
 

OR 23/2012 

 
 
 

 

NORTRIP model 
development and 

documentation 
NOn-exhaust Road TRaffic Induced Particle 

emission modelling 

Bruce Rolstad Denby1 and Ingrid Sundvor1 
 

in collaboration with 
 

Christer Johansson
2
, Mari Kauhaniemi

3
, Jari Härkönen

3
, Jaako Kukkonen

3
, Ari Karppinen

3
, Leena Kangas

3
,  

Gunnar Omstedt
4
, Matthias Ketzel

5
, Liisa Pirjola

6
, Michael Norman

7
,  

Mats Gustafsson
8
, Göran Blomqvist

8
, Cecilia Bennet

8
, Kaarle Kupiainen

9
 , Niko Karvosenoja

10
  

 
1
Norwegian Institute for Air Research (NILU), Kjeller, Norway.

 

2
Department of Applied Environmental Science (ITM), Stockholm University 

3
Finish Meteorological Institute (FMI), Helsinki, Finland. 

4
Swedish Meteorological and Hydrological Institute (SMHI), Norrköping, Sweden. 
5
National Environmental Research Institute (DMU), Aarhus University, Denmark. 

6
Helsinki Metropolia University of Applied Sciences, Finland. 

7
Environment and Health Administration, Stockholm, Sweden. 

8
Swedish National Road and Transport Research Institute (VTI),Sweden. 

9
Nordic Envicon Oy, Helsinki, Finland. 

10
Finnish Environment Institute (YMPARISTO), Helsinki, Finland. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scientific report 
  



 

 



1 

 

NILU OR 23/2012 

Preface 

The NORTRIP model is the result of research efforts carried out by a number of 

Nordic institutes to improve our understanding and ability to model non-exhaust 

traffic emissions. The model has been developed through the Nordic Council of 

Ministers project NORTRIP (NOn-exhaust Road Traffic Induced Particle 

emissions) with substantial support for NILU from the Norwegian Climate and 

Pollution Agency (KLIF). The aim of the NORTRIP project was: 

 

“to develop a process based non-exhaust emission model that can be applied in 

any city without site specific empirical factors, for management and evaluation of 

abatement strategies, and which is able to describe the (non-exhaust) traffic 

emissions on an hourly, or at least daily basis, with satisfactory accuracy.” 

 

This aim requires that the model is capable of describing the direct emissions of 

non-exhaust wear sources (road, brake and tyre), their accumulation on the road 

surface and their subsequent suspension into ambient air. It also requires that 

other sources of accumulated road mass, such as salting and traction sanding, be 

described. Apart from the wear and accumulation of mass on the road the surface 

moisture of the road, along with the impact of dust binding activities, strongly 

affects the emissions of these sources. The model must include all these aspects if 

it is to successfully reproduce and predict the impacts of the various processes. 

 

The model development, and its application to a number of Nordic datasets, is 

described here in detail, as this report is intended as a detailed documentation of 

the model and its application. The model has been found to successfully 

reproduce measured concentrations for most of the datasets assessed. Indeed, in 

some cases, the model exceeds expectations. However, the complexity of the 

processes involved means that there are a number of problems in modelling the 

non-exhaust emissions, not just in the process descriptions but also in the 

availability of data to carry out the modelling.  There still remains a number of 

uncertainties that further observational data will hopefully help to reduce. 

 

The NORTRIP model is currently the most comprehensive process based non-

exhaust emission model available. It provides not just a means for predicting non-

exhaust contributions to PM concentrations but also a platform for understanding 

and controlling these emissions. It is expected that the model will be further 

developed as more information is gathered over time and that its application to a 

wider range of datasets will only help improve the robustness of the model. 
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Summary 

PM10 concentrations exceed the EU limit values in almost all countries in Europe. 

Up to 49% of the European urban population is exposed to PM10 concentrations in 

excess of the EU daily air quality limit value, and there is little or no downward 

trend in most cities (EEA, 2010). Non-exhaust particle emissions make an 

important and increasing contribution to PM10 concentrations in cities. In many 

Nordic cities non-exhaust particle emissions are the main reason for high PM10 

levels along densely trafficked roads. This is connected to the use of studded tyres 

and winter time road traction maintenance, e.g. salting and sanding. In order to 

better understand and control these emissions both measurement and modelling is 

required. This document describes the model development undertaken to address 

this issue. 

 

The NORTRIP model is the result of research efforts carried out by a number of 

Nordic institutes to improve our understanding and ability to model the non-

exhaust traffic emissions. The model has been developed through the Nordic 

Council of Ministers project NORTRIP (NOn-exhaust Road Traffic Induced 

Particle emissions) with substantial additional support from the Norwegian 

Climate and Pollution Agency (KLIF). The aim of the project is to develop a 

process based emission model that can be applied in any city without site 

specific empirical factors, for management and evaluation of abatement strategies, 

and which is able to describe the (non-exhaust) traffic emissions on an hourly or 

at least daily basis with satisfactory accuracy. This aim requires that the model is 

capable of describing the direct emissions of non-exhaust wear sources (road, 

brake and tyre), their accumulation on the road surface and their subsequent 

suspension into ambient air. It also requires that other sources of accumulated 

road mass, such as salting and traction sanding, be described. Apart from the wear 

and accumulation of mass on the road the surface moisture of the road, along with 

the impact of dust binding activities, strongly effects the emissions of these 

sources. The model must include all these aspects if it is to successfully reproduce 

and predict the impacts of the various processes. 

 

The model consists of two parts: The road dust sub-model that predicts the road 

dust, sand and salt loading through a mass balance approach and determines the 

emissions through suspension of these loadings as well as through direct wear of 

road, tyre and brake sources. In addition the road surface moisture sub-model 

determines road surface moisture essential for the prediction of suspension and 

the retention of dust from the road surface. A surface mass balance approach is 

also applied, coupled to an energy balance model to predict 

evaporation/condensation. The model has been developed and assessed using 

observational data from seven different sites in Oslo, Stockholm, Helsinki and 

Copenhagen. Experimental data from the road simulator from the Swedish 

National Road and Transport Research Institute (VTI) has also been included 

along with extensive assessment of the available literature. 

 

The resulting model successfully reproduces measured concentrations, with 

satisfactory accuracy, for most of the datasets assessed. Indeed, in some cases, the 

model exceeds expectations. This is particularly true for simulations of 
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Hornsgatan in Stockholm which provides the best set of data for model 

development and assessment. A studded tyre ban has been implemented in 2010 

in Hornsgatan and the model successfully reproduced the changes from year to 

year as a result of this ban. The Hornsgatan site also provides clear proof of the 

importance of accurate moisture modelling if an understanding of the underlying 

wear and suspension processes is to be achieved. The results of the model for a 

site in Copenhagen are less satisfactory and in that case more effort is needed to 

understand the processes affecting PM concentrations. In Oslo, where speed 

reduction has been implemented as a mitigation strategy, the model successfully 

reproduces the observed change in concentrations during this reduction period and 

also reproduces the effect of meteorological conditions, particularly precipitation, 

on the observed concentrations. Data from Helsinki, Mannerheimintie, has also 

been successfully modelled even though this road is made of cobbled stone, 

different to paved roads. Importantly all these datasets are modelled with a 

consistent set of model parameters.  

 

There still remain large uncertainties concerning a number of the processes and 

their description within the model. One large part of the uncertainties regards the 

availability of information required by the model. For example it is shown that 

salting will affect the surface moisture due to its impact on the surface vapour 

pressure. However, if no information concerning salting activities is available then 

this is difficult to reproduce with the model. Road pavement types and their rate 

of wear has also been shown in the laboratory to vary significantly but little 

information is available on real road surfaces. Various processes such as crushing 

and abrasion of sand particles can only be assessed in the model through 

sensitivity analysis since there is no experimental data to provide reliable input 

parameters. 

