for tyre and brake in the EU 
(Berdowski et al., 2001) 

Vehicle category Tyre wear 
(g km-1  v-1) 

Brake wear 
(g km-1  v-1) 

Motorcycles 1.72 x 10-3  3.0 x 10-3  
Cars 3.45 x 10-3  6.0 x 10-3  
LDVs 4.50 x 10' 7.5 x 10-3  
HDVs 1.86 x 10-2  3.2 x 10-2  

urban driving and motorway driving and for different years e.g., year 2000, 2005 and 

2010 (NAEI, 2003). However, for brake and tyre wear emissions, such drive-specific 

and year-specific data are not included in the database, indicating the lack of detailed 

study in quantifying it. 

Table 5.4: Average PM10  emission factors for brake and tyre wear in the 
UK (NAEI, 2003) 

Vehicle category 	 Brake & tyre wear 
(g km-1 v-1) 

Solo motorcycles, scooters and mopeds 
Cars, taxis and motorcycle combinations 
Light goods vehicles 
Buses and coaches 
Heavy goods vehicles (rigid) 
Heavy goods vehicles (articulated) 

4.57 x 10-3  
9.15 x 10-3  
9.15 x 10-3  
1.00 x 10-2  
1.00 x 10-2  
3.00 x 10-2  

These estimates for the UK, presented in Table 5.4, are consistent with the USEPA 

emission factors (USEPA 1985). For example, the USEPA base emission factor for 

PM10  emissions from passenger cars is 1.2 x 10-3 g km-1  v-1  for tyre wear and 7.95 x 

10-3 g km-1  v-1  for brake wear. Taken together these give an emission factor of 

9.15 x 10-3 g km-1  v-1  for brake and tyre wear, the same as the emission factor for 

cars, taxis and motorcycle combinations under NAEI (Table 5.4). 

However, brake wear is still a factor of uncertainty. From a study at 8 locations 

with varying traffic composition at Nevada and North Carolina, US, Abu-Allaban 

et al. (2003b) found evidence of brake wear mainly confined to PMcoarse  and from 
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only one location where vehicles exit from freeway and hence need to apply the brakes. 

Whether the brake wear emissions are instantly resuspended after their formation or are 

at first deposited on to the road and later become resuspended is not clear (Harrison 

et al., 2003, 2004b). In AP-42, brake wear is included in direct emission (USEPA, 

1993c). Several authors suggest brake wear emission, like exhaust emission, is a direct 

emission and therefore quantify it in terms of certain percentages of exhaust emission, 

although some coarser fractions of it might be contributing to road surface loading. 

The assumption made in this model formulation is that all brake wear emissions are 

emitted to air immediately after their generation and therefore contribute directly to 

airborne particulate matter concentration. 

In this model, brake wear emission is parameterised as follows: 

Cbr 	= eibr X 

= 	ebr n v X 
	 (5.6) 

Where, 

Cbr  = contribution of brake wear emission to roadside PM10  

concentration (g rn-3) 

C rh' = brake wear emission strength (g m-1  s-1) 

x 	= dispersion coefficient (m-2  s) 

ebr = average brake wear emission factor for a fleet of vehicle (g 

nv  = traffic flow rate (v s-1) 

nv  and x at Gloucester Place are estimated in Sections 4.1.2 & 4.1.3. Estimates of n, 

and x at Manor Road are obtained from Sections 4.2.4 & 4.2.2. ebr  for each site is 

estimated as follows: 

ebr = E ebri zi 
	 (5.7) 

Where, 

ebri  is the brake wear emission factor of each type of vehicle (g km-1  v-1) and zi  is the 

respective proportion of each type of vehicle (%). 

Brake wear emission factors for different types of vehicles have been taken from Ta- 
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hies 5.2 and 5.3. Traffic composition at Gloucester Place is obtained from Section 4.1.2 

and that at Manor Road is obtained from Section 4.2.4. Using Equation 5.7, average 

brake wear emission factors are estimated to be between 8.2 x 10-3  g km' v-1  and 

1.5 x 10-2  g km' v-1  for Gloucester Place and 1.1 x 10-2 g 
 k m 

-1 v- 
 1 and 1.9 x 10-2  g 

km-1  v-1  for Manor Road. 

5.6.2 Fluxes that replenish road surface loading, Fin  

5.6.2.1 Road abrasion, Fa  

Frictional force and thermal energy that act at the wheel/ road interface during the 

movement of vehicles cause abrasion of the road surface. The abrasion rate will vary 

depending on the materials used for road construction and their relative proportion 

(e.g., asphalt has a larger abrasion rate than concrete). Use of lightweight studs and 

introduction of more wear resistant asphalt in Sweden resulted in reduction of average 

winter road wear from 24 g km-1  v-1  in 1996 to 0.2 g km-1  v' in 2000 (Lindgren, 

1996). Rate of abrasion will also vary depending on the general road condition, espe-

cially the state of road surface (e.g., new, old, porous, smooth, rough, patched, cracked, 

etc.) (Gamez et al., 2001h) and weather. For the same traffic volume, a poorly main-

tained road having signs of significant weathering (e.g., Manor Road) will experience 

more abrasion than a well-maintained paved road (e.g., Gloucester Place ). This is 

because eroded/damaged patches over a bad road allow more erosion to take place. In 

this model, the varying rate of road erosion has been accounted for through the pa-

rameter "road condition factor", IP. Road condition is assessed visually and therefore, 

is subjective in nature. 

Limited studies are available on quantification of abrasion from road surface. Inves-

tigations carried out in Northern Germany reported abrasion rates of 1.0 x 10-3  in per 

year for freeways and 8.0 x 10-4  rn per year for highways (Muschack, 1990) to 10-3  m 

per 106  vehicles (Sicker and Croaker, 1988). Considering a typical traffic flow rate of 

150,000 vehicles per clay on a freeway and 75,000 vehicles per clay on a highway, the 

abrasion rates reported by Muschack (1990) are equivalent to 1.8 x 10-11  m v-1  for free- 
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ways and 2.9 x 10-11m v-1  for highways. Based on data collected under Co-ordinated 

European Programme on Particulate Matter Emission Inventories, Projections and 

Guidance (CEPMEIP) project, Table 5.5 presents emission factors for road abrasion 

for different vehicle types in the EU. 

Table 5.5: Average P1Vl10  emission factors for road abrasion in the EU 
(Berdowski et al., 2001) 

Vehicle category 	Road abrasion 
(g km-1  v-1) 

Motorcycles 	3.65 x 10-3  
Cars 	 7.25 x 10-3 

LDVs 	 9.50 x 10-3  
HDVs 	 2.69 x 10-2  

Road abrasion is parameterised as follows: 

Fa  = va p 

= Ta" w P 

= Ta71v lwp 

7b l W p 
	 (5.8) 

Where, 

Fa 	— rate of road abrasion deposition (g s-1) 

Va 	volume of road abrasion per unit time (m3  s-1) 

nv 	traffic flow rate (v s-1) 

length of the road segment (m) 

= width of the road segment (m) 

Tar 
	= thickness of road abrasion per unit time (m s-1) 

Ta 	= thickness of road abrasion per vehicle with road 

condition considered (rn v-1) 

Ta 	thickness of road abrasion per vehicle on a good road (m v-1) 

road condition factor 

1, for good road (e.g., Gloucester Place). 
= 

2, for bad road (e.g., Manor Road). 
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During et al. (2002a) have suggested that silt loading on a bad street surface is about 

twice that of a good surface. Therefore the above values for are consistent with this 

suggestion. 

p 	= average density of road material (g in-3) 

In this model the range of Ta  values is taken from those reported by Muschack 

(1990) and Sieker and Grottker (1988). 1 and w, the dimensions of road segment, are 

estimated from the design of field experiment and application of model. For Gloucester 

Place, 1 and w are 120m and 13m respectively (Section 3.2.2) and for Manor Road the 

corresponding values are 180 m and 5 m respectively (Sections 3.3.4 & 5.6.2.5). n, 

at Gloucester Place is estimated in Section 4.1.2. Estimate of nv  at Manor Road is 

obtained from Section 4.2.4. p is estimated as follow: 

P = EPjzi 
	 (5.9) 

Where, 

pp is the density of each type of road material (g m-3) and zj  is the respective proportion 

of each type of road material (%). 

For an average UK road condition, which is made up of 60 % of aggregate, 20 % 

of sand and 20 % of asphalt with densities of 2.8 x 106  g m-3, 2.8 x 106  g ni-3  and 

0.9 x 106  g m-3  respectively, the p estimate is 2.42 x 106  g m-3. The above estimate 

of p broadly agrees with that considered by Gamez et al. (2001b) for a typical density 

of road material. In some cases the aggregate and sand accounts for 95 % of the total 

road material (Lindgren, 1996) and therefore, a road-specific p should be estimated. 

The traffic flow at Gloucester Place is influenced by two traffic lights. Therefore, 

it is expected that braking and acceleration activities will be higher than normal. This 

will lead to increased erosion of tyre, increased wear of brake, increased abrasion of 

road surface and increased exhaust emission. While one explanation of higher resus-

pension by heavy-duty traffic is high turbulence generated by these vehicles, another 

explanation of higher dust emission may he due to higher tyre pressure of heavy-duty 

traffic that causes more abrasion of road. The abrasion can also lead to higher tyre 
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wear and brake linings (AQEG, 2004). 

5.6.2.2 Tyre wear deposition, Ft  

Several studies have identified particles generated from tyre wear as one of the sources 

of airborne particulate matter concentration in the vicinity of the busy roads and in 

urban areas (Abu-Allaban et al., 2003b; Alastuey et al., 2004; Kim et al., 1990; Pierson 

and Brachaczek, 1974; Rogge et al., 1993; Thompson et al., 1966). Tyre tread wear is 

a complex physicochemical process, driven by the frictional energy at the interface be-

tween the tread and the road surface (Veith, 1995). Tyre wear particles are generated 

during the rolling shear of the tyre tread against the road surface. Tyre wear and road 

wear are strongly related as the energy that wears the road is the energy that wears 

the tyre (Lupker et al., 2002). The rate of wear is dependent on a combination of fac-

tors including tyre characteristics (compound and design), vehicle characteristics (type 

and usage), road surface characteristics, environmental conditions (temperature and 

rainfall) and many others (AQEG, 2004; Lupker et al., 2002). Studies by Ahagon and 

Kaidou (1990) and Kaidou and Ahagon (1990) showed that tyre rubber is gradually 

altered during use due to changing operating temperatures, mechanical wear, oxidant 

and radical attack combined with the loss of protective rubber ingredients. Therefore, 

in addition to the material composition of tyre, age of tyre and the physical and chem-

ical stress conditions (stress condition is a function of road conditions e.g., asphalt vs 

concrete; driving conditions e.g., smooth vs abrupt acceleration/deceleration, contin-

uous running vs frequent braking, etc.; tyre conditions e.g., tyre type, tyre pressure, 

retreaded vs new tyres, etc.; and vehicle loading condition e.g., normal vehicle load 

vs vehicle overloading) to which the tyre is subjected determine the size and chemi-

cal composition of tyre wear particles. Veith (1992) has identified different kinds of 

tyre wear mechanism such as adhesive wear (caused by high transient adhesion), abra-

sive wear (cutting-rupture action of sharp angular asperities on the sliding counterface 

or as third bodies), erosive wear (cutting-rupture action of particles in a liquid/fluid 

stream), corrosive wear (action of chemical on surface) and fatigue wear (rapid or grad-

ual changes of material property leading to cracks and material loss). Grosch (1992) 
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suggests that, out of the above mechanisms, fatigue wear dominates the tyre wear. 

Depending on the turbulence (traffic density and wind speed determine the strength 

of the turbulence) within the air column above the street, some of the tyre debris are 

entrained into the atmosphere where its removal rate depends among other factors on 

the particle size, which influences the particle settling velocity (Rogge et al., 1993). 

Typical figures for tyre wear emission as PM10  are between 1 % and 15 % by mass of 

passenger car tyre wear (AQEG, 2004). A detailed environmental study by Pierson and 

Brachaczek (1974), however, concluded that much of the tyre wear is in the form of 

non-suspendible particles deposited on or near the road and that, depending on driving 

conditions, the amount of airborne tyre-particulate averages just 20 % of the amount of 

the exhaust particulate matter from petrol engines burning leaded fuel. With unleaded 

petrol gradually replacing the leaded petrol worldwide, importance of tyre debris as a 

component of resuspension becomes more prominent. 

Particles from tyre wear are mostly of organic origin with slow biological degrada-

tion rate. Inorganic materials that are associated with tyre wear particles are mainly 

the heavy metal oxides that are used as an additive in tyre manufacturing such as 

zinc, lead, chromium, copper and nickel (Hewitt, 1990; Muschack, 1990). Detection 

of minor to trace amounts of iron-rich (often contaminated with barium, sulphur and 

silicon) and zinc species from most of the samples from different road side locations 

indicated tyre wear, possibly with some brake wear, as the source (Abu-Allaban et al., 

2003b). Kim et al. (1990) found that the concentrations and percentages of tyre tread 

in P11410  show seasonal variation. They reported weight percentage of tyre tread in 

PM10 varying between 1.3 % and 3 % in winter and between 0.5 % and 1.5 % in spring. 

The higher percentage in winter was primarily due to typical wind direction in winter 

that resulted in wind passing over the dense traffic area of Tokyo before reaching the 

receiver. Further, day and night profiles of tyre tread at ground level and at a height of 

16 m followed the pattern of traffic and therefore, indicated traffic to be prime source 

of emission of tyre tread in the urban area. Close relationship of tyre tread particles 

with traffic, indicated by hydrocarbon concentration peaks following traffic flow, has 

also been reported by Siddigi and Woeley (1977). Abu-Allaban et al. (2003b) esti- 
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mated, for 8 locations at North Carolina, US, brake arid tyre wear emissions, by mass, 

between 0 % to 20 %. The majority of these were less than 5 % and were mainly con-

tributing to P1\410 , unlike tailpipe emissions and emissions of vegetative origin, which 

contribute primarily to P1\42.5. Alastuey et al. (2004) reported exhaust and tyre erosion 

contribution of 6 jig m-3  (40 %) to kerbside PM10  level in Spain. Kim et al. (1990) 

showed that 30 % of the mass concentration of tyre wear particles at the ground can 

still be found at a height of 86 m during the daytime. They concluded that absence 

of mixing of air due to higher wind speed and unobstructed flow of air at more height 

did not allow coarse particles of tyre emissions to diffuse to such a height. Pierson and 

Brachaczek (1974) have reported that only 10 % of the tyre tread particles (by mass) 

are smaller than 3 pin. This suggests that a large part of the tyre wear emissions is 

made up of coarse particles which become easily resuspended. 

Subramani (1971) has reported an emission factor of 0.12 g km-1  v-1  for airborne 

particulate matter generated by wear of rubber tyres under U.S. driving conditions. 