 

One of the ambitious aims of the model is that it can be used to predict the 

contribution of salt and traction sand to the PM concentrations. The model is 

capable of achieving this, and comparisons with salting data in Oslo provide some 

confidence in the results. For Hornsgatan where some sanding data is available, 

the model indicates that sanding does not contribute more than around 10% of the 

annual mean concentrations but may contribute to the number of exceedance days.  

The contribution from these sources is still quite uncertain and further 

development is required to refine and build confidence in the modelling results. 

 

The NORTRIP model is currently the most comprehensive process based non-

exhaust emission model available. It provides not just a means for predicting non-

exhaust contributions to PM concentrations but also a platform for understanding 

and controlling these emissions. It is expected that the model will be further 

developed as more information is gathered over time and that its application to a 

wider range of datasets will only help improve the robustness and performance of 

the model. 
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NORTRIP model development and documentation  

 

1 Introduction 

This document describes the NORTRIP emission model developed at NILU in 

conjunction with the Nordic Council of Ministers project NORTRIP (Johannson 

et al., 2012). The model is based on the work previously carried out by Berger and 

Denby (2011) but has undergone a large number of changes as a result of 

activities in NORTRIP, both in terms of model development and improvements in 

the definition of model parameters. The model concept also has a strong basis in 

the model from Omstedt et al. (2005), where the concept of surface mass balance 

for dust and moisture was first developed. 

 

1.1 Aim of the modelling 

There are five aims of the model and its development: 

 
1. To predict, as well as possible, the vehicle induced road dust, and other non-

exhaust, emissions for a range of road types in the urban environment 

2. To have a modelling tool that can be used for air quality management purposes 

(to assess measures) 

3. To have a modelling tool that is sufficiently universal for it to be applied in a 

variety of environments 

4. To have a conceptual tool, that describes the range of processes involved in road 

dust emissions, providing an overview of these processes and their likely 

dependencies. 

5. To improve the understanding and identify knowledge gaps in processes affecting 

non-exhaust emissions through application of the model 

These five aims have consequences for the model development: 

 
1. The model should function as well as possible for a variety of roads, and should 

avoid site specific empirical corrections. 

2. The model must describe processes that are relevant for any mitigation strategy 

that may influence the emissions. E.g. speed, road salting, vehicle types, tyre 

types, road surface types, cleaning activities. 

3. The model must describe processes in a universal way, so that it can be applied in 

all areas, e.g. with other road surface types, other vehicle make ups, other tyre 

types. 

1.2 Conceptual outline of the modelling elements 

One of the most fundamental problems with road dust emission modelling is the 

complexity and variety of processes. These may be very different in different 

environments. This problem is enhanced by a general lack of monitoring data to 

support process descriptions and a lack of input data suitable for describing the 

processes. 

 

There are some basic elements of the model that are required. These are: 
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1. Direct emissions due to road and other wear sources  

2. Indirect emissions (suspension) of road dust, sand and salt loading 

3. Road dust and salt loading, dependent on the road dust and salt mass balance 

4. Retention of the direct and indirect emissions based on road surface conditions, 

requiring a description of surface wetness 

The key elements of the modelling system are presented schematically in Figure 

1.1 

 

 

Figure 1.1. Schematic outline of the NORTRIP emission model. 

 

The rest of this section conceptually outlines the model processes before 

implementing these mathematically and numerically in Sections 2 - 4. Derivation 

of model parameters is described further in Section 5. In Section 6 a simplified 

steady state solution to the road dust equations is presented and in Section 7, and 

Appendix D, the datasets are described and the results presented.   

 

1.2.1 Direct emissions through road and other wear sources 

Tyres, especially studded tyres, scrape the surface of the road, releasing a range of 

particle sizes through wear of the road surface. The process is likely dependent on 

a range of inputs including: 

 

 the stud type and number (tyre type) 

 the weight of the vehicles (vehicle type) 

 the speed of the vehicles (speed limits) 

 the pavement type 

 the driving cycle 

 the road surface conditions (temperature, retention through wetness, freezing, 

snow/ice cover) 
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In addition to road wear other wear sources of direct emissions will occur. These 

sources include brake wear and tyre wear. There exists a range of non-exhaust 

emission factors, dependent on vehicle type and speed, in the literature. These 

sources can be dealt with, and are dealt with, by vehicle type specific emissions 

factors with speed dependence.  For the case of tyre wear this is also likely to be 

dependent on surface temperature.  

 

A proportion of the road wear particles are emitted instantaneously to the air and 

the remaining fraction accumulates on the road, depending on the surface 

conditions. Tyre and brake wear may also be retained on the surface when the 

surface is moist. Brake wear is likely only to be retained under very wet 

conditions when brakes may become wet. 

 

Under dry conditions the accumulated wear will be quickly suspended again, on 

very short time scales. Such particles may be effectively described as direct 

emissions but they may be crushed by the passage of tyres(studded and non-

studded) and as a result alter their size distribution. Road wear will also occur due 

to the abrasion of existing road dust or sand between the tyre and road surface, 

also called the ‘sandpaper’ effect. This is most likely to occur due to the addition 

of traction sanding or gravel but may also occur with the road wear particles 

themselves. 

 

The NORTRIP model bases its emissions firstly on total wear and then secondly 

on the size distribution of that wear. As a result the different size distributions of 

the different wear sources need to be taken into account. 

 

1.2.2 Suspended emissions induced by road traffic 

Particles may arrive on the road surface through a variety of means. These include 

road wear, deposition from external ambient air sources, deposition from traffic 

sources (e.g. exhaust, non-exhaust wear), sanding or gravel, migration from kerbs 

and salting. The road surface particles may be emitted by direct contact with the 

tyre or by the induced turbulence of the vehicle. The suspension process becomes 

more complicated when one considers that road dust accumulated on the shoulder 

of the road may also migrate onto the road due to vehicle turbulence, runoff or 

meandering of cars from the normal traffic lanes, including parking activities. 

Road dust is likely to accumulate within pores in the road surface and the rate of 

suspension will likely depend on the road surface macro-structure. In this regard it 

is also important to note that the suspension rate of freshly distributed dry dust, 

and also by inference road wear particles under dry conditions, may show 

significantly different suspension rates to dust that has been wet and is bonded 

within the road surface macro-structure. 

 

The suspension process will likely be dependent on: 

 

 The mass, the characteristics and the size distribution of the road dust on the 

surface (road dust loading). This means the amount of salting and sanding and the 

amount of external deposition as well as cleaning and ploughing activities need to 

be known. 
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 The suspension rate, which may depend on a range of processes, e.g. tyre contact, 

vehicle turbulence, migration, road surface macro-structure, etc. 

 The surface conditions. The wetness or retentiveness of the road surface is an 

essential element for the process of suspension. In addition, wet surfaces retain 

the particles and this may increase road wear, building up the dust reservoir on 

the road surface. 

As in direct wear, the suspension rates for different size distributions, or the size 

distribution of the dust loading, is required if the emissions are to be described. 

 

1.2.3 Road dust and salt loading 

Road wear and other sources will contribute to a build up of road dust, something 

that is quite obvious in the studded tyre season. At the same time suspension and 

other removal processes such as drainage, spray, cleaning or snow ploughing will 

reduce the amount of road dust and salt. This process is described in terms of the 

surface mass balance of the road, where ‘the road surface’ is loosely defined as 

the surface area that stores the road dust/salt that is still available in some way for 

suspension. This may partially include the shoulder of the road. In Berger and 

Denby (2011) the shoulder was included as a separate road dust reservoir but in 

the current modelling this concept has been removed. 

 

For road dust an equilibrium loading will be achieved when the production of dust 

is equivalent to the removal of dust. In Berger and Denby (2011) a time scale was 

defined indicative of the time required to reach equilibrium under dry conditions. 

In addition it was shown that under dry conditions the equilibrium dust loading 

was independent of the number of vehicles and as such should be fairly constant 

irrespective of the traffic volume in dry periods, see Section 6. However, the rates 

of suspension and subsequent time scales, as described above, may be much 

longer than the length of the dry periods and so equilibrium may never be 

reached. 

 

1.2.4 Surface retention 

This is perhaps the most important short term parameter that impacts on the road 

dust emissions. When the surface is wet then particles will be in suspension with 

droplets of water. These droplets are too heavy to be suspended and are only 

temporarily lifted from the surface with the passage of a vehicle (vehicle spray). 

This is also true when the surface is snow covered. In the case of frozen surfaces 

(dry) suspension through turbulence is inhibited as particles are frozen to the 

surface in the pores of the road surface. A similar retentive process occurs when 

hygroscopic salt inhibiting solution (MgCl2 or CMA) is sprayed on the surface. 

This keeps a layer of water on the surface, attaching the particles. Knowing when 

the surface is wet, when it is frozen and when the surface is covered in prohibitive 

solutions is necessary in order to assess the retentive ability of the surface. 

 

1.3 Implementation of the processes in the model 

The model developed consists of two main sub-models. These two sub-models 

are: 
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1. Road dust sub-model: 

This predicts the road dust, sand and salt loading through a mass balance 

approach and determines the emissions through suspension of these loadings as 

well as through direct wear of road, tyre and brake sources. 

2. Road surface moisture sub-model: 

This determines road surface moisture essential for the prediction of suspension 

and the retention of dust from the road surface. A surface mass balance approach 

is also applied coupled to an energy balance model to predict 

evaporation/condensation. 

Within the road dust sub-model the following parameterised forms of the 

processes, outlined in Section 1.2, are described. 
 

1. Mass balance for accumulated dust and salt loadings 

2. Road wear, based on the Swedish road wear model 

3. Tyre and brake wear, based on literature 

4. Addition of salt and sand through road maintenance activities 

5. PM size fractions, based on literature and experimental data 

6. Retention of wear particles (dust loading) on the road surface due to surface 

moisture 

7. Removal of the dust loading through traffic induced suspension 

8. Direct emissions from wear sources 

9. Suspended emissions from dust and salt loading 

10. Drainage of the dust and salt load 

11. Spraying of the dust and salt load 

12. Removal of the dust and salt loading through cleaning and snow ploughing 

13. Abrasion of the road surface through sand (sand paper effect) 

14. Crushing of sand into suspendable particles 

15. Windblown suspension 

16. Accumulation of dust through atmospheric deposition 

17. Salting and sanding maintenance activity modelling 

Within the road surface moisture sub-model the following parameterised forms 

of the processes, outlined in Section 1.2, are described. 
 

1. Mass balance for surface moisture (water and ice/snow) 

2. Production through precipitation 

3. Production through road maintenance wetting activities 

4. Removal through drainage 

5. Removal through spray processes 

6. Removal of snow through snow ploughing activities 

7. Evaporation and condensation using an energy balance model 

8. Melting and freezing processes 

9. Impact of salt solution on vapour pressure and freezing temperatures 

The model has been programmed in the MATLAB scripting environment and 

makes use of Excel files as input formats for data and model parameters. The 

model is also available as an executable. See the „NORTRIP emission model user 

guide‟ (Denby, 2012) for more information concerning implementation of the 

model. 
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2 Road dust model formulation 

In this section the model formulation of the road dust sub- model is described. In 

Section 3 the surface moisture model is described. In Section 4 some numerical 

aspects of the modelling are described.  

 

2.1 Formula conventions 

For clarity the following conventions are used in the equation formulation. For 

any model parameter (Y) we use the following sub- and postscript conventions: 

 

 dependencefunctionalY dependencetabled    

subscript ediscriptiv
 

 

For emission variables this is given by: 

 

)(   

subscript ediscriptiv

xfractionsizePME
 

 

In general factors that represent non-dimensional ratios or ratios veh
-1

 are 

indicated by the letters f and h, mass loading terms by the letter M (g.km
-1

), 

production terms by the letter P (g.km
-1

.hr
-1

), sink terms by the letter S (g.km
-1

.hr
-

1
), emissions by the letter E (g.km

-1
.hr

-1
) and rate terms by the letter R (hr

-1
). In 

regard to the surface wetness and retention parameters we use the same naming 

convention as Omstedt et al. (2005). The conventions are similar to but differ 

somewhat to the original description of the model described by Berger and Denby 

(2011). These changes are intended to aid clarity to the model. 

 

The terms used here in the model description are directly reflected in the model 

coding so that there is no confusion concerning the variables and parameters. 

 

2.2 Mass balance for dust and salt 

The dust mass, or dust loading,  may be separated into different size fractions but 

only two are represented in the model. These are a finer fraction of suspendable 

dust (< ~200 m) and a courser fraction of non-suspendable dust/sand (> ~200 

m). The term suspendable in this case refers to the ability of traffic to remove the 

dust from the road system, even if the travel distances of the air born particles are 

not very far. The delineation between the finer and coarser fractions is intended to 

better represent the addition of traction sanding to the surface, which is mostly in 

the coarser fraction. Crushing of the coarser fraction may result in mass transfer to 

the finer fraction and abrasion may lead to generation in the fine fraction. The 

delineation at around 200 m is intended to reflect the size distribution of road 

wear particles which are considered to be less than 200 m so that road wear is all 

in the suspendable fraction. This may be updated at a later date as more 

information becomes available and the possibility of dividing the suspendable 

fraction into smaller size segregations may also be considered. 

 

The suspendable and non-suspendable fractions, as well as salt mass, are indexed 

with m. The index for dust loadings is: 
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 suspendable wear particles; m=dust(sus) 

 suspendable sand particles; m=dust(sus-sand)  

 non-suspendable sand particles; m=dust(non-sus) 

It is assumed that wear processes contribute only to the suspendable dust loading 

but that sanding can contribute to both suspendable and non-suspendable 

loadings, dependent on the size distribution of the sand applied. A separate index 

for suspendable sand (dust(sus-sand)) is given in order to trace the impact of sand 

in the model. 

 

Salt can also be divided into different salt types, sodium, calcium or magnesium 

based salts or acetates, as these may have different retention properties. Currently 

only two type ar included in the model. These are: 

 
 sodium chloride m=salt(na) 

 magnesium chloride m=salt(mg)  

The mass balance equation is written as 

 

m

road

m

road

m

road SP
t

M






     (2.1) 

 

Where M
m

road is the mass loading for the mass type m, P
m

road and S
m

road represent 

the production and sink terms respectively. The total suspendable road surface 

mass loading (Mroad(total)) is given by 

 


typemass

m

m

roadtotalroad MM
_

)(

     (2.2) 

 

2.3 Road dust and salt production 

Road dust production is the sum of a number of sources. For the suspendable dust 

load these include: retention of wear particles on the road surface, deposition from 

ambient air, direct mass contribution from sanding in the suspendable size 

fraction (f
sus

sanding) , abrasion of the road surface by the contact of the vehicle tyre 

with the non-suspendable dust loading (sandpaper effect) and crushing of the 

coarser non-suspendable loading to create finer particles in the suspendable 

fraction. Abrasion is difficult to separate from crushing as they will both be 

dependent on the amount of non-suspendable material available on the road 

surface and on the traffic volume and category. They may only be distinguished 

using measurements by chemical analysis of the dust loading (Kupiainen et al., 

2005). In addition to these terms a fugitive rate production may be included. 

Fugitive production may include any process not described above. The road dust 

production can hence be written as: 

 

)(

)(

susdust

fugitivecrushingsandpaper

sus

sandingsandingdepositionretention

susdust

road

PPP

fPPPP




  (2.3) 

 



 

NILU OR 23/2012 

16 

For the non-suspendable production we include just two terms, this is the 

contribution of traction sanding in the non-suspendable size fraction (1 - f
sus

sanding) 

and a non-specific fugitive contribution. These fugitive sources may include road 

break up, road work activities, pavement sweeping, etc. These fugitive terms, if 

they are known, may also be included in the model. 