Dannis (1974) reported tyre wear of 4.5 kg after 50,000 km driving and therefore a tyre 

wear rate of 0.09 g km-1. A figure of as high as 120 g km' has been reported for 

the tyre abrasion particles for an average of 1000 vehicles per day on a German road 

(Gottle, 1979; Muschack, 1990). Average tread wear rate between 0.006 g km' and 

0.09 g km' for a single passenger tyre under different driving condition, different road 

condition and different tyre condition has also been reported (Dannis, 1974; Fwa and 

Ang, 1991; Pierson and Brachaczek, 1974; Schuring and Clark, 1988). A recent study 

by Luhana et al. (2004) reports a typical figure of 0.074 g km-1  v' for tyre wear. From 

investigations carried out under the EC 5th  framework project "Tyre and Road Wear 

and Skip Assessment" (TROWS), Lupker et al. (2002) reports tread wear of 1 mm per 

10,000 km to 1 mm per 30,000km for general truck tyres. Kristensson et al. (2004) 

reported emissions out of tyre and brake wear are about 100 times smaller compared 

to the resuspension of crustal materials. 

However, tyre wear is still a factor of uncertainty. From a study at Nevada. and 

North Carolina, US, Abu-Allaban et al. (2003b) found little evidence of tyre wear arid 

attributed this to electrostatic charge carried by rubber particles that prevent it from 
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depositing and accumulating on the filter during the sampling process, as suggested 

by Hildemann et al. (1991a). Whether these materials are directly emitted after their 

formation or they first get deposited on to the road and then become resuspended is 

not clear (Harrison et al., 2003, 200414. In AP-42, tyre wear emission is considered as a 

direct emission (USEPA, 1993c). Several authors suggest brake and tyre wear emission 

as a direct emission like exhaust emission and therefore quantify it in terms of certain 

percentages of exhaust emission. However, erosion of tyre takes places by the same 

process and at the same time as that of road abrasion. Therefore, in this model, like 

abrasion, the assumption is that all of the tyre wear materials are first deposited on 

the road surface and then become resuspended with movement of vehicle. 

In the model, tyre wear deposition is parameterised as follows: 

Ft  = wt 

= wt riv 	 (5.10) 

Where, 

Ft 	= rate of tyre wear deposition on the road segment (g s-1) 

wt 	= tyre wear deposition rate per unit length of road surface (g 	s') 

wt, 	average tyre wear rate for a fleet of vehicle (g 111-1 v-1) 

1 	= length of the road segment (m) 

= traffic flow rate (v 

1 for Gloucester Place is 120m (Section 3.2.2) and for Manor Road is 180 in (Sec-

tions 3.3.4 & 5.6.2.5). n, at Gloucester Place is estimated in Section 4.1.2. Estimate 

of n, at Manor Road is obtained from Section 4.2.4. Wt  for each road is estimated as 

follows: 

nti  zi 	 (5.11) 

Where, 

wt" is the tyre wear rate (g km-1  per tyre), nti is the number of tyres/wheels in each 

vehicle (tyres/wheels per vehicle) and zi  is the respective proportion of each type of 

vehicle (%). 
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The wide range of tread wear rate for a single tyre between 0.006 g km-1  and 

0.09g km-1  is considered for the present model (Dannis, 1974; Fwa and Ang, 1991; 

Pierson and Brachaczek, 1974; Schuring and Clark, 1988). Traffic composition of 

Gloucester Place is obtained from Section 4.1.2 and that of Manor Road is obtained 

from Section 4.2.4. Using Equation 5.11, tyre wear rates are estimated to be between 

2.4 x 10-2  g km' v-1  and 4.7 x 10-1 g kni1 	 at Gloucester Place and between 

2.8 x 10-2  g km-1  v-1  and 5.5 x 10-4 g km-1 v
-1  at Manor Road. As discussed earlier 

in this Section, besides road condition, the other factor that significantly influences 

the rate of tyre wear is vehicle speed. However, at present, this information is not 

available. 

5.6.2.3 Dry deposition, Fd 

Dry deposition is, broadly speaking, the transport of gaseous and particulate species 

from the atmosphere in the absence of precipitation (Seinfeld and Pandis, 1998). The 

dry deposition of particulate matter from the atmosphere to land and vegetation is 

quantified by "deposition velocity", vd , defined as follows (Chamberlain and Chadwick, 

1953; Seinfeld and Pandis, 1998): 
D 

Vd == 
Ci 

(5.12) 

Where, 

vd 	= deposition velocity of particulate matter (m s-1) 

D 	= deposition flux on surface (g m-2  s-1) 

C 	= concentration of particulate matter in air (g m-3) 

Deposition velocity is an empirically determined quantity that depends on a variety 

of factors, such as particle size arid density, interaction among meteorological param-

eters, chemical and physical characteristics of the particle, and the nature of surface 

itself (e.g., the rate of deposition in forests is greater than in the fields, deserts, and 

urban areas). The level of turbulence in the atmosphere, especially in the layer near-

est the ground, governs the rate at which species are delivered down to the surface 

(Countess et al., 2001; Hofken et al., 1983; Sehmel, 1980a; Seinfeld and Pandis, 1998; 

Thiessen et al., 1999). 
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The process of dry deposition of particles (and gases) is generally represented as 

consisting of three steps, each contributing to the vd  (Seinfeld and Pandis, 1998): 

1. Aerodynamic transport down through the atmospheric surface layer to a very 

thin layer of stagnant air just adjacent to the surface. 

2. Molecular (for gases) or Brownian (for particles) transport across this thin stag-

nant layer of air, called the quasi-laminar sublayer, to the surface itself. 

3. Uptake at the surface. 

For particles, one of the factors most strongly influencing the deposition velocity is 

the "particle size" (the other factor that significantly affects deposition velocity is "wind 

speed"). Rao et al. (1992) found that, by and large, the deposition velocity of a particle 

increases with the increase of its mass median diameter (MMD). However, velocities 

of dry deposition due to turbulent diffusion increase with decreasing size of particles 

(Gramotnev et al., 2003). The deposition velocity typically decreases with increasing 

distance from the release point, since the ratio of small to large particle concentrations 

increases due to the effective deposition of large particles (Thiessen et al., 1999). Some 

predominant mechanisms of dry deposition for particles of different size are described 

in Table 5.6. 

Dry deposition is still a very important source of uncertainty. The majority of 

the emitted particles from a busy road is within the ultra-fine range with the median 

diameter 0.05 pm (Hitchins et al., 2000) and therefore increased rate of coagulation 

of such particles is expected (Jacobson, 1999). Moreover, a busy road is also a strong 

source of gaseous reactive pollutants, such as NON , which may lead to a possibility 

of nucleation processes, i.e., formation of new particles in the plume. However, there 

exists no clear understanding of these processes and their contributions near a busy 

road (Jacobson, 1999). A minimum deposition velocity is seen for particle between 

0.1 p.m and 1 pm and the typical estimate is 0.001 m s' with estimated uncertainty 

factor between 5 and 10 (Thiessen et al., 1999). Particles below 0.1 pm coagulate or 

attach to larger particles (Thiessen et al., 1999). Sehmel (1980a) reports the value of 



CHAPTER 5. MODEL DEVELOPMENT 	 174 

Table 5.6: Dry deposition mechanism (Seinfeld and Pandis, 1998) 

Particle size 	Deposition 	Description 
mechanism 

Small particles behave much like gases and 
are efficiently transported across the quasi-
laminar layer by Brownian diffusion. 

This is the size range for accumulation mode 
aerosols in the atmosphere and life-times 
of such particles by dry deposition may be 
many days unless they are scavenged by fog 
or precipitation. 

These moderately large particles are 
efficiently transported across the laminar 
sublayer by inertial impaction. 

These big particles settle by gravitational 
settling since the settling velocity, which in-
creases with the square of the particle diam-
eter, is appreciable in this case: 

0.05 pm 	Brownian 
diffusion 

0.05 pm to 2 pm No 
effective 
mechanism 

2 pin to 20 prn 	Inertial 
impaction 

> 20 pm 	Gravitational 
settling 

vd , for a reference height of 1 m, to be 0.05 m s-1. For a tropical climate like in India, 

Rao et al. (1992) reported mean dry deposition velocities for different ionic components 

in air varying between 0.0057m s-1  for SO4  of MMD 0.9 pm and 0.02291n s' for Ca of 

MMD 3.3 pm. Other ionic compounds such as Cl, NO3, NH4, Na, K and Mg had MMDs 

and dry deposition velocities within the above range. Their observation of low standard 

deviations of seasonal values of dry deposition velocities indicated that dry deposition 

values are almost same throughout the year. A typical value of D for Germany is 

1.16 x 10-6  g 	(Gamez et al., 2001b). For a PM10  level of 40 pg m-3 , this 

results in vd  value of 0.03m s-1. ApSimon et al. (2001) have reported dry deposition 

velocities of 0.001 in s-1  and 0.015 m s-1  for P1\12.5  and PMcoarse  respectively. Findings 

of air quality experts panel, in association with US Western Regional Air Partnership 

(WRAP), show that the coarse fraction of P1\4 j0  with I\41\4D of about 5 pin to 6 pm 

deposits relatively quickly at the rate of 0.005 rn s-1  to 0.05 in s-1  compared with fine 

fractions with 1111\4Ds of about 0.3 pin to 0.5 pm which deposit at the rate of 0.0005111 

s' to 0.05 rn s' (Countess et al., 2001). As discussed in Table 5.6, the difference is due 
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to the fact that larger particles have higher gravitational settling velocity than small 

particles. Similarly particles are differently deposited by inertial impaction depending 

on the inertia of the individual particle; particles having higher inertia are deposited 

preferentially to particles having smaller inertia. Deposition by other mechanisms like 

thermophoresis and electrophoresis may also be important in particle removal. The 

two order of magnitude range in deposition rates (0.0005 m s-1  to 0.05 m s-1) varies 

between two extremes: a maximum for dense forests and a minimum for barren desert 

areas, with a continuum of values between these two extremes for crop land, prairie 

land and urban (paved) surfaces (Countess et al., 2001). 

The advantage of the deposition velocity representation is that all the complexities 

of the dry deposition process are bundled in a single parameter, vd. The disadvantage 

is that, because vd  contains a variety of physical and chemical processes, it may be 

difficult to specify it properly. Because C is a function of height above ground, vr3  is 

also function of height and must be related to a reference height (e.g., 10 m or less) at 

which C is specified (Seinfeld and Pandis, 1998). 

The dry deposition is parameterised as follows: 

Fd = D lw 

= C vd  1 w 	 (5.13) 

Where, 

Fd 	rate of dry deposition (g s-1) 

D 	deposition flux on surface (g m-2 	) 

vd 	deposition velocity of particulate matter (in s-1) 

C 	concentration of particulate matter in air (g m-3) 

length of the road segment (in) 

w 	width of the road segment (m) 

In this model the background levels of PM10  (Cb), obtained from field measurements 

(Sections 4.1.5 & 4.2.3), are dry deposited. The wide range of vd  values from 5.0 x 

10-4 m s-1  to 5.0 x 10-2 m s-1, reported by Countess et al. (2001), is used. For 

Gloucester Place 1 and w are 120in and 13 m respectively (Section 3.2.2) and for Manor 
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Road the corresponding values are 180 m and 5 m respectively (Sections 3.3.4 L 5.6.2.5). 

Contribution from long-range transport of primary and secondary particulate mat-

ter is a part of background concentration. Local sources that contribute to airborne 

particulate matter, but not to the road surface loading, are part of local PM10. There-

fore both of these are dry deposited. 

5.6.2.4 Local source at Gloucester Place : Material added onto the road 

surface by gritting, Fg  

Grit is not a continuous source of road surface loading at Gloucester Place. Therefore, in 

the model, this source is considered to be active between 11:15 and 11:20, representing 

the start and the finish times of gritting process respectively (Section 3.2.2). 

The grit application process is parameterised as follows: 

F = 
S

g 
 w 

g t g  
Where, 

Fg 	 rate of grit deposition (g 

Sg 	road surface loading contributed by gritting (g m-2 ) 

length of the road segment (m) 

width of the road segment (m) 

tg 	duration of gritting (s) 

(5.14) 

S'g  is 20 g m-2, tg  is 300 s and 1 and w are 120 m and 13 m respectively, all of these 

values obtained from the design of the experiment (Section 3.2.2). 

5.6.2.5 Local source at Manor Road : Material entering from EGTS to 

Manor Road, 

As discussed in Section 3.3.1, Erith Group Transfer Station (EGTS) has been suspected 

as the most important source and material carried from the unmade site of EGTS to 

Manor Road along the outer surface of the wheels of HMIs as the most plausible process 

that replenishes material on Manor Road (Bexley, 2003; Jansz et al., 2004). Visual 

observations of heavy soiling of half the width of the road on which loaded vehicles 
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from EGTS travel towards Erith strengthens this suspicion (Bexley, 2003). Therefore, 

in this model, EGTS has been considered as a significant source of Manor Road surface 

loading and material sticking to the outer surface of the wheels and thus carried along 

the road an important process. Material carry over from surrounding unpaved areas 

to nearby paved roads has also been recognised as a material replenishment process 

by earlier studies (AQEG, 2004; USEPA, 1993c). However, no information is available 

on either the amount replenished by such process or the procedure to quantify it. The 

AQEG (2004) has clearly expressed the lack of data in this area. 

In this model the material input process from EGTS is parameterised in terms of 

thickness of material stuck on to the wheel surface and hence brought onto Manor 

Road . This may also include material carried in through other parts of the vehicle. 

This parameter value is finally arrived from the calibration of the model. Half of the 

carriageway of 5in width on which loaded HGVs from EGTS travel towards Erith 

and which shows visible soiling, is considered for the modelling purpose (Fig. 3.12). 

Emissions from the other half of the carriageway, which are expected to be significantly 

less, are neglected. Therefore the model output is expected to be an underestimate of 

the actual P11110  emission from Manor Road. 

The material input process is parameterised as follows: 

Fw  = 

= ,rwh nwhnw 

Vw,  pwnwh nw  

= t1wh 7  Pw nwh nw 

7f Y Wwh T Pw nwh nw 
	 (5.15) 

Where, 

fw = 
nw  = 

Lyn = 

71wh 

rate of material input from EGTS onto Manor Road (g s-1) 

amount of material carried onto Manor Road by each vehicle (g v-1) 

traffic flow rate from EGTS to Manor Road (v s-1) 

amount of material carried onto Manor Road by each wheel (g wh-1) 

number of wheels per vehicle (wh v-1) 
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17w = 

Pw = 

Awh — 

T = 

Wwh 

volume of material carried onto Manor Road by each wheel (m3  wh-1) 

density of material entering from EGTS to Manor Road (g 

average wheel surface area (in' wh-1) 

thickness of material sticking onto wheel outer surface at the entry 

to Manor Road (m) 

average wheel diameter of the vehicles entering to Manor Road (m) 

average wheel width of the vehicles entering to Manor Road (in) 

Estimate of a, is obtained from Section 4.2.4. Value of pw  is assumed same as that 

of p (Section 5.6.2.1). From the on-field observation, 0, wwh  and nwh  are estimated to 

be 2 in, 0.4 m and 6 respectively. 7 is obtained from model calibration, presented in 

Section 6.3.2.1. 