 

  )()( 1 susnondust

fugitive

sus

sandingsanding

susnondust

road PfPP      (2.4) 

 

As with sanding, there is only one source of salt production in the model 

(Equation 2.19), that being the addition of salt, dry or wet, related to defreezing or 

dust binding activities. 

 

2.3.1 Road dust production through direct wear 

A proportion of the dust produced from direct wear sources is emitted and 

removed from the road system, the rest is retained on the surface (retention) and 

contribute to the road dust production. These terms are parameterised in Equations 

2.5-2.10. The rate of wear (WRsource [g.km
-1

.hr
-1

]) given in Equations 2.5 and 2.6, 

where source indicates either roadwear, breakwear or tyrewear, is determined by 

the number of vehicles (N
t,v

 [veh.hr
-1

]) and the wear parameter Wsource [g.km
-1

.veh
-

1
]. The wear parameter is dependent on a basic wear factor (W

 t,v
0,source [g.km

-1
.veh

-

1
]) that is specified through user defined lookup tables for each vehicle category 

(v), tyre type (t) and wear source (source) This basis wear parameter may be 

adjusted by the pavement type factor (h
p

pave) for different pavements (p) or by a 

driving cycle factor (h
d

drivingcycle) for different driving cycles (d), dependent on the 

type of wear. The wear parameter is also considered to be functionally dependent 

on the vehicle speed (V
v
veh [km.hr

-1
]) and on the depth of snow/ice on the road 

surface (s [mm.w.e.]). Other dependencies, such as on surface temperature, may 

also exist, but this is not included in the current model formulation. 

 

The amount of retention is dependent on the fraction of wear that is lost from the 

road through direct wear emissions (f0,dir-source) and by the surface wetness factor 

(fq,source). This last term is dependent on the surface moisture, both liquid (groad) or 

frozen (sroad) water and may be different for road and tyre wear sources 

(roadwear, tyrewear) than for brake wear (brakewear) since the later is not in 

direct contact with the road surface. 

 





breakweartyrewearroadwearsource

sourceretentionretention PP
,,    (2.5a) 
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 (2.5b) 

 
The wear rates (WR

t,v
source) are given as follows for the different wear sources:  
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  d
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v
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  (2.6) 
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The functional dependency of the road wear parameter (W
t,v

roadwear) is given as: 

 

 
weara

roadwearref

v
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roadroadsnow
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vt
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vt
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,

,

,

,0

,

 (2.7) 

 

It is assumed that the vehicle speed dependency is linear (awear=1) but the power 

law dependence is included for flexibility. The term fsnow,road indicates the impact 

of snow/ice on the road surface. It is a binary function whereby above a threshold 

ice/snow thickness (sroadwear,thresh) no road or tyre wear occurs. A value of 3 mm 

w.e. is currently used. 
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  (2.8) 

 
Tyre wear follows a very similar description to the road wear but is not considered 

to be dependent on the pavement type. 
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  (2.9) 

 

Brake wear is not considered to be dependent on tyre type or on the vehicle speed. 

It is better determined by braking activity than by vehicle speed, though there may 

be some relationship between these two (Boulter, 2005). We use a general 

‘driving cycle’ factor that can alter the basis brake wear parameters if required. 

Driving cycle type may include highway, urban, congested , etc. and these are 

represented by the given ‘driving cycle’ factor. 

 
d

ledrivingcyc

v

brakewear

v

brakewear hWW  ,0     (2.10)
 

 

There are a large number of terms included in the above description of road dust 

production. Not all of these need to be used in the model, however they are 

intended to reflect relevant processes and to provide the possibility to assess the 

impact of various changes. E.g. if the pavement type is changed from the 

reference type, for which the wear parameters have been derived, and there is 

experimental data indicating that this new pavement type alters the wear rate then 

this factor can be immediately included in the model calculations. The same is 

true for the driving cycle type, if the type of driving is altered (and its effect on 

wear is known) then its impact on the wear rates can be immediately included in 

the model. Describing the model in this way is intended to give it flexibility when 

carrying out management and planning activities. 

 

2.3.2 Road dust production through deposition 

The external deposition of material on the road surface is given by the background 

TSP concentration PMTSP [g.m
-3

] and deposition velocity w
TSP

 [m.s
-1

]. To 
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provide a production rate Pdeposition [g.km
-1

.hr
-1

] the deposition flux, Fdeposition 

[g.km
-1

.hr
-1

.m
-1

], is calculated, using appropriate conversion constants. This is 

multiplied with the width of the road area nlanes
.
blane [m] to determine the 

production rate. 

 

lanelanesdepositiondeposition bnFP 
    (2.11a)

 

backgroundTSP

TSP

depdeposition PMwF ,6.3 
   (2.11b) 

 
TSP is rarely available and this can be replaced by PM10. This term is likely to be 

very small except under special circumstances, such as Saharan dust episodes.

  

2.3.3 Road dust production through sanding 

The contribution through sanding (Psanding) is given by the mass of sand (Msanding) 

distributed on the road within a particular hour. The contribution of mass through 

sanding is spread out over the time step of the model (t = 1 hour). The sand is 

split into two size fractions (suspendable and non-suspendable) using the factor 

f
sus

sanding which represents the suspendable fraction of the applied sand. Some 

knowledge of the size distribution of the traction sand is thus required. Units for 

sanding are generally provided as [g.m
-2

] and the conversion factor to provide 

sanding rates (Psanding) in [g.km
-1

.hr
-1

], assuming all of the sand arrives on the road 

surface, is included in equation 2.12. 

 

lanelanes

sandingsanding

sanding bn
t

tM
P 


 1000

)(
   (2.12) 

 

Applied sanding mass may be input directly to the model as a time series or may 

be calculated using a ‘sanding model’ which is intended to reproduce sanding 

activities based on user specified rules, Section 2.7. 

 

2.3.4 Road dust production through abrasion with sand (sandpaper effect) 

The sand paper effect, generation of road wear through abrasion with existing 

non-suspendable dust mass, is given by: 

 

sandpaper

susnondust

roadsandpaper RMP   )(

    (2.13) 

 

Where the wear rate is given as: 
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 (2.14) 

 

The term fsandpaper [veh
-1

] has similar dependencies as the road wear parameter 

(Equation 2.7) as follows 
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 (2.15) 
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The basis sandpaper factor (f0,sandpaper) is the rate per vehicle at which the road 

surface is worn, dependent on the non-suspendable mass fraction. Though this 

term is included in the model the basic factors are quite unknown, however when 

non-suspendable dust is available on the surface this term may become significant 

(Kupiainen et al., 2005).  

 

2.3.5 Road dust production through crushing of sand 

Suspendable particles may be produced on the road surface by the physical 

crushing of existing non-suspendable dust, particularly from sanding, on the road 

surface. This is described by: 

 

crushing

susnondust

roadcrushing RMP   )(

    (2.16) 

 

Where the crushing rate is given as: 
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 (2.17) 

 

The functional dependence of (fcrushing) is not well defined so we apply the same 

dependencies as for road wear. i.e. 

 

 
crushingref

v

veh
roadroadsnow

vt

crushing

vt

crushing
V

V
sfff

,

,

,
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  (2.18) 

 

This term is very similar to the sandpaper term. The difference is that the crushing 

rate (Rcrushing) is also a sink term in the non-suspendable dust mass balance, see 

Section 2.4. 

 

2.3.6 Road salt production 

Salting is an addition of mass (Msalting). As with sanding the instantaneous mass 

increase is spread out over the hour based on the timing, tsalting. Units for salting 

are provided as [gm
-2

] and the conversion factor to [g.km
-1

.hr
-1

], assuming all of 

the salt arrives on the road surface, is included in Equation 2.19 

 

lanelanes

salting

isalt

saltingisalt

road bn
t

tM
P 


 1000

)()(

)(

   (2.19) 

 

Applied salting mass may be input directly to the model as a time series or may be 

calculated using a ‘salting model’ which is intended to reproduce salting activities 

based on established local rules, see Section 2.7. 

 

2.4 Road dust and salt sinks 

The removal processes (sinks) are similar for both dust and salt, and both are 

considered to be dependent on the available mass. We can calculate the sinks 
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(Sprocess) based on appropriate rates (Rprocess) for each process and apply these to all 

dust or salt masses individually as follows. 

 

processroadprocess RMS 
    (2.20) 

 
Two of these sinks, suspension and windblown dust, are also related to emissions. 

It is assumed that the suspension of road dust is linearly proportional to the mass 

of road dust. This may be the case for low levels of dust loading but this may not 

be the case when dust loading is extensive, e.g. for unpaved roads. We write the 

various road dust sink terms for the various processes, indexed with m for the 

different mass types,  as follows: 

 

m

crushing

m

spray

m

ploughing

m
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m

drainage

m

windblown

m

suspension

m

road

SSSS
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(2.21) 

 
Note that for suspendable (sus) mass types S

sus
crushing = 0 and that for non-

suspendable (non-sus) mass types S
non-sus

suspension = 0 and S
non-sus

windblown = 0.   

 
2.4.1 Road dust and salt reduction through traffic induced suspension 

The reduction of road dust and salt loading through suspension is given by: 

 
m

suspension

m

road

m

suspension RMS 
    (2.22)
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 (2.24) 

 

Division of the number of vehicles (N
t,v

) by the number of lanes (nlanes) is required 

to account for the distribution of mass and traffic on the road. Note that it is 

assumed that all lanes carry the same amount of traffic. We note that even though 

the non-suspendable mass does not undergo ambient suspension it does undergo a 

similar process. i.e. the non-suspendable fraction can be removed from the road 

surface and deposited on the road shoulder or pavement by contact with the 

vehicle tyre. 

 

The defining term in Equation 2.24 is the suspension factor (f 
t,v

suspension) which 

defines the fraction of mass that is removed for each passage of each vehicle. This 

is dependent on a basic suspension factor (f 
t,v

0,suspension  dependent on the vehicle 

type v and the tyre type t) as well as on vehicle speed (V
v
veh). The suspension rate 

for salt suspension is generally taken to be the same as for the suspendable road 

dust mass. To increase flexibility it is possible to specify salt, suspendable sand 

and non-suspendable sand suspension rates differently in the model using the 
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scaling factor (h
m

 0,suspension). The suspension rate is given with a power law 

dependence on vehicle speed (asus). We include a site specific scaling factor (hsus) 

that can used to reflect different road macro-structures and their impact of the 

suspension rates. This is set to unity unless otherwise specified. Previous 

measurements have indicated that this may be linear or quadratic in nature. 
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   (2.25) 

 
We note here again that the suspension rate may not simply be a rate determined 

by the passage of vehicles but may also represent the migration of off-road 

sources onto the road or the combined process of turbulence and tyre contact. 

 

2.4.2 Road dust reduction through windblown suspension 

The sink of suspendable particles by windblown dust from the road surface is 

given by 

 
sus

windblown

sus

road

sus

windblown RMS 
    (2.26) 
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Where the index ‘sus’ represents all suspendable mass types. The rate dependency 

of R0,wind on the wind speed FF is given as: 
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 (2.28) 

 

In this case the road mass is removed by wind under dry conditions at the rate 

R0,wind. FFthresh is the threshold wind speed below which no suspension occurs and 

wind [hr] is the time scale at which suspension occurs at the given reference wind 

speed. Typical values may be found in the literature, though these do not consider 

available mass but consider mass to be continually available (e.g. Nicholson, 

1993). Due to the lower wind speeds in the urban canopy this is generally not 

active in the model. Non-suspendable particles are assumed not to take part in this 

process. 

 

2.4.3 Road dust reduction through drainage 

The removal of dust and salt by
 
drainage is related directly to the amount of 

surface water that is drained from the road groad,drainable  (Section 3.4). This water 

will carry with it both dust and salt. The removal of dust and salt requires 

knowledge of the level of mixing in the drainage water. For salt, which is in 

solution, this will be fairly well mixed. For suspendable dust on the road surface 

this may not be well mixed and for non-suspendable dust the efficiency of 

removal by drainage may be very poor (Vaze and Chiew, 2002). To reflect this, a 

drainage efficiency parameter is used  (h
m

drain-eff) which can range from 1, for the 

well mixed situation, to 0, when no mass is removed through drainage. An 
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additional aspect concerning drainage is that dust particles will stick to the snow 

surface, if snow is present, even though melting may lead to significant drainage. 

To this end a snow depth drainage limit (sdrain-limit = 2 mm) is set so that dust is not 

removed when the snow depth is greater than this limiting value. 

 

In Section 3.4, that describes the model drainage process, the drainable water is 

removed instantaneously. This means that the surface reservoir of non-drainable 

water (groad,drainable-min) is considered to be continuously replenished by clean water 

that is continuously drained at the same rate. Assuming this, and that the dust and 

salt is continuously mixed with an efficiency (h
m

drain-eff) in the surface reservoir, 

then the total sink of mass in the drainage water will be 
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       (2.29) 

 

In the case of salt only the dissolved salt is considered to be drainable. The 

removal of mass through drainage occurs, as is the case of water, after the other 

production and sink terms have been calculated. An example is given in Figure 

2.1 for four different efficiency rates assuming a minimum drainable depth 

(groad,drainable-min) of 1 mm.  

 

 

Figure 2.1. The impact of different drainage efficiency parameters on the 

drainage for a minimum drainage threshold of 1 mm, over the period of 

one hour for a range of precipitation rates (0-10 mm/hr). It is assumed 

that the surface moisture content is at the threshold level before the 

precipitation 
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2.4.4 Road dust reduction through cleaning and ploughing 

For cleaning and ploughing we describe the efficiency of these activities using the 

factor h
m

cleaning-eff and h
m

ploughing-eff. i.e. cleaning or ploughing removes this fraction 

of the surface mass. h
m
=1 indicates that all the mass is removed. The different 

mass types may have different efficiencies, e.g. that road cleaning is more 

efficient in removing the coarser particles than the finer particles from the road 

surface. To be consistent with the other removal and addition processes, we solve 

these sink processes assuming that the reduction occurs over the model time step 

t, rather than instantaneously. In order that the mass reduction over the time 

period t corresponds to the implied instantaneous mass reduction, when solved 

using Equation 4.2, then we write the sinks for cleaning and ploughing as follows:  
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  (2.30)
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  (2.31) 

 

In this way the rates are defined so that at the end of the time step the resulting 

mass is equivalent to (1 - h
m
), as it would be if the reduction was instantaneous. 

We use the delta function () to indicate the hours when these activities occur. 

Note that h
m
=1 (complete efficiency) is not possible using this formulation and 

this is numerically dealt with by reducing the efficiency by a very small amount. 

 

2.4.5 Road dust reduction through spray and splash 

Removal of mass from the road surface due to splash and spray processes is 

treated in a similar way to drainage. The rate of water removal by splash and 

spray Rg,spray (Section 3.5) provides the basis of the mass removal. The efficiency 

of the mixing in the spray is given by the factor h
m

spray-eff for the different mass 

types (dust/salt). Dust and non-dissolved salt will have a lower efficiency of 

removal. We can thus write the spray sink for both dust and salt as: 

 
m

effspraysprayg

m

road

m

spray hRMS  ,     (2.32) 

 

No consideration is given to snow surfaces, i.e. the spray process applies only to 

surface water. 