5.6.3 Fluxes that deplete road surface loading, F.ut  

Gillette et al. (1974), while investigating the influence of wind velocity on wind erosion 

of soils, concluded that particles with settling velocity (Vs) sufficiently smaller than 

vertical velocities would remain suspended in air and be available for downwind trans-

port. They found that threshold of suspension could be estimated in terms of friction 

velocity (u,,) and 14. Particles for which Vs/u, lie between 0.12 and 0.68 are likely to 

be suspended. Particles (typical size range is 100 pm to 500,am) with greater values of 

Vs/u*  will tend to saltate (i.e., rise to a height of approximately less than 1 m and in 

absence of any appreciable vertical flux, will skip across the surface by horizontal flux 

(Anspaugh et al., 1975)), often associated with high speed rotation (Sehmel, 1980b) 

and massive ones (typical size range is 500 pM to 1000 /1,111) will tend to remain close 

to the surface and creep (i.e., roll along) across it (Newman et al., 1974). Therefore 

resuspension rate, A, defined as fraction (or percentage) of surface deposit removed per 

unit time can be expressed as (Sehmel, 1973): 

A = Aair + Asa]t + Asc 	 (5.16) 

Where, 
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A 	= total resuspension rate (s-1) 

Aair 	resuspension rate for particles moving in true airborne suspension (s-1) 

AsaIt 	resuspension rate for particles moving in saltation (s-1) 

A„ 	resuspension rate for particles moving in surface creep (s-1) 

In this present model, unlike above where all the three processes are considered to 

contribute to resuspension, only the smaller particles that move in airborne suspension 

are considered to be contributing towards resuspension. Movement of larger particles 

across the road through saltation and creep is considered to be contributing primarily 

towards the across-street movement and, to some extent, the along-street on-wheel 

movement. 

5.6.3.1 Flux along road, Fx 

As discussed in Section 4.3.1, vehicle wake and material sticking to the outer surface of 

the wheel and hence carried along the direction of traffic are the two major processes 

that cause along-street movement of the material. Which mode will dominate depends 

primarily on moisture content of the material. Material with very high moisture content 

will be transported largely through sticking to the wheel whereas dry material will 

mostly be carried by vehicle wake. 

The along-street movement of material is parameterised as follows: 

Fx 	= f x  S 1 W nv 	 (5.17) 

Where, 

Fx  = amount of material removed from a road segment along the 

road in unit time by the whole fleet of vehicles (g s-1) 

fx 	= fraction of material removed from a road segment along the 

road by one vehicle (v-1) 

S 	= surface material loading on the road segment (g m-2 ) 

1 	length of the road segment (in) 

w 	= width of the road segment (m) 
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= traffic flow rate (v s-1) 

5.6.3.2 Flux across road, Fy  

Two material movement prOcesses, saltation and creep, described above, dominates the 

across-street movement of the material resulting in material build-up at the kerb. This 

is in agreement with the suggestion by Gamez et al. (2001a) that bigger particles are 

moved to kerbs. Previous researchers have attributed the higher silt loading values at 

kerbs than traffic lane to this across-street movement of material (Rauterberg-Wulff, 

2000; Daring and Lohmeyer, 2001). Translocation of material to road parking strip 

has been reported by Sehmel (1973) who estimated that a visible material deposit on 

parking strip would happen after about 1000 vehicle passes. 

Flux across the road is parameterised as follows: 

Fy 	= ,fy  S 1 w 	 (5.18) 

Where, 

Fy  = amount of material removed from a road segment across the 

road in unit time by the whole fleet of vehicles (g s-') 

= fraction of material removed from a road segment across the 

road by one vehicle (v- ) 

S 	= surface material loading on the road segment (g m-2) 

1 	length of the road segment (rn) 

width of the road segment (m) 

nv 	traffic flow rate (v s-1) 

5.6.3.3 Emission to air/Resuspension, 

Particles smaller than 100pm are largely removed by resuspension. 

Resuspension of material is parameterised as follows: 

= 	 (5.19) 

Where, 
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Fz 	amount of material removed from a road segment to air in unit 

time by the whole fleet of vehicles (g s-1-) 

fraction of material removed from a road segment to air by one 

vehicle (v-1) 

S 	surface material loading on the road segment (g in-2) 

length of the road segment (m) 

w 	width of the road segment (m) 

nv 	traffic flow rate (v s') 

Estimates of parameter values for traffic-induced depleting fluxes 

fy  and h are obtained from Sections 4.3.1, 4.3.2 & 4.3.3 respectively. 8, for Glouces-

ter Place , immediately after gritting is known from Section 3.2.2. At Manor Road , 

estimate of S is presented in Table 4.2. 1 and w, the dimensions of road segment, are 

estimated from the design of field experiment arid application of model. For Gloucester 

Place, 1 and w are 120 m and 13 m respectively (Section 3.2.2) and for Manor Road the 

corresponding values are 180 m and 5 rn respectively (Sections 3.3.4 & 5.6.2.5). 

at Gloucester Place is estimated in Section 4.1.2. Estimate of nv  at Manor Road is 

obtained from Section 4.2.4. 

5.6.3.4 Removal of material by rain, Fr 

Precipitation, either in the form of rain or in the form of snow, significantly affects the 

material removal processes on road surface. While heavy rain causes removal of material 

in suspended form to the kerbs/gutters, snow acts as a barrier to road dust removal. 

When snow melts, it may have a similar effect as of rain. However, in both cases wet-

material squeezed under the wheel and thrown across the road to kerbs/pavements will 

also be an important process. Although the EPA believes that snow would form more 

of a physical barrier to emission, they have no data to quantify additional reduction 

that can be attributed to snow over and above rain. Therefore they have not come up 

with any snow correction factor, and have opined that it will be a reasonable approach 

to assume zero emission during periods when the road surface is covered with snow 
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(Kuykendal, 2002; USEPA, 2002). 

Not many studies are available on the combined influence of rain and traffic on ma-

terial movement processes on paved roads. A German study shows that airborne par-

ticulate matter concentration reduction occurs with rainfall intensity as low as 0.1 mm 

11-1  (During et al., 2002a). The average reduction of emission factors during rain is 

15 % to 20 % with the maximum reduction of 50%. The study reported that the effect 

of rain in lowering the emission can continue until 7 hours after the rain has stopped. 

Initial AP-42 model assumed no emission to occur during days of rain. Muleski et al. 

(2001) found that introducing a moisture correction factor improved the predictability 

of the AP-42 emission factor model. After getting response to its October 2001 draft 

section 13.2.1 on "Paved roads", the EPA has recently updated the emission factor 

equations with a moisture correction term to take care of the rain event (Kuykendal, 

2002; USEPA, 2002). It has included two correction factors, one for hourly basis and 

the other for daily basis, as follows: 

Hourly moisture correction factor = 1 — 1.2P/N 	(5.20) 

Daily moisture correction factor = 1 — P/4N 	 (5.21) 

Where, 

P is the number of days/hours with at least 0.254 mm (0.01 in) of rain during the 

averaging period and N is the number of days/hours in the averaging period. 

The above correction factors assume the following: 

1. Long-term or annual average emissions are inversely proportional to the frequency 

of the measurable rain. 

2. Measurable rain is rainfall of at least 0.254 mm (0.01 in). 

3. When measurable rainfall occurs, the emissions are zero during the rain event. 

4. Mitigative effect of 20 % takes place beyond the rain event. 

Because PM10, for regulatory purpose, is determined on a 24-hour average (and annual 

average), but not for a short. duration of 1 hour, Chang (2001) advocated the use of 
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daily moisture correction factor. However, evaluating the influence of rain on emission 

of particulate matter is too complicated because, light and heavy rain may affect in 

different ways, for mitigation of the emission, as described below (Myers, 2001): 

1. Light rain increases the availability of silt for suspension into the air as a result 

of the washing of the material out of crevices of the road. While the road surface 

is wet, water droplets suspended into the air will contain these suspended solids 

and if not deposited, will become airborne particulate emissions. 

2. Light rain can increase silt levels as a result of the washing action of water on 

the undercarriage of the vehicles. 

3. The timing of short duration rain events affects the reduction of silt during high 

traffic periods. Rain occurring late in the evening or at night is unlikely to 

significantly affect silt levels during high traffic periods since the undercarriage 

of the first vehicles to use the road will re-nourish the road surface clue to washing 

by the residual water on the road surface. 

4. Any rain can increase silt levels as a result of enhancing the track out of material 

from unpaved areas such as construction sites, unpaved roads, quarries and other 

industrial locations. 

5. Heavy rain will remove most silt from the road surface. This effect will last the 

longest when rain occurs during rush hours. 

6. Paved roads are designed to minimise the amount of water retained on the surface. 

7. Normally, high speed and high traffic volume roadways will dry within an hour 

after rain has ceased. 

8. Low humidity, high temperature and high solar insolation conditions will reduce 

drying times of a road. 

For light rains of short duration, which appear to be the most prevalent, it is 

assumed that the times when silt content would be increased are balanced by the times 
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when the amount of rain is sufficient to reduce the silt content of the road. As a result, 

emissions are suppressed only during the period when it is raining. Myers (2001) 

suggested that since the meteorological data is usually recorded in one hour blocks, 

it may be reasonable to assume that, emissions are suppressed for the entire hour. 

Gamez et al. (2001a) also express similar concerns about, influence of precipitation on 

particulate matter emission from their studies in Germany. 

Nicholson and Branson (1990) suggested that resuspension is likely to be controlled 

by the rate of incorporation of deposited material with soil or dust that may be translo-

cated onto the road surface. Such incorporation may be most rapid when the surface 

is moist such that resuspension factors resulting from turbulence or tyre shear might 

attain the maximum value immediately after a road becomes dry. Rauterberg-Wulff 

(2000) estimated, from a three-months monitoring phase at Frankfurter Allee in Berlin, 

that the emission is reduced to one half during rainy days. During and Lohmeyer (2001) 

found, for a four-week monitoring phase in Schildhornstrak in Berlin, no reduction of 

PM10  emission on days with rain. These studies concluded that further measurements 

are needed for an understanding of the material movement processes associated with 

rain event. 

In this model, however, removal of material by rain is parameterised with assump-

tion that the amount of material removed is dependent on intensity of rain. No account 

has been taken of the after-rain mitigative effect. 

Material removal by rain is parameterised as follows: 

Fr  = Jr S lti 

= 	a (/r )b  S / w 
	 (5.22) 

1Vhere, 

Fr 

flr 

Jr 

Ir  

a & b 

= amount of material removed from a road segment in unit time due • 

to rain (g h-1) 

fraction of material removed per unit time due to rain (h') 

intensity of rain (mm 11-1) 

calibration coefficients 
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= surface material loading on the road segment (g m-2 ) 

= length of the road segment (in) 

= width of the road segment (m) 

The relation f7 = a (1-r)b, used in Equation 5.22, is similar to the one reported 

from Tillydrone study. The study estimated values of a and b to be 0.015 and 1.5 

respectively (Deletic et al., 1997; Deletic and Makismovic, 1998; Deletic et al., 2000). 

5.6.4 Process summary 

Table 5.7 and Figure 5.3 summarise various material movement processes included in 

this model and their mathematical formulations. 

Table 5.7: Mathematical formulation of the processes 

Process From To Mathematical formulation 

Exhaust emission vehicle air Ce  = ee ny X 
Brake wear emission vehicle air Cbr  = ebr ny X 
Road abrasion deposition road road Fa  = Ta ll) n, 1 w p 
Tyre wear deposition vehicle road Ft = wt  nv 
Dry deposition air road Fd  = Cb d l W 

Gritting of road road F 	Sg  I W 
tg  

Input from EGTS road road = r wwh 7 Nnwhnw 
Along-street movement road road F 	= 	S .10 n,, 
Across-street movement road kerb Fy = ,fy S/ 
Resuspension road air F = f S w n, 
Removal by rain road gutters Fr 	= a (Ir )b  S 1 w 



C, = C iii,+ Ce  + Cbr  
ee  nu  x 

Cb = eb, nv x 

=re qinv Iwp 

Fd = Cb Vd IN 

S 
g 

C2= Cb+ CO2  + C, + Cer 	C0= e° X  

y2  = f y S2  I w nv  Fy , = fy  S, I w nv  

F„= fz  S2  w 
Fe = re  'P u 1 w  P 

F, = (A), nv  

Fd = Cb Nd I W 

S2  w S, I w 
Feo 	N nv  F„2= fx2 S2 Iwn„ 

t J 

= fz S, I w 
Fr  = f,S, I w n, 

F;2 = S2 I W 

= fxj  

0:4  

C2, = ebr nv X 

x Fa X 
CzZ  = 	 

W 

F = rr mem, r n„„, 

Direction of traffic 

•Fg  is applicable for Gloucester Place and F is applicable for Manor road. 
•w is included in the x estimated from ADMS for Manor Road. So the C0  equations above are for Gloucester Place and for 
Manor Road the denominators of the equations consist only of 1. 
•Subscript 1 refers to the gritted road segment at Gloucester Place and the industrial end at Manor Road. Subscript 2 
refers to the ungritted road segment at Gloucester Place and the residential end at Manor Road. Subscript 0 refers to a 
section of road upstream of the gritted segment at Gloucester Place and upstream of the industrial end at Manor Road. 
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Fig. 5.3: Summary of process parameterisation. 

5.6.5 Other processes 

Some processes which are common to any urban paved road, but not considered in this 

model either due to lack of data or due to lack of understanding of the process, are 

described below. 

5.6.5.1 Wet deposition 

Removal of material from atmosphere by precipitation (i.e., rain or snow) is termed as 

wet deposition. Material may be incorporated into the precipitation either in-cloud or 

below-cloud (Nicholson et al., 1991). However for most of the urban area studies where 

measurements of particulate matter are done at a height below where clouds form, the 

below-cloud scavenging is the most important process. The efficiency of wet deposition 

is controlled exclusively by atmospheric processes (precipitation physics and chemistry) 

(Hofken et al., 1983). The wet deposition rates are proportional to the precipitation 
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rates and wet deposition will always be higher than the dry depositions (Barrie, 1988; 

Chan et al., 1986; Mosello et al., 1988). Rao et al. (1992) reported wet deposition fluxes 

varying between 1.5 and 2.0 times of dry deposition fluxes for different atmospheric 

ionic compounds. The rate of wet deposition is expressed in terms of "scavenging 

coefficient", defined as follows (Nicholson et al., 1991): 

dC 
— —A, C 

dt 

Where, 

C 	= particulate matter concentration (pg m-') 

A5  = scavenging coefficient (s-1) 

(5.23) 

For a particle of 4.3 pm and collection efficiency of unity, Table 5.8 shows a summary 

of values for A5. For particles bigger than this, the A5  value may go up by a factor of 

3 to 4 of this estimate. For drizzle (i.e., rainfall rate <0.1 mm h-1), Nicholson et al. 