 

2.4.6 Non-suspendable dust reduction through crushing 

Crushing of sand is a sink for the non-suspendable dust and is equivalent to the 

production of suspendable dust through crushing, Section 2.3.5, i.e. 
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2.5 Emissions 

2.5.1 Total emissions 

The total emission (E
x
) from wear and surface suspension sources for a particular 

PM size fraction (x), e.g. x = TSP, 10, 2.5, 1 m, is given by 

 
x
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x
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x EEE 
     (2.34)

 

2.5.2 Direct emissions through road, brake and tyre wear sources  

The direct emissions, from the wear sources, is written in the following way: 
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(2.35) 

 
Here, as elsewhere, source refers to the roadwear, brakewear and tyrewear 

sources 

 

2.5.3 Suspension from the road  

The suspension is assumed to be linearly dependent on the road dust loading 

(Mroad) and follows the same form as the sink term for suspension, Equations 

2.22-2.24. 
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2.5.4 Dependency of road wear PM size fraction on wear and speed 

The fraction of wear in any particular PM size category may also be dependent on 

pavement type, tyre type and on vehicle speed, particularly in regard to studded 

tyres. We define the dependency of the direct and suspended emission fraction on 

vehicle speed in a linear form (Snilsberg at al., 2008) such that 
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The coefficient cPM-fraction and the reference PMx fraction (fPM,ref,roadwear) at the 

reference speed (Vref,PM-fraction) must be determined, see Section 5.1.2. Equation 

2.37a is written in this form so that the user can define a PM fraction at a given 

reference speed. To be consistent with the road wear size distribution the size 

fraction of suspended particles is given in the same way: 
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The size fraction for suspendable dust is defined as being the same for all wear 

sources, whilst these may be different for direct emissions from wear sources. In 

any future development of the model it may be desirable to define the suspended 

size fraction individually for each source. This would effectively lead to a size 

segregation within the suspendable dust mass in the model. 

 

2.6 Conversion of emissions to concentrations 

When comparing model results to observed concentrations it is necessary to 

convert emissions to concentrations. As in Omstedt et al. (2005) this is done with 

the help of observed NOX concentrations and calculated NOX emissions. This 

provides a conversion factor (fconc) that converts emissions to concentrations. This 

avoids the use of dispersion models which would bring in additional uncertainty. 
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To avoid uncertainties when using low NOx values we apply lower limits to both 

the emissions and the net concentration values. These values tend to exclude early 

morning concentrations. 
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The conversion to concentrations using NOX as a tracer, though considered to be 

more certain than dispersion modelling, also brings into play the uncertainty of 

the NOX emission factors and under some meteorological conditions (e.g. very 

stable) the measured NOX concentrations may not be reflected at all by the NOX 

emissions due to the build up of NOX over many hours. 

 

2.7 Salting and sanding by rule 

Since activity data is generally missing from the available datasets an estimate 

must be made concerning the application of salt or sand. To do this a number of 

rules concerning these activities are prescribed and the salt and sand added 

appropriately. The rules follow the following logic. 

 

A window of time is established (twindow), that can be used both backwards and 

forwards, around the current time (t0) at predefined times of the day (thour). A 

minimum time between salting/sanding events is prescribed (tdelay). Within this 

window a number of meteorological parameters are searched for. If these 

parameters are found within specified bounds then salt or sand will be applied 
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(tapplication). The following rules apply for temperature (T), Humidity (RH) and 

precipitation (Prec) and may be specified separately for salting and sanding. 

 

If t0 = thour and t0  > tapplication + tdelay  then (check meteorological parameters) 

If Tmin < T(t) < Tmax for t = t0 to t0 + twindow then Tallowed is true 

If RH(t) >RHmin for t = t0 to t0 + twindow then RHallowed is true 

If Prec(t) >Precmin for t = t0 - twindow to t0 + twindow then Precallowed is true 

If Tallowed and (RHallowed or Precallowed) then tapplication = t0 (apply salt/sand) 

 

In addition to the above rules an additional rule concerning wetting of the salt or 

sand is included, at a predefined solution (e.g. 20% salt). This is based on whether 

the road surface is wet or not and depends on the modelled surface moisture at the 

time of application, i.e. water (groad) or snow (sroad) see Section 3. It simply infers 

that wet salting/sanding occurs when the surface is dry such that: 

 

If groad + sroad > gmin at t = t0 then t0  = twetting (salt/sand in dilution) 

 

Tables providing first estimates of these parameters, which will be strongly 

dependent on the local authorities applying the salt/sanding, are given in 

Appendix C.3. 

 

 

3  Road moisture model formulation 

An essential part of the road dust model is the description of the surface moisture 

which is the factor that determines the retention of wear particles on the surface. 

So, in addition to the mass balance equation for road dust, a mass balance 

equation governing liquid and frozen water content (generally termed ‘moisture’) 

on the road surface is required. The moisture mass balance and its related source 

and sink terms are used in the road dust balance to determine: 

 

 the surface retention factors (fq) 

 the surface dust mass sinks due to drainage 

 the surface dust mass sinks due to spraying 

 the salt dilution on the road surface 

 the reduction of road and tyre wear due to ice on the road surface 

3.1 Mass balance for road water and snow/ice  

As with the dust loading we establish a mass balance equation for water and ice 

and determine the production and sink terms for the road moisture balance. The 

road moisture is separated into water (groad) and snow/ice (sroad). The surface 

moisture mass balance is then given by 

 

gg
road SP
t

g






     (3.1) 

ss
road SP
t

s






     (3.2) 
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The production of road water is determined by the processes of rain, snow melt, 

wetting (during cleaning or salting) and condensation 

 

condensgwettinggsnowmeltgraingg PPPPP ,,,,     (3.3) 

 

The sink terms for the road surface water include drainage, spray, evaporation and 

freezing (converting water to ice). 

 

freezegevapgspraygdraingg SSSSS ,,,,     (3.4)

 

 

Note that evaporation/condensation are the same process but in reverse directions. 

The production of road snow/ice is determined by the processes of snow fall, 

freezing and deposition (condensation of ice) 

 

condenssfreezessnowss PPPP ,,,      (3.5) 

 

 

The sink terms for the road surface snow/ice include snow melt, ploughing and 

sublimation (evaporation of ice) 

 

evapssploughingssnowmeltss SSSS ,,,     (3.6) 

 

In the following Sections 3.2 – 3.8 these production and sinks terms are described. 

 

3.2 Precipitation  

Precipitation in the form of rain or snow is added to the road surface. The rate of 

production by precipitation (mm/hr) is simply written as 

 

t

Rain
P raing


,        and      

t

Snow
P snows


,

   (3.7) 

 
Where the total rain/snow for the period Δt is given in mm (water equivalent). 

When only the total precipitation is given then snow is defined as being 

precipitation for atmospheric temperatures < 0 C. 

 

3.3 Wetting 

This reflects the addition of water and salt solutions to the surface or if wetting is 

used for cleaning the surface. Its addition is implemented in a corresponding way 

to dry salt (Section 2.3.6) 

 

t

tg
P

wettingwettingroad

wettingg



 )(

,

    (3.8) 

 
where groad-wetting is the amount of water used in the wetting (mm or litre/m

2
). If 

salt is provided in solution then the amount of water applied will depend on the 

salt solution concentration. 
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3.4 Drainage 

Drainage is treated in the model as an instantaneous process, since the time scale 

for drainage is assumed to be much less than the typical model time step, i.e. one 

hour. The amount of water drained from the road in the period Δt is thus specified 

by 

 

 0,max ,, mindrainableroadroaddrainableroad ggg     (3.9)

 

 

and the water sink rate is specified by 

 

tgS drainableroaddraing  ,,     (3.10) 

 

The parameter groad,drainable-min  indicates the minimum moisture level below which 

drainage does not occur. Typically drainage will stop once the water levels are 

similar to the surface roughness elements and viscous forces are in place. Values 

for groad,drainable-min  are unknown but, as in Omstedt et al. (2005), this will be 

around the 1 mm value. The drainage process is implemented in the model after 

the addition of rain and other production and sink processes. 