(1991) measured A5  between 1 x 10-4  s-1  and 6 x 10-4 s-1  for particles 9.0 pm ± 2.5 pm. 

For snow, A5  value is 4 x 10-3  s-1, a factor of 10 higher than that for rainfall. 

Table 5.8: Scavenging coefficients (Nicholson et al., 1991) 

Rainfall intensity (mm h-1) A5 (s-1) 

0.1 7x 10' 
0.2 1 x 10-4  
0.4 2x 10-4  
0.6 3x 10-4  
0.8 3x 10-4  
1.0 4 x 10-4  
1.5 5x 10-4  
2.0 7x 10-4  
2.5 8x 10-4  

5.6.5.2 Removal of material due to road sweeping 

Uncertainty associated with material removal due to road sweeping is discussed in 

Section 2.12.1.1. However, studies on industrial paved roads have shown the effect 

of sweeping in lowering the emission (Cowherd et al., 1982; Cuscino et al., 1983). 

Industrial paved roads are characterised by higher particulate matter loading than 
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public paved roads and therefore it indicates sweeping is effective where the particulate 

matter loading is high. Extending this argument to paved roads, especially where 

resuspension is several times that of exhaust emission, the effect of sweeping should be 

seen and a process could be added to the model. Information on timing of sweeping 

and sweeping efficiency, which depends on the sweeping machine and road surface 

characteristics, can help in modelling this as an independent process. At present, we 

may assume that it is implicitly included in across-street removal of the material. 

5.7 Comparison of model structure with other envi-

ronmental models 

The structure of this model is similar to other environmental models, although those 

models are mainly confined to the area of radioactive decay, photolysis, biodegradation, 

environmental risk assessment and exposure analysis. Two environmental models that 

are based on process-level studies and therefore have a similar structure to this are 

Ca1ToX2  and CLEA s  (CalTOX, 1993; CLEA, 2002). 

Various compartments and transfer processes of material within and across the com-

partment of this new model are similar to Ca1TOX multimedia transport and transfor-

mation model with the difference that unlike Ca1TOX, which is a seven compartment 

model (compartments are air, plants, ground-surface soil, root-zone soil, vadose-zone 

soil, surface water and sediment layer), this model has only two compartments, i.e., 

air and road segment, making it much simpler. Further, unlike Ca1TOX, which in-

cludes chemical species and their transformation, this model does not include either 

any gaseous pollutant or any physical and chemical transformation process (Ca1TOX, 

1993; McKone et al., 1997). Instead it is a model for particulate pollutants only. Re- 

2Ca1TOX is a spreadsheet model, developed under the auspices of the University of California 
with funding provided by the Department of Toxic Substances Control of Californian Environmental 
Protection Agency to assist in assessing human exposures and health risk at uncontrolled hazardous 
waste sites. 

'Contaminated Land Exposure Assessment (CLEA) model is developed by the Centre for Re-
search into the Built Environment, Nottingham Trent University, on behalf of the Department for 
Environment, Food & Rural Affairs (DEFRA) and Environment Agency, UK for estimating child 
and adult exposure risks from soil contaminants for those potentially living, working and playing on 
contaminated sites over long periods of time. 
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suspension from road surface is analogous to the process of transfer of material from 

soil compartment to air in CLEA (CLEA, 2002). Both in CLEA and Ca1TOX model, 

the rate of loss of material from any compartment is defined as the product of the con-

centration of the material in the compartment and transfer rate constant. The transfer 

rate constants have their usual units, i.e., per unit time and expressed, like this model, 

as the fraction per unit time of the inventory (e.g., mass of particulate matter) of the 

compartment i (e.g., road segment) that is transferred to compartment j (e.g., air or 

to adjacent road segment or to the kerb). The only difference in defining these transfer 

processes is that the transfer and resuspension rate constants in this model are ex-

pressed in units of per vehicle (v-1), which, after multiplication with vehicle flow rate 

s-1), gives rise to the loss rate constants, the standard unit of which is per unit time 

(s-1). To begin with, in Ca1TOX, the transfer and transformation rate constants were 

described in terms of landscape properties, chemical properties, and fugacit.y capacities 

(Ca1TOX, 1993). In its 1997 revision, however, McKone et al. (1997) have modified 

the units for source terms to mass per unit time, very much the same as this model. 

The parameterisation of resuspension and transfer rate constants in this model is also 

analogous to the deposition rate constant of molecules from a surface and chemical 

activation rate constant (Reeks et al., 1988), widely used by researchers working in the 

area of material resuspension. 

5.8 Testing model for the scientific correctness and 

model validation 

Subject to constraints of quantitative knowledge, simulation models should attempt to 

reproduce the reality. In practice, however, the environment and its inherent processes 

are so complex and variable in space and time that it will probably never be simulated 

perfectly. Representative sampling under a robust statistical design, followed by a well-

controlled and calibrated laboratory analysis, is most likely to yield the best available 

(though not necessarily correct) estimate of the true value. Most scientists would prob- 
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ably tend to have more confidence in a quantitative estimate obtained through direct 

measurement than through a model prediction. It is for this reason that the compar-

ison of model predictions to measured data has gained considerable acceptance as an 

important tool in the process of establishing model credibility (Kirchner and Whicker, 

1984; Kirchner, 1991; Whicker et al., 1999). This process is often called model vali-

dation, even though one can always argue that a model can never be validated, only 

invalidated (Oreskes et al., 1994). The basic ground rule for the model validation is 

that data for model validation must be other than data used model construction or 

calibration (Nielsen et al., 1991). Model validations have their limitations also. No 

model will ever be tested under all possible combinations of times, places and condi-

tions. Kirchner (1991) discusses this concept, referring to the "domain of applicability". 

The applicability of the model should clearly be described. 

In this model, the estimates for traffic emission sources common to any road (i.e., 

Ca , Chr, Fa, Ft  and Fa) are estimated from available data describing the road, the 

traffic on it and prevailing meteorological condition (Sections 5.6.1, 5.6.2.1, 5.6.2.2 

& 5.6.2.3 respectively). Fg  is obtained from the experimental design at Gloucester 

Place (Sections 3.2.2 & 	Fw  is calibrated to fit the measurements available 

at Manor Road (Section 5.6.2.5). Parameter values for Fx, Fy, Pl. are estimated from 

the Gloucester Place experiment (Sections 3.2 & 4.3) and that for Fr  is obtained from 

previous works (Deletic et al., 1997; Deletic and Makismovic, 1998; Deletic et al., 2000) 

(Sections 5.6.3.4). 

In case of Gloucester Place the model output is compared with a time-series of 

roadside PM] 0  near two road segments 120m apart (Fig. 4.9), to check the scientific 

correctness of the model formulation. The same P1\110  data is also one of the measure-

ments that is used to derive the parameter values for some of the fluxes that deplete 

the road surface loading. However, the traffic-linked processes included in this model 

are independent of measurement and therefore, checking the scientific correctness of 

the model formulation consists of assessing whether the measurements used to de-

rive parameter values can be reproduced by a model that considers these processes to 

be responsible for the traffic-induced resuspension. The model validation at Manor 
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Road consists of comparing the model output with roadside P1\410  at one location (Sec-

tion 4.2.3) and road surface loading at two road segments 180 m apart (Section 4.2.5), 

obtained from independent measurements. 



Chapter 6 

Model results 

6.1 Introduction 

Table 6.1 presents the ranges for the model input parameters for road and traffic 

conditions at Gloucester Place and Manor Road. 

Table 6.1: Summary of input parameter values 

Parameter Unit 
	

Estimated range 	Field site 

cea 	g km-1  v-1 	3.4 x 10-2  to 8.9 x 10-2 	Gloucester Place 
5.8 x 10-2  to 1.0 x 10-1 	Manor Road 

cbr 	 k111-1  v-1 	8.2 x 10-3  to 1.5 x 10-2 	Gloucester Place 
1.1 x 10-2  to 1.9 x 10-2 	Manor Road 

wt c 	g km-1  v-1 	2.4 x 10-2  to 4.7 x 10-1 	Gloucester Place 
2.8 x 10-2  to 5.5 x 10-1 	Manor Road 

Lidd  In S-1 	5.0 x 10-4  to 5.0 x 10-2  '  
ra e 	In v-1 	1.8 x 10-11  to 1.0 x 10-9  
f
x  f 	V -1 

J 	 2.6 x 10-4  to 7.1 x 10-4  
h 	v-1 	3.3 x 10-5  to 9.1 x 10-5  
fz 	

v-1 	2.1 x 10-4  to 5.4 x 10-4  

'Derived from exhaust emission factors given by NAEI (2003); the lower values are for traffic 
with petrol cars, taxis and LGVs and the higher values are for traffic with diesel cars, taxis 
and LGVs. 

bDerived from brake wear emission factors given by AQEG (2004) and by Berdowski et al. 
(2001). 

'Derived from the range of 6.0 x 10-3  g km-1  per tyre to 1.2 x 10-1  g km-1  per tyre (Dannis, 
1974; Fwa and Aug, 1.991; Pierson and Brachaczek, 1974; Schuring and Clark, 1988; Gottle, 1979; 
Muschack, 1990). 

dThis wide range is reported by Countess et al. (2001). 
"The lower and higher limits are reported by Muschack (1990) and Sicker and Grottker 

(1988) respectively. 
ff„, fu  and L are estimated from the Gloucester Place experiment. 

192 
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The parameter values for traffic-induced material removal processes (f x , f y  and h) 

are obtained from the Gloucester Place experiment (Chapter 4) and those for universal 

processes (ee, ebr,  Wt , vd  and Ta) are obtained from reviews presented in Chapter 5. 

The range of ee  mentioned in the Table 6.1 is applicable for a traffic-flow with a 

speed of 20 km 11-1, averaged over a typical urban drive-cycle, that is expected to be 

the case at Gloucester Place taking into account of two traffic lights that control the 

traffic movement. However, the traffic-lights also cause a stop-and-go traffic situation 

and this results in higher exhaust emissions than the estimates obtained by using the 

NAEI emission factor' because acceleration and deceleration of vehicles produce more 

exhaust emissions than when they move without any obstruction with an average speed 

(USEPA, 1997). No attempt has been made to estimate this because of unavailability 

of emission factors for such a traffic-flow. Consequently, the exhaust emission estimates 

by the model are an underestimate of the actual emission. 

Within the ranges of parameter values mentioned in Table 6.1, this chapter presents 

the model assessment consisting of two parts: (a) testing of the scientific correctness 

and the self-consistency of the model; and (b) applicability of the model in different 

field condition. Evaluation of the scientific correctness, presented in Section 6.2, is done 

by comparing model output with measurement for a location (i.e., Gloucester Place ) 

and for a period that is also used to derive parameter values for the material removal 

processes. It however includes independent data - for universal sources and the model 

formulation itself is independent of the measurements. The aim is to see whether the 

model formulation can explain the measurement and therefore be considered as repre-

sentative of the processes occurring at the road-vehicle environment. The section also 

includes the source apportionment for universal processes to examine their importance 

in contributing to road surface loading and to estimate the more likely value for road 

abrasion which appears to be the dominant source in the absence of any local major 

source (Section 6.2.1.1). Section 6.3 examines the transferability of the parameter val-

ues and the model to another location (i.e., Manor Road) with different source and 

1The NAEI database provides speed-dependent average emission factors for each category of the 
vehicle (NAEI, 2003). 
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traffic conditions and with different road geometry. 

6.2 Site 1: Gloucester Place 

6.2.1 Pregritting model performance 

6.2.1.1 Calibration of parameter value for road abrasion 

The aim of the calibration process, summarised in Table 6.2 and in Fig. 6.1, is to find 

the parameter value for road abrasion that causes the model to reproduce the PM10 

measurement at Gloucester Place in the absence of any local source (e.g., gritting). To 

begin with, minimum values for parameters eel  ebr , czt  and vd  (Table 6.1) were used and 

a zero road abrasion case (Ta  = 0) was assumed. Comparison of PI\410  model prediction 

with the pre-gritting PM10  level, recorded for 30 minute at Site 1, indicated that the 

model with these parameter values is unable to produce enough material on the road 

segment to match the measurement. 

Table 6.2: Determination of appropriate abrasion rate 

Parameter value PM10  
level 

Remark 

ee ebr Vd 

(g kin-1  v-1) (g km 	1  v-1) (g km-I  v-1) (in :5-1) (m v-1) 

8.9 x 10-2  1.5 x 10-2  4.7 x 10-1  5.0 x 10-2  0 al," Too low 
8.9 x 10-2  1.5 x 10-2  4.7 x 10-1  5.0 x 10-2  1.8 x 10-11  C2b Too low 
8.9 x 10-2  1.5 x 10-2  4.7 x 10-1  5.0 x 10-2  1.0 x 10' am  Too high 
8.9 x 10-2  1.5 x 10-2  4.7 x 10-1  5.0 x 10-2  2.5 x 10-10  C2d Optimum 

aSubscripts '1' and '2' represent variables at the gritted and ungifted road segment at 
Gloucester Place and variables at the industrial and residential end at Manor Road respectively. 
Variable having equal magnitude on either segment of a road are denoted without any of these 
two subscript. Subscript 'in' stands for variables either measured directly or estimated from 
the measurement and variables without this subscript or with any other subscripts are the ones • 
predicted by the model. All particulate matter concentration in air refers to PM10  size. 
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Fig. 6.1: Comparison of PM10  model prediction with measurement in ab-
sence of gritting: (a) Model prediction for entire duration of modelling and 
measurement available for short duration; and (b) Enlarged view of model 
prediction and measurement for a short duration. 

The next step involved increasing parameters ce, err,  Wt. and vd  to their maximum 

reported values keeping ;a  zero. The model prediction (C2a) still fell short of the 

measurement (C2m) (Fig. 6.1). This indicated that, in the absence of any major local 

source, abrasion is the main source of material on a paved road surface. This agrees 

with the observation reported by earlier researchers (Gamez et al., 2001b). However 

inclusion of the minimum reported value for road abrasion rate (7„ = 1.8 x 10' m v-1) 

did riot cause any improvement to the model prediction ( C,b ) from the previous one 

with zero road abrasion. This indicated that the minimum reported value of Ta  is too 
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low for an urban paved road. On the other hand, the maximum reported value for road 

abrasion (ra  = 1.0 x 10-9  m v-1) resulted in model prediction (C2c ) much higher than 

the measurement. The model calibration indicated that the Ta  value of 2.5 x 10-b0  m 

v-e (corresponding model prediction is C2d) is about the right approximation for the 

rate of the road abrasion. 

6.2.1.2 Road surface loading 
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Fig. 6.2: Road surface loading. 

Fig. 6.2 shows that, with present model parameterisation, the surface loading (S) at 

Gloucester Place is 1.1 g m-2. For the US urban paved roads with significantly less 

traffic flow rate, the EPA has reported silt fraction between 3.5% to 21.7% (USEPA, 

1997). Gloucester Place has a very high traffic and therefore it is expected that the silt 

fraction at Gloucester Place will be higher than the values reported for US condition. 

However, applying this range to the Gloucester Place results in the silt loading estimate 

between 0.04 g m-2  and 0.24 g m-2. This estimate is within the silt loading range of 

0.01 g m-2  to 1.02 g m-2, reported by the EPA for high-ADT2  roads in the USA 

(Section 2.12.1). 

2I-ligh-ADT roads refer to roads with at least 5000 vehicles per day (USEPA, 1997). 
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(a) 	 (b) 
1000 

Time 

Fig. 6.3: Source apportionment of road surface loading: (a) Time series of 
road abrasion (Fa ), material input from the upstream road segment (F'), 
tyre wear (Fe ) and dry deposition (Fd); and (b) Average contribution of 
these sources. 

In addition to the general assumption that the sources for surface loading are the 

universal sources road abrasion, tyre wear deposition and dry deposition, the model 

suggests that the along-street flow of material from the upstream section is one more 

source that contributes to surface loading at any road segment. Fig. 6.3a shows that 

dry deposition (Fd), with a deposition rate of about 0.05 g min', contributes the least 

among all the sources that replenish the road surface loading. Corresponding figures 

for road abrasion (Fa ), material input from the upstream segment (Fr ) and tyre-wear 

erosion (Fe) are 50g min-1  to 100 g min-1, 30 g min-1  to 70 g min-1  and 2 g min-1  to 

6 g min-1  respectively. Road abrasion is the largest single source of surface loading. 

Material moved in from the upstream road segment is also a significant source of 

surface loading. On average Fa , Fr , Ft  and Fd contribute 56%, 41%, 3.4% and 0.034% 

respectively to the surface loading (Fig. 6.3b). 
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6.2.1.3 Material removal fluxes 
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Fig. 6.4: Time series of material removal fluxes. 

The depleting fluxes _Ex , Fy  and F, at both road segments are proportional to h, fy  

and h, the parameters that control these fluxes; i.e., Fx  and P-1, are about a factor 

of 10 higher than Fy  (Fig. 6.4). The variations of these fluxes are entirely due to the 

varying traffic flow rate on Gloucester Place. 

6.2.1.4 PM10  

The contribution of local background (Cb) to P1\110  at Gloucester Place, which is about 

1000 times that contributed by brake wear (Ci„) and 200 times that contributed by 

exhaust emission (C,), is the dominant source (Fig. 6.5a). Contribution from resus-

pension (Cr ) is 100 times higher than contribution from the exhaust emissions. This 

shows the importance of having a credible emission inventory for resuspension in an 

urban area with an extensive road network. On average, roadside 131\410  at Gloucester 

Place comprises of 68% of background ground level (Cb), 32% of resuspension 

0.36% of exhaust emission (Ce) and 0.06% of brake wear emissions ( Cbr  ) (Fig. 6.51)). 

Source apportionment of PM10  from resuspension is done with the assumption that 

emissions from each source is proportional to its contribution to the surface loading. 
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This gives the estimate of abrasion (Ca ), material input from upstream segment (cc ), 

tyre wear (Ct ) and dry deposition (Ca) contribution of 18%, 13%, 1.1% and 0.01% 

respectively to roadside P.Mio  at Gloucester Place (Fig. 6.5c). 

Fig. 6.5: (a) Time series of PM10  from background (Cb), exhaust (G), brake 
wear (Cbr ) and resuspension (Cs ); (b) Average contribution of background, 
exhaust, brake wear and resuspension; and (c) Average contribution of back-
ground, exhaust, brake wear, tyre wear (CO, abrasion (Ca ), dry deposition 
(Cd ) and material input from the upstream road segment (Ca). 

6.2.2 Gritting event and subsequent material movement 

6.2.2.1 Comparison of model prediction with measurement 

Fig. 6.6 shows the comparison of maximum (Cimax C2max3 ) and minimum (Ch... ST,  

C9min) model predictions with the measurement (C11 Sz C9m). The effect of gritting is 

marked by the sharp rise of roadside PM10  shortly after gritting at both sites. During 

the time of material transport from the gritted road segment to the ungritted road 

;Subscripts '1' and '2' represent variables at the gritted and ungritted road segment at Gloucester 
Place (Fig. 3.4). 
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Fig. 6.6: Range of model prediction: (a) PA/6 at the gritted road segment; 
and (b) PK()  at the ungritted road segment. 

segment, some of it is lost to air and to the kerbs and therefore the material available 

at any time on the ungritted segment is lower than that available on the gritted segment. 

This results in lower peaks of PAt io  level at the ungritted segment than the peaks at 

the gritted segment immediately after gritting. However, with time, more and more 

material from the gritted segment moves to the ungritted segment through the along-

street material movement process and, after about an hour and half, the PAlio  level 

at both sites reaches the pregritting level indicating removal of the majority of grit 

from the road surface. As discussed earlier (Section 4.1.5), the rise in PI\410  level 

between 13:54 and 16:14 was due to a rise in urban background level, which is not 

reflected in model output because the model uses the the lowest pre-gritting PMio 

level as the background level for Gloucester Place (Section 4.1.5.1). Occasional spikes 

above the pregritting level observed from the measurement, but not predicted by the 

model, could be due to occasional lift-up by the heavy vehicles of material locked in 
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road interstices that is otherwise not available for resuspension. It could also be due 

to change of dispersion conditions from quick variation of wind speed and direction 

that the model could not detect due to its application of a single 12-minute averaged 

dispersion relation obtained from the on-site tracer study. The difference between 

the maximum and minimum model prediction on both road segments is prominent 

during the first hour when rapid material transfer from the gritted segment to the 

ungritted segment took place. Within the ranges of parameter values obtained from the 

experiment, the maximum model prediction is obtained when h and h are minimum 

and f, is maximum. The minimum model prediction is obtained when h and .1', are 

minimum and fy  is maximum. Variation of fy  causes smaller change to model output 

than the variation of fr  and L does. This indicates the model is less sensitive to 

pararneterisation of the material removal process across the road. 

Fig. 6.7: Optimum model prediction: (a) P1Vi10  at the gritted road segment; 
and (b) PM10  at the ungritted road segment. 

The optimum model prediction is obtained when h is average, h is minimum and L 
is maximum, indicating removal of material to air as the dominant process (Fig. 6.7). 

While the model closely predicts the PM10  measurement at the gritted segment, it 

underpredicts the corresponding measurement by a factor of 2 at the ungritted segment 

during the first hour of rapid material movement. Possible reasons for this are discussed 

in Section 7.2.6. 
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6.2.2.2 Road surface loading 
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Fig. 6.8: Road surface loading. 

About two hours after the gritting event, the surface loadings on both road segments 

reached their pre-gritting level of 1.1 g m-2  (Fig. 6.8). The surface loading at the 

gritted segment (S1), immediately after gritting, reached a maximum value of 21.1 g 

m', the sum of the surface loading before gritting and additional surface loading due 

to gritting. However the highest surface loading at the ungritted segment (S2) was 

4.2 g in-2. This reduced peak surface loading at the ungritted segment is the result of 

loss of material across the road and to air during the time material moved from the 

gritted segment to the ungritted segment. 

6.2.2.3 Material removal fluxes 

The depleting fluxes at both road segments are proportional to f f y  and f z , the 

parameters that control these fluxes; i.e., fluxes along the road and to air are about 10 

times higher than flux across the road (Fig. 6.9). During the first hour after the gritting 

event, depleting fluxes at the ungritted segment (Fx2, Fy2 and .F.:2) were lower than the 

corresponding fluxes of the gritted segment (Fx1, Fy1 and F-1 ) because of lower surface 

loading at the ungritted segment (S2) than the surface loading at the gritted segment 

(Si), discussed in Section 6.2.2.2. 
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Fig. 6.9: (a) Along-street flux; (b) Across-street flux; and (c) Flux to air. 

6.2.2.4 PM10 

Time 

Fig. 6.10: Time series of PM10  from background (Cl)), exhaust (C,), brake 
wear (CO and resuspension (Cr1  & 	). 
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The contribution of background, exhaust and brake wear to roadside PM10  remained 

the same as that before gritting. The important difference is that, for about 30 minutes 

after the gritting event, PIMio  from resuspension was higher than the background PM10 . 

The highest modelled contribution of resuspension to roadside PM10  was 53 jig rn-3  at 

the gritted segment and 16 jig m-3  at the migrated segment, approximately 13 times 

and 4 times of the pregritting resuspension contribution (Fig. 6.10). 

6.3 Site 2: Manor Road 

Erith Group Transfer Station (EGTS), a waste recycling site at Manor Road, is sus-

pected as the major source of surface loading at Manor Road. In order to appreciate 

the contribution of EGTS as a source at Manor Road, at first it is not included in the 

model as a source so that the model predicts a likely particulate matter level at Manor 

Road in absence of EGTS (Section 6.3.1). Subsequently this source is added to the 

model and output is compared with measurement (Section 6.3.2). 

6.3.1 Model output with no material input from EGTS 

6.3.1.1 Comparison of model prediction with measurement 

Fig. 6.11 shows that, with no material input from EGTS, the model underpredicts the 

PM10  and surface loading measurements even when all the parameters for universal 

sources are at their optimum values (Section 6.2.1.1). The 90th  percentile of the hourly 

PM10  model prediction is twice the 90th  percentile; of the hourly measured background 

PM10 . However, it is 14 pg M-3  less than the 90th percentile of the hourly measured 

PM10  at Manor Road. (Fig. 6.11a). 

The difference between measurement and the model prediction indicates that the 

model is missing one or more sources at Manor Road. EGTS has been suspected to be 

the important missing source (Sections 3.3.1 & 5.6.2.5). The performance of the model 

with inclusion of material input from EGTS is presented in Section 6.3.2. 
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Fig. 6.11: Comparison of model prediction with measurement: (a) PM10  at 
the industrial end; (b) Surface loading at the industrial end; and (c) Surface 
loading at the residential end. 

6.3.1.2 Road surface loading 

Fig. 6.12 shows that, in absence of any local source and without the effect of rain, the 

model estimation for surface loading on road segments at either end of Manor Road is 

3.7 g m-2. Applying the average relationship between silt loading and surface loading 

at the industrial end, presented in Table 4.2, to the above estimate, the silt loading 

at Manor Road becomes 0.85 g m-2. This estimate is within the silt loading range 

of 0.01 g m to 1.02 g m-2, reported by the EPA for high-AD-I' roads in the USA 

(Section 2.12.1). The modelled influence of rain on lowering the silt loading is clearly 

seen for rain events with intensity of rain (-1r ) beyond 1 mm 11'. A rainfall event with 

very high intensity of rain above 10 mm 11-1  has reduced the surface loading by a factor 

of 3. 
41-ligh-ADT roads refer to roads with at least 5000 vehicles per day (USEPA, 1997). 
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Fig. 6.12: (a) Road surface loading; and (b) Rainfall. 

Figs. 6.13a & b show that, similar to the source contributions at Gloucester Place, 

road abrasion and material moved in from the upstream of the road segment are the. 

two dominant sources of the surface material loading at Manor Road. Dry deposition 

contributes the least among all the sources to the road surface loading (Fig. 6.13c). On 

average Fa, Fx, Ft  and Fa contribute 53%, 42%, 4.9% and 0.65% respectively to the 

surface loading (Fig. 6.13d). 
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Fig. 6.13: Source apportionment of road surface loading: (a) Time series 
of road abrasion (Fa ); (b) Time series of material input from the upstream 
road segment (Fr ); (c) Time series of tyre wear (Fe ) and dry deposition (Fd ); 
and (d) Average contribution of these sources. 

6.3.1.3 Material removal fluxes 

On both road segments the depleting fluxes to air and along the road are higher than 

the flux across the road by a factor of 5 and 6 respectively (Fig. 6.14). The relative 

magnitude of the fluxes are determined by f,„ l y  and f f . The peaks of the fluxes refer 

to daily peak traffic flow during the daytime and lowest points of fluxes refer to the 

night time reduced traffic flow. On early mornings of Sundays the traffic flow is the 

least on Manor Road and therefore the least values for fluxes are seen at 00:00 hours 

on Sundays. 
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Fig. 6.14: (a) Along-street flux; (b) Across-street flux; and (c) Flux to air. 

6.3.1.4 PM10  

Variability in traffic flow rate and atmospheric dispersion cause the modelled contri-

bution of resuspension (Cz ), exhaust emissions (Ce ) and brake wear emissions (Cbr ) to 

PiNl io  in roadside air to vary approximately by a factor of 104 , 103  and 102  respectively. 

Background 131\410  (Cb ) also varies by a factor of 10. On a number of occasions, the 

PM10  contribution from resuspension is higher than background PM10  (Fig. 6.15). 



(b) 
1000.00 

01 

cf) 

100.00 

10.00 

1.00 

0.10 

0.01 
8 8 

‘4 Z7, 	E — 
Date in 2002 ( tick marks at 00:00 Sunday morning ) 

(d) 
1000.00 

100.00 

-moo 

C.) 	1.00 

(b) (a) 

	

, 0.74 % 	CR ,2% 

	

0.2914111.3 	/ 0.78 pg 

CO , 22 % 
8.6 µg 

Cd , 0.27 % 
0.1 µg rri3  

C0  , 17 % 
6.7 lig rri3  

23 µg rri3  

, 0.74% 
0.29 pg rr 3  

CHAPTER 6. MODEL RESULTS 
	

209 

(a) 
1000.00 

100.00 

0.10 - 

0.01 	  
"`" 	E 
E 	A r;. a z7, 

Date in 2002 ( tick marks at 00:00 Sunday morning ) 

(c) 
1000.00 

100.00 - 

9 10.00 - 

a 
1.00- 

0.10 

0.01 
E 8 0 0 0 0 0 

; 
Date in 2002 ( tick marks at 00:00 Sunday morning ) 

O 	A CO 
0 
	

O 
 

8 (8 	 8 8 0 

Date in 2002 ( tick marks at 00:00 Sunday morning ) 

Fig. 6.15: Time series of PMic, contribution from different sources: (a) 
Resuspension; (b) Background; (c) Exhaust emissions; and (d) Brake wear 
emissions. 

Fig. 6.16: Average PM10  contribution from different sources: (a) Average 
contribution of background (Cb), exhaust (C,), brake wear (Cbr) and resus-
pension (C,); and (b) Average contribution of background, exhaust, brake 
wear, tyre wear (Ct), abrasion (Ca), dry deposition (C(,) and material input 
from the upstream road segment (Ca.). 