 

Drainage is likely to be particularly important for the removal of salt and the 

formulation for this is provided in Section 2.4.3.  

 

3.5 Spray and splash 

Splash and spray are the mechanisms by which water, or snow/sludge, are emitted 

from the road surface through contact of the tyre with the road surface water. 

Spray occurs for all road moisture values but splash will only occur for higher 

levels of road water. Spray and splash will remove water from the wheel tracks 

and redistribute it onto the road surface or remove it completely from the road. 

We consider here the process purely as spray, using a rate factor that is vehicle 

type and vehicle speed dependent. For heavy duty vehicles spray removal will be 

larger than for light duty vehicles. In addition spray removal will be dependent on 

wind speed perpendicular to the road, Möller (2007). In the current formulation 

wind speed dependence is not included.  

 

We consider spray as a road moisture sink term that can be described using a rate 

equation and that occurs down to a threshold surface moisture level (groad,sprayable-

min,) 

 

minsprayableroadroad

minsprayableroadroadroadspraygsprayg
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for                               0

for             

 (3.11)
 

 

We suggest a value of groad,sprayable-min to be: 

 

mm 1.0, minsprayableroadg
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which must also be representative of the fact that drying will occur more quickly 

in the wheel tracks than on the rest of the road, taking into account that the groad 

values are considered to be representative of the entire road surface. 

 

The rate equation is dependent on traffic volume (N
v
), a spray rate factor (f 

v
spray ) 

and the vehicle speed (V
v
veh). This is summed over heavy (he) and light (li) 

vehicle types. 
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where the spray factor fspray [veh
-1

] is given by a quadratic dependence on vehicle 

speed 
2

,

,0)(















sprayref

v

vehv

spray

v

veh

v

spray
V

V
fVf     (3.13) 

 

3.6 Snow ploughing  

Ploughing of the road will remove snow. A similar treatment, as given for mass 

loading, can be used here. In this case we write the road snow sink rate due to 

ploughing as being 

 

)(
)1log(

, ploughing

snow
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roadploughings t
t

h
sS 








  (3.14) 

 
The efficiency of the ploughing, i.e. the fraction of snow removed by the 

ploughing, is given by the factor h
snow

ploughing-eff. This should be fairly high and is 

set at 0.8 in the model.
  

3.7 Evaporation, condensation and energy balance modelling 

Both evaporation and condensation processes will impact on the road wetness and 

these are described by the flux of water vapour to, or from, the surface. Physically 

the water vapour flux is a product of the energy balance of the road surface which 

also determines the surface temperature and surface humidity. In order to describe 

these processes an energy balance model has been developed and applied. Such a 

model is similar to road weather models that are used to predict road surface 

conditions, e.g. Sass (1997) and Karlsson (2001). 

 

The surface energy balance, i.e. the net energy passing through the top of the road 

surface, is given by the following: 

 

trafficsssnets HLHRG  ,     (3.15) 

 

where we use the convention that sensible (Hs) and latent (Ls) energy fluxes are 

positive out of the surface
 
and net radiation fluxes (Rnet,s) are positive into the 

surface, as in Garrett (1994). An addition energy flux into the surface is that from 

traffic (Htraffic) which may be through radiation, through conduction (contact with 
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tyres) or through turbulent exchange. If the surface heat flux (Gs) is positive then 

this means that the surface is being warmed. 

 

3.7.1 Net radiation 

The net radiation flux at the surface (Rnet,s) is given by 

 

soutsinroadsinsnet RLRLRSR ,,,, )1(  
   (3.16)  

 

where RSin,s is the incoming short wave global radiation, road is the road surface 

albedo (0.1 - 0.3 for road, 0.6 for snow) and RLin,s and RLout,s are the incoming and 

outgoing long wave radiation respectively. The incoming radiation values may be 

available from meteorological models or measurements, but these can also be 

parameterised. Parameterised versions will require information on latitude, 

longitude, cloud cover (also possibly cloud base height), as well as temperature 

and often humidity. 

 

3.7.1.1 Incoming short wave radiation  

The incoming short wave radiation is preferably a measured quantity or can be 

determined using 

 

0,, incloudclearsin RSRS  
    (3.17) 

 

where the transmission functions for clear sky (clear) and cloudy sky (cloud) 

attenuate the short wave radiation at the top of the atmosphere (RSin,0) based on 

the calculated azimuth and zenith angles (Iqbal, 1983). The attenuation factors for 

clear and cloudy skies are determined using the parameterisations from 

Konzelmann et al. (1994). 

 

The calculated clear sky short wave radiation (RSclear,s) may also be used to 

estimate the cloud coverage (nc) if observed global radiation (RSin,obs) is available. 

By assuming that overcast conditions reduce the clear sky radiation by a factor 0.9 

then cloud cover is estimated using the equation: 
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,1min    (3.18) 

 

For street canyons shading of the street by the canyon walls is included. Given a 

street configuration that includes the street orientation, the width of the canyon, 

the height of the building facade (with different heights on the northern and 

southern side) and the width of the road, then the fraction of the road surface in 

shadow can be calculated (froad-shadow) assuming an infinite canyon length and 

given the solar zenith and azimuth angle. From this, the effective radiation on the 

road surface is determined by separating the incoming radiation into a diffuse and 

a direct component: 
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  (3.19) 

 

The factor diffuse = 0.2 is the component of the clear sky radiation that is 

considered to be diffuse. For totally overcast skies the global radiation is assumed 

to be completely diffuse. 

 

3.7.1.2 Incoming long wave radiation  

The incoming long wave radiation is based on the Boltzmann equation for 

blackbody radiation written as 

 
4

, aeffsin TKRL 
      (3.20)

 

Where TKa is the atmospheric temperature in Kelvin (TK0 = 273.15 K) and  is 

the Stefan-Boltzmann constant (Appendix A). The effective emissivity (eff) is 

parameterised as a function of cloud cover (nc) and atmospheric water vapour 

pressure (ea). We use a version from Konzelmann et al. (1994) given as 

 

  22
1 cclccseff nn  

     (3.21) 
 

Where the clear sky emissivity (cs) is further parameterised as: 

 
8/1

443.023.0 
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     (3.22) 

 

Typical clear sky emissivity values will be in the range of 0.6 – 0.8. The cloudy 

sky emissivity (cl) will depend on the cloud type. For low lying clouds this will 

be large and for high clouds this will be smaller. We use a constant value similar 

to that suggested by Konzelmann et al. (1994) of 0.97.  

 

Within the urban environment buildings will also emit long wave radiation which 

will contribute to the incoming surface long wave radiation flux. The contribution 

from the street canyon building facade to the surface energy flux in the centre of 

the street canyon is calculated assuming the road to be surrounded by a cylindrical 

wall at a height and diameter equivalent to the facade height and canyon width. 

This cylindrical wall is assumed to have a surface temperature equivalent to the 

atmospheric temperature and to radiate as a black body. The fraction of the sky 

area covered by the facade (fRL,canyon) is then determined using 
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   (3.23) 
 

and the total incoming long wave radiation flux is then calculated by 
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  4

,

4

,, 1 acanyonRLacanyonRLeffsin TKfTKfRL  
   (3.24) 

 

When fRL,canyon= 0 this is equivalent to the open sky long wave radiation flux. 

Currently the surface temperature of the buildings is assumed to be the same as 

the air temperature. However this may not be the case, particularly during winter, 

when buildings are heated internally or in the summer when they absorb 

shortwave radiation. This information is not easily obtainable and so the 

atmospheric temperature is used. 