On average, in the absence of material input from EGTS, airborne P11,110  at Manor 
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Road comprise 58% of background (Cb), 41% of resuspension (c..,), 0.74% of exhaust 

emission (G) and 0.14% of brake wear emissions (Ctn.) (Fig. 6.16a). Resuspension 

alone raises the average Manor Road airborne PMio  level by 16 p.g m . This is 

approximately 50 times higher than the the contribution from exhaust emission and 

brake wear emission taken together. The source apportionment of resuspension is 

presented in Fig. 6.16b. 

6.3.2 Model output with material input from EGTS 

6.3.2.1 Comparison of model prediction with measurement 

Because no measurement of material input rate from EGTS (F„,) is available, it is 

appropriate first to find the optimum F„, value with which the model prediction closely 

agrees with the measurement. Calibration of the model indicated that, with the param-

eter values f a„ ,ly  and j1,, obtained from Gloucester Place experiment, it is impossible to 

find a F„, value that would result in the model prediction agreeing to both the airborne 

PM10  and surface loading measurements at Manor Road. 
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Fig. 6.17: Calibrated time-series of material input rate from EGTS. 

F„, is first calibrated to arrive at a surface loading value that agrees with the sur-

face loading measurements obtained at Manor Road . With a F„, range shown in 

Fig. 6.17, the modelled surface loading replicates the measurement within a factor of 

2 (Figs. 6.18b & c). However the modelled PM10  is a order of magnitude higher than 

the measurement (Fig. 6.18a.). 



0 

0 

(b) 
400 	 

350 - 

,_, 300 - 

E 250 - 
co 

2°°  
63„ 150 

100 - 

(n 40-

th 
7 

8 
irt: 	

,::, ,.. 	t's 	r. 
'a 	 4-  Cu f7 0 	 — 	F. 

Date in 2002 ( tick marks at 00:00 Sunday morning ) 

(C) 

100 

■ S1 o S1m 

a 

O 

• o 	• 

80 - 

nE 60 - o) 

0 

0 

[•  S2 o S2m 

• • 

0 
co 	O 
e 

NJ 	cs 	a 
Date in 20D2 ( tick marks at 00:00 Sunday morning ) 

Cu 
Q 
0 

CHAPTER 6. MODEL RESULTS 
	

211 

(a) 	10000 	  

	 C1 
C1m 
	90th  percentile of C, =1096 mg m"' 

1000 

90th  percentile of C,,, = 92 pg rri3  

100 

10 

C
I, 	

( 	
m

3  )
 

20 
50 

0 
	

0 
co 	N- 	N- 	N. 	r- 	co 
o o o o o o 
N 

 
CV 	0 	,-- 	0.1 	CV 	0 • oN. 	tn 

Date in 2002 ( tick marks at 11:00 on Saturdays )  

o o  0  o  o o 
a) 	-a 	0) 	c, 	n 	CO 
N 0 	.- 	( \ 1 	N 	0 

Date in 2002 ( tick marks at 11:00 on Saturdays ) 

Fig. 6.18: Performance of the model with material input from EGTS: (a) 
PM10  at the industrial end; (b) Surface loading at the industrial end; and 
(c) Surface loading at the residential end. 

Therefore the objective of the calibration procedure was narrowed down to estimate 

Fv  at which the model output agrees with the measured PM10  at Manor Road regardless 

of surface loading measurement. With this evaluation criterion, the calibration process 

indicated that for the time series of F, presented in Fig. 6.19, the model prediction 

agrees with the PM10  measurement (Fig. 6.20a). 
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Fig. 6.19: Calibrated time-series of material input rate from EGTS. 
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The model estimate shows that highest rate at which material is carried over from 

EGTS to Manor Road is over 1 kg 	During early morning and evening when the 

EGTS is closed, there is no material input from the EGTS (Fig. 6.19). The material 

inflow rate is proportional to the traffic flow rate from EGTS to Manor Road because 

of the way it is parameterised in the model (Section 5.6.2.5). 
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Fig. 6.20: Performance of the model with material input from EGTS: (a) 
PM10  at the industrial end; (b) Surface loading at the industrial end; and 
(c) Surface loading at the residential end. 

However, as mentioned earlier, within the parameter values obtained from Glouces-

ter Place experiment, the model could not reproduce the surface loading measurements 

(Figs. 6.20b & c). Possible reasons for this are discussed in Section 7.2.7 

6.3.2.2 Road surface loading 

The average surface loadings on industrial and residential end of Manor Road are 8 g 

m - and 6 g m - respectively (Fig. 6.21), twice and one and half times of the respec-

tive surface loadings when there was no material input from EGTS (Section 6.3.1.2). 
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Fig. 6.21: Road surface loading. 

Applying the average relationship between silt loading and surface loading presented 

in Table 4.2 to the above estimate, the silt loading at the industrial end and residential 

end become 2.04 g m-2  and 0.96 g 111-2  respectively. While the silt loading estimate for 

the residential end is within the EPA reported silt loading ranges  for high-ADT6  US 

roads, the estimate for the industrial end is twice the upper limit of this range. The 

reduced surface loading at the residential end is the result of loss of material across 

the road and to air during the time material moved from the industrial end to the 

residential end. The fluctuations of surface loading due to traffic flow variability were 

able to obscure the impact of low-intensity rain on surface loading. 

Figs. 6.22a & c show the time series of the material input rates from the upstream 

road segments at the industrial end and residential end of Manor Road respectively. 

Other fluxes that contribute to the surface loading are presented earlier (Figs. 6.13a & 

c & 6.19). All the fluxes are proportional to the traffic flow rate. At the industrial end, 

input to road surface loading comprises of 214 g h' from the upstream road segment 

(Fr0) and 270 g h" from EGTS (F„), making a total of 59% of material that is not 

generated on the road segment itself (Fig. 6.22b). This reduces to 342 g h-1  at the 

residential end (F,1), making 51% of the surface loading because of loss of material to 

air and across the road (Fig. 6.22d). 

'The EPA reports the silt loading range of 0.01 g in-2  to 1.02 g in-2  for high-ADT roads (Sec- 
tion 2.12.1). 

'lligh-ADT roads refer to roads with at least 5000 vehicles per day (USEPA, 1997). 
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(a) 	 (b) 
10000.0 	  

Fd , 0.55 % 
3.7 g 

Fig. 6.22: Source apportionment of road surface loading: (a) Rate of ma-
terial input from the upstream road segment at the industrial end; (b) 
Average contribution of abrasion (Fa ), tyre wear (Fe ), dry deposition (Fd), 
material input from the upstream road segment (FA) and material input 
from EGTS at the industrial end (F,,„); (c) Rate of material input from the 
upstream road segment at the residential end; and (d) Average contribution 
of abrasion, tyre wear, dry deposition and material input from the upstream 
road segment (Fx1) at the residential end. 

6.3.2.3 Material removal fluxes 

On both road segments the depleting fluxes to air and along the road are marginally 

higher than the flux across the road (Fig. 6.23). This is in contrast to the factor of 5 to 

6 difference between these fluxes when there was no material input from EGTS. This 

is because of the use of the lower f x , than the earlier one, that is used to achieve the 

best model prediction. 
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Fig. 6.23: (a) Along-street flux at the industrial end; (b) Along-street flux at 
the residential end; (c) Across-street flux at the industrial end; (d) Across-
street flux at the residential end; (e) Flux to air at the industrial end; and 
(f) Flux to air at the residential end. 

6.3.2.4 P11410  

Fig. 6.24 shows that resuspension (C2,1  and C,2 ), exhaust emissions (Ce ) and brake wear 

emissions (Cbr ) vary by a factor of 10', 103  and 102  respectively because of variations 

in traffic and dispersion condition. Some of the hourly values of C41  and Cz., are larger 

than background level (Cb) by a factor of 10 to 100. 
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Fig. 6.24: Source apportionment of PMio: (a) Resuspension at the industrial 
end; (b) Resuspension at the residential end; (c) Background; (d) Exhaust 
emissions; and (e) Brake wear emission. 

Removal of material to kerbs and to air during the time the material moved from 

the industrial end to the residential end because of along-street movement has caused 

the lower contribution of resuspension at the residential end (19 pg m-3) than that at 

the industrial end (22 //g m-3) (Figs. 6.25a & b). Resuspension and background are 

the dominant sources at the industrial end (Fig. 6.25a). The amount and proportion of 

resuspension due to material input at the residential end (C,,i ) is higher than the that 

at the industrial end (Czo) because it now includes resuspension from the additional 

material added from the EGTS (Figs. 6.25c & d). 
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(a) 	 (b) 
, 0.69 % 

0.32 pg 

Fig. 6.25: Average PM10  contribution from different sources: (a) Average 
contribution of background (Cb), exhaust (C,), brake wear (Cbr ) and resus-
pension (C.,1 ) at the industrial end; (b) Average contribution of background, 
exhaust, brake wear and resuspension (C,2 ) at the residential end; (c) Av-
erage contribution of background, exhaust, brake wear, tyre wear, abrasion 
(Ca ), dry deposition (Cd ), material input from EGTS (Cw ) and material in-
put from the upstream road segment (Cr0) at the industrial end; and (d) 
Average contribution of background, exhaust, brake wear, tyre wear, abra-
sion, dry deposition and material input from the upstream road segment 
(C,i )at the residential end. 

6.4 Summary 

The model results show that the model formulation is able to explain the measurement 

except for surface loading at Manor Road . Possible reasons for this are discussed in 

Section 7.2.7. Application of the model to Gloucester Place resulted in an evaluation of 

the wide range of abrasion rate reported in literature (Section 6.2.1.1). Material carried 

over from the upstream road segment is found to be a major source of the surface 

loading (Sections 6.2.1.2, 6.3.1.2 & 6.3.2.2). Comparison of P1\410  model prediction 
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with measurement indicated the non-inclusion of one or more processes in the model. 

Grinding of material, discussed in Section 7.2.6, appears to be this process that controls 

the reservoir of fine material on the road surface. In absence of any significant local 

source, resuspension is found to be a major source of airborne P1\410. In an urban 

paved road abrasion contributes the bulk of material to the road surface loading and 

therefore to resuspension. 



Chapter 7 

Discussion and conclusions 

7.1 Recapitulation of thesis content 

Adverse impacts of P.Mio  on human health and therefore the need to control it, were 

discussed in Section 2.1. The increasing importance of paved road surfaces as the 

source of airborne P1\410 , especially in urban areas, was recognised and the evidence 

of traffic activity being the most important agent of PM10  emission was presented in 

Sections 2.2 & 2.3. The growing importance of traffic-induced resuspension of road 

dust was discussed in Sections 2.4 & 2.5. For proper understanding. of the emissions 

from paved roads and for a reliable estimate of the magnitude of such emissions, the 

need to study processes behind resuspension was highlighted in Section 2.6. Lack of 

existing modelling methods to consider such processes was discussed in Sections 2.11 

& 2.12. 

To improve our understanding of the processes leading to entrainment of particles 

from the road surface into roadside air, a mass-balance model that explains the ma-

terial movement on urban paved roads has been developed (Chapter 5). The model 

includes the important processes behind paved road emissions and therefore places 

emissions to the atmosphere in the context of a budget of sources and sinks. The 

sources universal to a paved road were identified from literature review. The esti-

mates for parameter values representing these source terms were also obtained from 

literature review (Sections 5.6.1 & 5.6.2). From the wide range of parameter values, 

219 
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an appropriate parameter value for road abrasion, the universal source having signifi-

cant contribution to road surface loading, has been obtained through model calibration 

(Section 6.2.1.1). Estimates for the local sources have been obtained either from mea-

surement (Section 5.6.2.4) or through model calibration (Section 5.6.2.5). Removal of 

material by rain has been parameterised on the basis of earlier studies (Section 5.6.3.4). 

The traffic-induced material removal processes have been conceived on the basis of our 

observation of the material movement on road surfaces. Experiment at Gloucester 

Place provided parameter values for these processes (Sections 3.2 & 4.3). These pa-

rameter estimates were then used to assess the scientific correctness and to evaluate 

the model (Chapter 6). 

7.2 	Enhanced understanding of particle movement on 

paved roads 

The main achievement of this research is the enhanced understanding of particle move-

ment on urban paved roads. It consists of quantification of the effect of the important 

particle movement processes on urban paved roads. All these processes are then math-

ematically formulated to be the components of a model. Some additional processes 

are identified during the research and the possible implications of these processes on 

particle movement on road surfaces are discussed. 

7.2.1 Resuspension of material 

The rate of suspension of particulate matter into the roadside air was estimated from 

the roadside concentrations in air, measured during the Gloucester Place experiment. 

Point source tracer release measurements and emissions factor ratio methods produce 

broadly consistent emissions estimates, giving grounds for confidence that the mea-

surement, although approximate, is robust. When a vehicle passes over the gritted 

surface, the particulate matter level recorded by the Grimm monitor increases by a. 

factor between 5 and 30 for different particle sizes, indicating the process of resus- 
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pension. Immediately after gritting, very fast movement of material along the road is 

observed. The rate of movement slows down with time as the material available on 

the road surface decreases. Grit thrown to the edge of the road indicates a process 

of across-street movement of material. Coarse material becomes resuspended more 

easily than finer material. This agrees with observation from earlier studies (Abu-

Allaban et al., 2003a,b; AQEG, 2004; Barrowcliffe et al., 2002; Corn and Stein, 1965; 

Garland, 1983; Harrison et al., 1997a; Lin et al., 1999; Maria et al., 2002; ,Nicholson 

and Branson, 1990; Nicholson, 1993). Although strong dependence of resuspension 

on particle size has largely been reported from studies involving resuspension due to 

wind (Corn and Stein, 1965; Garland, 1983; Harrison et al., 1997a), Nicholson and 

Branson (1990) have observed from field investigation that they are equally applicable 

to traffic-induced resuspension. Hinds (1982) attributes this to drag force increasing 

faster than adhesive force with increasing particle diameter and Corn and Stein (1965) 

suggest protrusion of large particles further into the turbulent air stream as the reason. 

The exponential decay rates of coarse fractions with time are in contrast to the inverse 

relationship between resuspension and time proposed from theoretical (Reeks et al., 

1988) as well as experimental works (Garland, 1979; Nicholson, 1993) on resuspension 

by wind. Traffic-induced turbulence is generally stronger than wind-induced turbu-

lence in an urban street, except at times when strong prevailing and in-street air flows 

are present. Therefore it is not surprising that the exponential decay rates of material, 

consistent with observations reported from some earlier works on wind-induced resus-

pension (Anspaugh et al., 1975; Linsey, 1978), are seen in this case. Fine fractions up 

to 2 jim remained on the road, and therefore available for resuspension, for a longer 

time, as indicated by Grimm data that showed their level above the local background 

until the end of the experiment. Similar features can be observed with ordinary win-

ter gritting, but the importance of this controlled experiment is the short length of 

road to which gritting was applied, which allows the time - constants of decay of grit 

concentration to be used to parameterise the movement of the particulate matter. 
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7.2.1.1 Resuspension rate and 

Fig. 7.1: (a) Resuspension rate at Gloucester Place; (b) Resuspension rate 
at Manor Road ; (c) Resuspension factor at Gloucester Place ; and (d) 
Resuspension factor at Manor Road. 

The resuspension rates' (A) vary within the range of 10-4 s-1  to 10-3 s-1  at Gloucester 

Place and 10-7s-' to 10's-1  at Manor Road (Figs. 7.1a & b). For a particular 

resuspension fraction, traffic causes change in surface loading (S) and resuspension 

flux (R) and therefore A follows a pattern similar to that of traffic. For the first 

few hours on each Sunday, traffic on Manor Road is very low, i.e., about a factor of 

10 less than the average daily traffic. This has resulted in low A values on Sunday 

mornings at Manor Road. At Gloucester Place traffic flow is fairly uniform during 

the duration of the experiment and therefore no large variation of A is observed. The 

resuspension factors (K) lie in the range of 10-6 m-1  at Gloucester Place and within 

1Resuspension rate, A, is defined as the fraction of surface deposit removed per unit time and 
Resuspension factor, K, is defined as the ratio of airborne concentration of the deposited material and 
surface loading of the material (Section 2.8). 
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the range of 10-14 m-1  to 1.0-5  m-1  at Manor Road (Figs. 7.1c & d). Use of a single 

12-minute averaged dispersion coefficient from the tracer study to calculate roadside 

concentration of PiM io  (C) from road surface emission at Gloucester Place has resulted 

in less variation in K. The wide range for K at Manor Road is obtained because of use 

of hourly dispersion coefficient for a period of 9 weeks, which varies by a factor of 10•̀'. 

No earlier study that includes estimates for A and K for traffic-induced resuspension 

was found from the literature. However, excluding a few very low values at Manor Road, 

the above estimates for K are comparable with the range of 10-10  m-1  to 10-2  m-1, 

reported earlier for wind-induced resuspension with mechanical turbulence (Sehmel, 

1980b, 1984). 

7.2.2 Along-street and Across-street movement of material 

Based on the data obtained from the Gloucester Place experiment, a quantitative 

description of the emission processes was carried out to calculate the speed with which 

particulate matter on a road arrives at some distance downstream of the initially gritted 

patch, to estimate across-street speed that causes movement of particulate matter to 

kerbs and thus the significance of loss of particulate matter along and across the road 

with respect to resuspension to air (Section 4.3). The rate of movement of material 

along the road in the direction of traffic flow was estimated by observing the difference 

in arrival time of elevated concentrations of micrometer-sized particles in roadside 

air adjacent to and a short distance downstream of a section of three-lane, one-way 

building-lined street onto which rock salt was applied. Initial movement, dominated by 

particles several micrometres in size and above, was 0.11 m s-1. After several minutes, 

slower movement of finer particulate matter was observed, at a speed of 0.06 m 

Vehicle speeds were fairly typical for Central London, moving at 15 miles per hour to 30 

miles per hour during the green phase of the traffic lights, with queues forming when 

the lights were red. Assuming 5.6 in s-1  (equivalent to 20 km h-1) as the average speed 

of vehicles along the Gloucester Place, the average speed of the material movement 

along the road is about 1.1 % of the vehicle speed and 3.8 % of the average street-level 
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wind speed. These speeds were observed at an average traffic flow of 4800 vehicles per 

hour (1600 per lane), and it is reasonable to assume the speed would be proportional 

to traffic flow on a similar road with fewer or a larger number of vehicles per lane. 

Assuming the rates of movement of material along and across the road are pro-

portional to the fraction of material removed in these directions, the maximum and 

minimum across-street particle removal speeds are estimated to be 0.014 rn s-1  and 

0.007m s-1  respectively. The direction of the across-street movement is at an angle of 

approximately 8° to the direction of vehicle movement. This rate of lateral movement is 

consistent with the fraction of the initially deposited rock salt found collected against 

the kerb after several hours when most of the material had been removed from the 

main part of the carriageway. This rate also is likely to be proportional to the number 

of vehicles using the road. 

7.2.3 Quantification of material removal processes 

The resuspension fraction, the removal fraction along the road and the removal fraction 

across the road were in the range of 2.1 x 10' per vehicle to 5.4 x 10-4  per vehicle, 

2.6 x 10' per vehicle to 7.1 x 10-4  per vehicle and 3.3 x 10-5  per vehicle to 9.1 x 10' 

per vehicle respectively, making the total removal fraction between 5.0 x 10-4  per 

vehicle and 1.3 x 10-3  per vehicle (Section 4.3.4). These estimates agree with the 

findings of the earlier studies that had followed almost identical technique as ours and 

reported resuspension fractions of the order of 10-5  to 10-2  per vehicle on the same 

day of tracer application (Sehmel, 1973, 1976b) (Section 2.10). The most important 

new information provided by this experiment however, is that while Sehmel (1973, 

1976b) attributed the entire loss to resuspension, this study identifies the total loss 

as a sum of losses along and across the road and emission to air, and suggests that 

the flux of material to air is approximately 40 % of the total outgoing fluxes in all 

directions, 70 % of the sum of the fluxes along arid across the road and is a factor of 

10 higher than the amount lost across the road to the kerbs. Material lost along the 

road is more than the combined loss due to resuspension and material removed across 
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the road. Therefore this study gives an estimate for the first time of the contributions 

of different processes that cause road dust redistribution due to traffic on an urban 

street. The fluxes to air in Section 4.3.3 refer to PN110. Particles larger than PM10  

may also become suspended into the air, but these then redeposit to the road surface. 

These have therefore been included in along-street and across-street movement, but 

not in PM10  emissions to air. Simple formulae summarising the relative contribution of 

different material removal processes are given in Equations 4.14, 4.15, 4.16, 4.17, 4.18 

and 4.19. The quantification of material removal processes is used to develop a formula 

that describes the likely spatial variation of emissions from a point source of particulate 

matter on a paved road surface (Equation 4.20). Such a formula for material dispersion 

on paved roads is the first of its kind. 

7.2.4 Development of a model 

A dynamic model that encompasses all the important particle movement processes is 

successfully developed and evaluated, the requirement of which is emphasised by several 

researchers (Countess et al., 2001; Kuhns et al., 2001a; Nicholson, 2001; Venkatram, 

2001). For the first time all the important sources of road surface loading on a paved 

road (road abrasion, tyre wear and dry deposition) are combined together into this 

model and their widely varying estimates from different studies are evaluated. In the 

absence of any major local source, abrasion is identified to be the major process that 

replenishes the surface loading. Similar estimation is presented by earlier researchers 

(Gamez et al., 2001b). The significant contribution of material from an upstream road 

segment to the surface loading suggests that silt loading at the point of emission is 

not only dependent on the processes happening at the road segment itself, but also 

it depends on sources and processes that contribute to the surface loading at other 

sections. This is particularly significant in urban areas where major roadside activities 

such as pavement repair, construction/demolition of roadside buildings, etc., at one 

location could be the cause of excess airborne particulate matter concentration at a 

new location. The information on this type of cause-effect relationship of the particulate 
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pollution in urban areas cannot he obtained from the empirical models. Combined with 

sources that directly emit to air (brake wear emission and exhaust emission), this gives a 

detailed synthesis of sources of particulate matter emission. Mathematical formulation 

of each source term gives the underlying processes and the methods to calculate each 

source contribution. Therefore the need to calculate separately the exhaust. and non-

exhaust emissions, expressed by many researchers (During et al., 2002a; Schulze, 2001), 

is fulfilled. 

Mathematical formulation of particle removal processes, quantification of these pro-

cesses and testing their validity are entirely new contribution of this research. The for-

mulation itself is independent of any measurement. The removal processes are quan-

tified from a field experiment and therefore it adds some empiricism to the model. 

However inclusion of the processes imparts the scientific and mechanistic basis to the 

model, which was completely lacking in case of more empirical models, including the 

EPA AP-42 model. Testing the model for its scientific correctness and its evalua-

tion showed the interdependency of different material movement processes and their 

dependence on traffic to give a consistent picture against independent measurement, 

suggesting interplay of these processes are able to explain the paved road emission. 

7.2.5 Comparison with AP-42 emission factor model 

Figs. 7.2 & 7.3 show that the emission factors predicted by the model are proportional 

to the surface loadings, somewhat similar to that of AP-42 algorithm where emission 

factor is proportional to the silt loading. However, the surface loadings and therefore 

the emission factors here are the result of interplay of different traffic-induced material 

movement processes described in Chapter 5, unlike that of AP-42 where no information 

is available regarding the processes that contribute to the silt loading. Surface loading 

changes with time depending on the interaction of processes that control the source and 

sink unlike a single point measurement of silt loading that is often used for derivation 

of AP-42 emission factor. 

Silt loading at Gloucester Place is not measured. Therefore to estimate the emis- 
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Fig. 7.2: Surface loading and emission factor at Gloucester Place: (a) Sur-
face loadings before gritting; (b) Surface loadings after gritting (c) Emission 
factors at gritted segment before gritting; (d) Emission factors at ungrit-
ted segment before gritting; (e) Emission factors at gritted segment after 
gritting; and (f) Emission factors at ungritted segment after gritting. 

sion factor at Gloucester Place by applying AP-42 algorithm, a silt fraction of 21.7%, 

the maximum measured value for US paved roads with significantly lower traffic flow 

(USEPA, 1997), is used. With this assumption, the model estimates the emission fac-

tors at Gloucester Place a factor of 7 greater than the AP-42 estimate (Fig. 7.2). This 

could be due to the assumed silt fraction of 21.7% from the US database being too low 

for the Gloucester Place that has significantly higher traffic flow rate than the roads 

for which the database provides the silt fractions (Section 6.2.1.2). In case of Manor 

Road, the silt loading measurement is available and the emission factor estimated by 

the model broadly agrees with the AP-42 estimation (Fig. 7.3). 
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Fig. 7.3: Surface loading and emission factor at Manor Road : (a) Surface 
loadings without input of material from EGTS; (b) Surface loadings with 
input of material from EGTS (c) Emission factors at industrial end without 
input of material from EGTS; (d) Emission factors at residential end with-
out input of material from EGTS; (e) Emission factors at industrial end 
with input of material from EGTS; and (f) Emission factors at residential 
end with input of material from EGTS. 

As far as data requirement is concerned, AP-42 requires surface loading and silt 

content data to calculate silt loading, whereas the new approach only requires surface 

loading. This reduces the additional task of laboratory analysis to find the silt fraction, 

needed for estimation of AP-42 emission factors. AP-42 requires vehicle composition 

and weight of each vehicle class; this model requires only vehicle composition. If values 

of f f y  and 	are established through a series of detailed validation studies, this 

model will not only quantify the emissions from the paved road, but also will give an 

understanding of the process and therefore the mechanistic basis of the paved road 

emission which is absent in case of empirical models including the AP-42 emission 

factor model. 
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7.2.6 Underprediction of downstream PM10  at Gloucester Place 

The model underprediction of P11410  measurement at Gloucester Place (Section 6.2.2) 

could be attributed to grinding of material during the along-street movement that 

causes increase of fine particles with time at the ungritted segment. While the grit 

is carried along the road to the ungritted segment, some of the bigger fractions of it 

are ground to fine size by the wheel pressure and by colliding with each other as they 

travel on-surface and above-surface under the influence of vehicle wake. With time 

as more and more material is removed from the road surface, the material available 

for grinding decreases. Further large particles are removed to kerbs through saltation 

and creep (Section 5.6.3). This leaves less material as well as less coarser fractions 

of it, both being unfavourable conditions for grinding. Thus grinding becomes less 

effective as time since gritting increases resulting in no appreciable difference in PMio  

level between the gritted and ungritted segment after 2 hours of the gritting event. 

This process of grinding of coarse material to fine size is not included in the present 

model formulation because of lack of information and understanding, resulting in model 

underprediction immediately after gritting when the rate of material transfer along the 

road was high. 

7.2.7 Underprediction of surface loading at Manor Road 

Reasons for model underprediction of surface loading measurements at Manor Road (Sec-

tion 6.3.2.1) are discussed below: 

1. Road surface dust at Manor Road was collected by both dry and wet vacuuming. 

It is not known whether the additional material collected by wet vacuuming could 

contribute to PI\410  emission because if the material is difficult to be removed by 

dry vacuuming, it could be equally difficult to become airborne due to traffic-

induced turbulence (Section 2.12.1.1). 

2. During the experimental period, rainfall at Manor Road was a frequent occur-

rence (Fig. 4.12d). Although the model includes the effect of rain, a simple 
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parameterisation is used that may fail to reflect some aspects of the wash-off. 

A number of uncertainties associated with the impact of rain on surface loading 

are yet not properly understood. For example, a German study indicated that 

particulate matter concentration reduction occurs with rainfall intensity as low 

as 0.1 mm h-1  and the effect of rain in lowering the emission can continue until 

7 hours after the rain has stopped (During et al., 2002a). Myers (2001) suggested 

that light rain increases the availability of silt for suspension as a result of the 

washing of the material out of crevices of the road and therefore increases the 

particulate matter concentration in air. From a four-week monitoring campaign 

in Schildhornstrage in Berlin, Diiring and Lohmeyer (2001) observed no reduction 

of PMio  emissions on days with rain (Section 5.6.3.4). 
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Fig. 7.4: Surface loading and rainfall: (a) Surface loading at the industrial 
end; (b) Surface loading at the residential e nd; (c) Rainfall; and (d) Rainfall. 

There appears to be some inconsistency in measurements of the surface loading. 

Between 29 June 2002 arid 6 July 2002, the rain event is quite wide-spread. 
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Therefore one would expect measurement of the surface loading at the industrial 

end on 6 July 2002 to be somewhat less than the surface loading of 29 June 2002. 

However the measurement shows the opposite to it (Fig. 7.4). The measurement 

could be correct if either the surface loading recovers very quickly to reach the 

normal level after the rain has stopped or the rain intensity of as high as 3.6 mm 

11-1- has no impact on surface loading. No detailed study is available to verify 

this. This again emphasises the previous argument. 

4. Rain increases the moisture content of the surface loading material and this would 

have affected its removal rates in different directions. However, the removal 

fractions applied in the model are obtained from the Gloucester Place experiment 

with no rain during the experiment (Section 4.1.1). Therefore, removal fractions 

obtained in a dry condition may not be entirely applicable for a material removal 

processes during periods with intermittent rain. 

5. The traffic density and fraction of HGVs are higher at Manor Road than at 

Gloucester Place and it may have affected the rate of replenishment and depletion 

of material on road surface. This is not included in this model because of lack of 

understanding. 

6. The road condition itself may be the reason. Visible pot-holes on Manor Road could 

have arrested material from being removed in any of the removal processes thereby 

increasing the surface loading to very high level which the model is not able to 

predict. Although the model includes a road condition factor to take account 

of the road condition, this essentially determines the amount of abrasion and 

assumes that all of these are available for removal due to traffic movement. 

7.3 Uncertainty 

In broad terms, the uncertainties associated with this model can be discussed under 

three categories as suggested by Thiessen et al. (1999): 
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7.3.1 Conceptual uncertainty 

Conceptual uncertainty relates to the structure of the model, i.e., whether all of the 

relevant processes have been incorporated and whether they have been appropriately 

related to each other. 

7.3.1.1 Non-incorporation of a process due to lack of knowledge 

The conceptual uncertainty in the present model could be due to the ignorance regard-

ing the processes of pollutant transport and dispersion that are not incorporated into 

the model. For example, in case of Manor Road, with the ranges of the model parame-

ters obtained from Gloucester Place, the model could not reproduce the surface loading 

measurement. This suggests that either the processes included in the present model 

are not enough to represent the processes happening on the road-vehicle environment 

and/or the parameter ranges obtained from the Gloucester Place experiment are too 

narrow to be applicable in roads with varying traffic and road conditions and with 

different road geometry. It may well be due to some material movement process that 

is active at Manor Road, but not included in the model. This can only be identified 

with experience and repetition of field studies in roads with varying traffic and road 

surface characteristics and with varying source. 

7.3.1.2 Non-incorporation of a possible process: grinding 

The largest source of uncertainty in the whole study is probably the assumption that 

particles in road sediment remain discrete single particles until the time it is removed 

from the road surface. During the process of particle movement on the paved road 

surface, some grinding almost certainly occurs, by which coarser particles are lost and 

an additional source of finer particles appears. However lack of proper understanding 

and non-availability of data are the constraints for this process to be included in the 

model. Therefore the absence of a source term in the present model that increases the 

fine particle reservoir on road surface could be overestimating the material removal rate 

because of easy removal of coarser material either to kerb or to air. Therefore how the 



CHAPTER 7. DISCUSSION AND CONCLUSIONS 	 233 

total emission and movement of all particle sizes relate to the emission of PM10  that 

is specifically of current interest is not precisely known. Plausible evidence of grinding 

and effect of its non-inclusion on model performance are discussed in Section 7.2.6. 

More research is required to understand and estimate this dynamic nature of particle 

size variation so that it can be parameterised for inclusion in the model. 

7.3.2 Representational uncertainty 

Representational uncertainty arises because some processes can be represented math-

ematically in different ways and it includes matters relating both to the choice of 

equations to be used and to the selection of the analytical or numerical techniques for 

solving those equations. Conceptual and representational uncertainty are sometimes 

referred to together as model uncertainty (Thiessen et al., 1999). 

7.3.2.1 Effect of rain 

Although removal by rain is parameterised in the model, its precise effect on changing 

the surface loading on a road surface is not known. Not many studies are available on 

this. Available studies provide, to some extent, contradicting views (Sections 5.6.3.4). 

Some of the uncertainty associated with particle removal by rain is discussed in Sec-

tion 6.3.2.1. Improved parameterisation of rain event by improving the calculation 

method presented in this model will reduce this uncertainty. 

7.3.3 Data uncertainty 

Also known as parameter uncertainty, this uncertainty is associated with input values. 

This relates to the reliability with which the parameters describing the transport and 

dispersion process can be measured or quantified. 

7.3.3.1 Variability associated with atmospheric processes 

Like any other environmental model, in the present model this type of uncertainty 

is associate with wind strengths that are highly variable with height, atmospheric 
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turbulence that varies depending on the time of the day and the amount of insolation, 

emissions that are diluted to varying degrees based on meteorological conditions, and 

deposition that is highly dependent on particle size. 

7.3.3.2 Wide range of values for input parameters 

As shown in Table 6.1, rates of road abrasion and tyre wear vary by a factor of 102. 

Variability associated with abrasion rate is critical because, in absence of any major 

local source, it is the most important source of surface loading. Therefore it is a source 

of uncertainty for this type of model. 

Ideally, road wear emissions estimates should take into account the fact that total 

emissions are likely to be dominated by small sections of road where the wear is es-

pecially rapid, due to road surface being in poor condition or due to driving pattern 

(i.e., higher values are reported at Freeway exits where vehicle must slow rapidly, max-

imising the occurrence of brake and road wear (Abu-Allaban et al., 2003h)), and that 

heavy goods vehicles are likely to be responsible for a disproportionate fraction of the 

emissions in such circumstances, consistent with inferences drawn from other studies 

(AQEG, 2004; Sehmel, 1973, 1976b). Further, at present the rate of road abrasion is 

available from the limited studies based on modelling. Therefore to verify this, the 

average rate of wear• of paved road surfaces should be estimated from highways engi-

neering data and from field measurement. This should include comparison of new and 

worn surfaces, especially since very new surfaces have anecdotally been observed to 

emit small or negligible quantities of particulate matter. Development of the connec-

tion of this stream of data into atmospheric emissions inventory calculations should 

be the subject of an additional research that could be integrated with the automated 

surveying of road surface condition. 

7.3.3.3 Effect of wind stress 

Earlier field experiments suggest resuspension by wind forces is minimal compared to 

the resuspension caused by traffic (Sehmel, 1973, 1976b). However, Countess et al. 

(2001) suggest to quantify the emission due to wind for a better precision of traffic- 
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induced emission. Harrison et al. (2001) have reported effect of wind speed on particle 

resuspension by fitting the curve to the data. obtained from measurement at five lo-

cations in the UK, including two locations in London. They suggested the following 

formula, similar to that described in Section 2.9, for wind-induced resuspension. 

Cr  = bua 	 (7.1) 

Where, 

Cr 	= wind-induced resuspended PMcoarse  concentration (fig m-3) 

11, 	= wind speed (in s-1) 

a & b = coefficients derived from curve fit 

For the summer of 1997, Harrison et al. (2001) reported average values for h of 

0.43 for London Marylebone Road and 0.02 for London Bloomsbury. Average values 

of a for the same period were 1.50 for London Marylebone Road and 2.26 for London 

Bloomsbury. Using the 90th  percentile street-level wind speed of 2.6 m s-1  at Glouces-

ter Place and 3.4 m s-1  at Manor Road and values of a and b mentioned above in 

Equation 7.1, the estimates of resuspension by wind-stress lie between 0.17 pg M-3  and 

1.8 jig m-3  at Gloucester Place and 0.31 	111-3  and 2.7 lag m-3  at Manor Road . 

These estimates are equivalent to between 3.7% and 40% of the total resuspension 

at Gloucester Place and between 1.6 % and 13.5% of the total resuspension at Manor 

Road. 

Our assumption is that no grit was resuspended by wind stresses between field test 

times. However, if significant amounts (the estimates above show that it could have 

been as high as 13.5 % at Gloucester Place and 40% at Manor Road) of grit were 

resuspended by wind stresses, then the true traffic-induced resuspension rates would 

be smaller than those estimated. Consequently, these data are the higher limits of 

traffic-induced resuspension rates expected for the test conditions. Sehmel (1973) has 

expressed similar views for this type of study. Therefore, the uncertainty of the value 

of critical parameters, such as the material removal rates, mainly limits the precision! 

of model prediction. 
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7.3.3.4 Nature of material used for the study 

Rock salt is hygroscopic in nature mid therefore its movement on urban roads could 

be a little different from the crustal material and material used for road construc-

tion. No account has been taken of the chemical properties of the material during the 

experiment. 

7.4 Application 

7.4.1 Development of non-exhaust emission inventory 

As discussed in Section 2.4, with better control of exhaust emission, non-exhaust emis-

sion from paved roads are becoming increasingly important and it is expected that 

for meeting stricter future air quality standards, control of non-exhaust emissions will 

be the focus. It is proposed that the quantification of particle movement processes 

presented in this thesis should inform the improvement of atmospheric emissions in-

ventories. Combined with information on rainfall (Deletic et al., 1997; Deletic and Orr, 

2005) and the presence of kerb at side of road, the resulting estimate of emissions to 

air will for the first time provide a non-exhaust particle emissions inventory that can 

potentially reflect policy options such as road surface renewal and construction dust 

control, allowing models to be validated and then used to assess air quality management 

scenarios. 

7.4.2 Estimating source contribution from site-specific sources 

The model structure gives an idea as to how different sources of particulate matter on 

road surfaces can be included as long as appropriate parameterisation can be obtained, 

whether it is a point source such as that of gritting at Gloucester Place or a contin-

uous source such as that of input of material from EGTS at Manor Road. Examples 

include soiling of the road surface following flooding, the use of amphibious vehicles 

(http://www.londonducktours.co.uk/gallery.htm),  armed forces vehicles causing exces-

sive road surface wear, material falling onto road surfaces from trees including seeds, 
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flower fragments, and leaves, and road cleaning methods that result in increased road 

wear. 

7.4.3 Emissions from accidental spills 

The gritting event at Gloucester Place is analogous to the short-time high-concentration 

release of particulate pollutants and therefore the quantification of material removal 

processes at Gloucester Place can be used to estimate the spatial and temporal scale 

of contamination from accidental spillage of radioactive material, pesticides, etc. 

7.4.4 Quantification of traffic-induced pollution migration 

The formula proposed for road surface material dispersion gives an initial estimate 

of the on-road movement of the particles which was not addressed by earlier studies. 

While the amount going to air is the primary concern, this formula includes the nature 

of material translocation which shows how the pollutants that escaped from resuspen-

sion at one location can get resuspended at other places and therefore it emphasises the 

importance of on-road pollutant migration process. The formula for spatial variation 

of emissions can be used with a Geographical Information Systems (GIS) road network 

database, to produce a map of atmospheric emissions from a map of road surface par-

ticulate matter sources, analogous to the way a map of atmospheric concentrations can 

be produced in GIS from a map of atmospheric emissions. 

7.4.5 Quantification of emissions from winter gritting 

Finally, the emissions to atmosphere arising from winter gritting of urban paved roads, 

can be estimated directly by using the parameter values obtained from the Gloucester 

Place experiment. 
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7.5 Summary and recommendations 

An experiment of traffic-induced dust dispersion was successfully conducted to quantify 

the rate of movement of particulate matter on paved road surfaces and its emissions 

to the atmosphere in the context of particulate matter pollution removal mechanisms. 

The experimental design was sufficiently robust to allow the loss of some measurement 

data due to instrument malfunction, to be overcome. It was also able to accommodate 

the movement of material along the road being much more rapid than expected. 

The experiment and modelling exercise confirmed that a model for paved road 

particle emission needs to be two-dimensional and dynamic, including material build-

up and removal processes on the road surface and their characteristic times. It. is 

proposed that this will not only increase the physical realism of the model but also 

reduce the gap between observation and model prediction, two main criticisms faced by 

the models that parameterise the emission only as instantaneous silt loading and traffic 

parameters at the point of emission (Countess et al., 2001; Fitz and Bufalino, 2002; 

Kantamaneni et al., 1996; Nicholson, 2001; Venkatram and Fitz, 1998; Venkatram et al., 

1999; Venkatram, 2000, 2001; Zimmer et al., 1992). The development and evaluation 

of a simple mass-balance model to predict non-exhaust paved road emissions based on 

this approach are presented. 

The experiment was a pilot experiment of short duration which was not repeated 

due to the public nuisance it created. The interpretation of results is subject to the 

uncertainties involved in this type of study, discussed in Section 7.3. A longer ex-

periment should be conducted with detailed modelling to estimate and verify these 

parameters. Extensive field measurements should be carried out to estimate the range 

of the parameters under different street and meteorological conditions, particularly at 

an air-flow perpendicular to the road or against the flow of traffic. In this case it was 

almost a. channelled flow in the same direction as the traffic and therefore it is antici-

pated that the along-street movement of material may have been overestimated which 

can be checked from an experiment with predominant wind direction perpendicular to 

road. The across-street parameter could be different if the experiment was conducted 
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on a road without the effect of street canyon. The initial surface loading in this ex-

periment, was significantly higher than what one would find on an urban paved road. 

This could have affected the estimation of the material removal rates. A study on a 

paved road without gritting is likely to show a slower material removal rate. There is 

also uncertainty on how much has precisely gone to the kerb and in what time, because 

the deposits on the pavement may have partially come from the across-street compo-

nent. Material of different mineralogical composition could allow collection of on-road 

samples to improve the accuracy of these initial estimates. Further studies of this type 

are needed for comparison of these results to pollutant removal rates on streets with 

different topography on either side. 

Any activity that provides a source of material onto the road surface, for example 

waste transfer stations and construction or demolition sites can be a source of partic-

ulate matter on a paved road surface. This can be observed visually where soiling of 

the road surface occurs due to vehicles with muddy wheels accessing the paved road, 

including the rate of decline of soiling with distance downstream of the point of entry. 

But similar movement of material will apply to dust deposited to the road surface from 

the air, for example from the cutting of paving slabs, mixing of cement and activities 

associated with routine highway maintenance and other civil engineering works. The 

UK Quality of Urban Air Review Group (QUARG) estimates the total UK emissions of 

PM10  from these sources have a range from 500 tonnes per annum to 18000 tonnes per 

annum (Buckingham et al., 1997). Speciation studies by Querol et al. (2004) attribute 

the mineral city background contribution to demolition, construction and road dust as 

5µg m-3  in Spain and Sweden and 2µg m-3  - 4µg m-3  in PM10  in other European 

studies. Rates of production of dust from these activities are likely to be highly vari-

able. Many of the larger construction works, which are also the larger sources of PMio, 

by their vary nature move site as each project is completed. The future study should 

aim at parameterising these sources to be included in a model to estimate their likely 

contribution to urban particulate matter emission. The significance of these sources of 

emissions, especially as exhaust emissions are controlled, is such that combining GIS 

datasets of construction and roadworks with atmospheric emissions calculations, is at 
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least.worth exploring. It is likely that the general spatial and temporal variability, and 

long-term spatial average total emissions could be captured by such an undertaking, 

even if the daily emissions at a specific location would remain subject to very large 

uncertainty. Most importantly, the response of atmospheric emissions to changes in 

the amount of construction and road works, and possibly to the wider application of 

more effective dust reduction measures, would be able to be modelled. Dry and wet 

deposition and tyre wear deposition contribute significantly less to the paved road sur-

face loading. The future study should therefore be aimed at obtaining more accurate 

estimate for road abrasion which is the single largest source of road surface loading. 

This will increase the accuracy of non-exhaust emission inventory and therefore source 

terms of the model when significant local sources are absent. 

The model presented here has not been subjected to thorough sensitivity and un-

certainty analysis. This should certainly be part of the future study to increase the 

accuracy and reliability of the model. Incorporation of sensitivity and uncertainty 

analysis to the model will help in identifying critical parameters that control the model 

performance. Like any other model, this model should not be used as a substitute for 

measured data where these are available. With inclusion of site-specific source terms 

following estimation of their likely contribution through measurement, the model can 

be used to identify and estimate the spatial and temporal distribution of material in a 

road network. After adequate field studies aimed at estimating the model parameters 

and evaluating the model, application of the new model has the potential to give an 

improved assessment and better understanding of the paved road particulate emission 

than the existing approaches. 
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