 

3.7.1.3 Outgoing long wave radiation 

The outgoing long wave radiation will depend on the surface temperature 

following Boltzmanns law, 

 
4

, sssout TKRL 
      (3.25) 

 

It is useful to linearise this equation for the surface temperature (TKs),  around the 

near surface atmospheric temperature (TKa), when solving the surface temperature 

(Equation 3.35). Equation 3.25 can thus be rewritten as: 
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    (3.26)

 

where  

 
4

, asaout TKRL 
      (3.27) 

 

Here we distinguish temperatures in degrees Kelvin using TK (TK0 = 273.15 K). 

The surface emissivity (s) is taken to be unity, even though this is may not 

usually be the case it is a good approximation since the incoming long wave 

radiation is reflected by the factor (1-s). 

 

3.7.2 Latent and sensible heat fluxes 

We use a bulk atmospheric surface layer formulation (Garratt, 1992) to describe 

the latent and sensible heat fluxes as: 

 

  Tsapas rTTCH / 
     (3.28) 

 

  qsasas rqqL / 
     (3.29) 

 

where Ta and Ts are the atmospheric and surface temperatures, qa and qs are the 

atmospheric and surface specific humidity, rT and rq are the aerodynamic 

resistances for temperature and specific humidity.  The latent heat constants (s) 

are slightly different for water and ice surfaces and are provided, along with the 
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heat capacity of dry air (Cp), in Appendix A (A.1). The surface and atmospheric 

specific humidity, along with the atmospheric density (ρa), are calculated using 

the equations listed in Appendix A (A.2). 

 

3.7.2.1 Wind and traffic induced exchange coefficients 

In the energy balance model use is made of the aerodynamic resistance factor rq 

and rT  (Equation  3.28 and 3.29). For wind induced turbulence these ‘resistance 

factors’ or ‘bulk turbulence exchange coefficients’, when inverted, are described 

using classic similarity theory under neutral conditions. i.e.  
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     (3.30) 

 

Where the subscripts q and T represent water vapour and temperature,  is the von 

Karman constant (0.4) and z0,q,T are the respective roughness lengths. We follow 

Garratt (1992) and write zq,T = z0/7.4. 

 

Within street canyons it is sometimes appropriate to reduce the wind speed (FF), 

if it is measured at roof top as is often the case. A wind speed scaling factor can 

be applied in the model to reduce the wind speed to an appropriate level 

representative of the canyon.  

 

In addition to the exchange coefficient due to wind shear we wish also to include 

the enhanced exchange through traffic induced turbulence. This will be dependent 

on the vehicle type (v) the vehicle speed (V
v
veh) and the number of vehicles of any 

given type (N
v
). Heavy duty vehicles will induce more turbulence than light duty. 

We relate these parameters as simply as possible to each other in the following 

way 
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    (3.31) 

 

where the constants convert the traffic speed [km/hr] and volume [veh/hr] to units 

of [m/s] and [veh/s] respectively. The coefficient atraffic has units of [s/veh] and 

represents the aerodynamics of the vehicle in question. Larger values of atraffic 

indicate the creation of more turbulence. We suggest values of around 1x10
-3

 and 

1x10
-2

 [s/veh] for light duty and heavy duty vehicles respectively. These will be 

the same for both water vapour and temperature. 

 

The total aerodynamic resistance is then calculated using 

 

windtraffic rrr

111


      (3.32) 
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3.7.2.2 Surface relative humidity 

To determine the surface specific humidity qs in Equation 3.29 the surface relative 

humidity (RHs) is specified. RHs is expected to decrease once the surface moisture 

content starts to fall below a threshold value. This mimics the patchiness of the 

drying surface and moisture contained within the pores of the road surface. Within 

the model we write this either as a discontinuous linear function 
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 (3.33a) 

 

or as a continuous exponential function 
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The factor 2 in the exponential is used so that the integral of both methods is 

equal, making the two methods comparable for the same evaporation threshold 

value. This threshold value is currently taken to be 0.05 mm. This parameter is 

essential for calculating latent heat and evaporation on relatively dry surfaces. 

Figure 3.1 shows the relative humidity as a function of surface moisture for the 

two formulations assuming a value for the evaporation threshold of 0.05 mm.  

 

Figure 3.1. Two formulations for the surface humidity based on an evaporation 

threshold value of 0.05 mm. 

 

3.7.3 Vehicle induced heat flux 

Heat fluxes, through radiation, conduction and as sensible heat flux, are produced 

by vehicles due to both motor warmth and friction of tyres with the surface. This 

is parameterised in the model using the following form 
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Here the traffic induced heat flux (Htraffic [W.m
-2

]) is determined by the individual 

heat flux from a single vehicle (Hveh [W.m
-2

.veh
-1

]), the number of vehicles in the 

vehicle category v (N
v
) and the time of the vehicle spent over any part of the road, 

determined by the vehicle speed (V
v
veh) and the vehicle length (l

v
veh). The heat flux 

is added to the radiation fluxes in the energy balance equation and is defined as 

positive towards the surface. A maximum value is chosen here so that the 

maximum heat flux is not exceeded, i.e the heat flux if the vehicles are queued 

and not moving on the road. Typical heat flux per light vehicle is given as H
v
veh= 

50 W.m
-2

.veh
-1

. Heavy vehicles are considered to be three times as long and to 

give off three times as much. These parameter values are considered to be first 

estimates and their impact on the moisture is assessed in Section 5.9.1. 

 

3.7.4 Surface heat flux and temperature  

The surface heat flux Gs is used to warm a surface layer slab of depth zs as 

follows 
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   (3.35) 

 

where Gsub is the flux out of the slab into the under laying sub-surface. To solve 

this equation the sub-surface flux is specified using a relaxation term in Equation 

3.35 as 

 

 subssub TTG         (3.36) 

 

where Tsub is the unchanging subsurface temperature for the period considered, in 

this case several days. To determine the parameter µ the coefficients in the 

Equations 3.35 and 3.36 are set so that the model provides the correct surface 

temperature for a sinusoidal varying surface flux with a period of one day, 

representing the daily cycle with angular velocity Ω, similar to the force restore 

method described in Garratt (1992). Given this then the parameters would be 

specified as 
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      (3.37a) 

 

sss zc         (3.37b) 

 

Given the angular velocity of the earth of Ω = 7.3 x 10
-5

 rad.s
-1

 and typical road 

parameters of density s = 2400 kg/m
3
, specific heat cs = 800 J/kg/K and thermal 

conductivity ks = 2.0 Wm
-1

K
-1

 then we find that the appropriate choice of zs = 

0.08 m and that µ= 11.8 Wm
-2

K
-1

. The value of Tsub can be specified by 

climatology or can be derived from the average atmospheric temperature over the 

previous few days. We use the running mean atmospheric temperature over the 

past 3 days to specify the subsurface temperature Tsub.  
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The alternative to the slab with sub-surface relaxation model is to apply a depth 

resolving temperature diffusion model, however the slab model formulation is a 

simple and seemingly appropriate method for the current application. Given the 

linearised form of the outgoing long wave radiation the surface temperature can 

be prognosed implicitly and calculated for each time step, see Section 4.2. 

 

3.7.5 Implementation of evaporation and condensation 

Using the energy balance and related equations (Equations 3.15 – 3.37) the 

surface temperature is prognosed and the latent heat flux diagnosed. From this the 

evaporation is calculated from 
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      (3.38) 

 

Where the coefficients of latent heat (s) depend on whether the surface is snow 

or water. When both snow and water are present the latent heat flux, evaporation 

and latent heat coefficients are distributed between the two, based on a weighting 

of their depths. 

 

The evaporation of a wet surface is not dependent on the surface wetness itself, as 

long as it is remains moist.  However, as with other sink terms, evaporation rates 

per hour may exceed the available surface moisture. To implement this in the 

model we consider the evaporative sink term to be proportional to the available 

surface moisture normalized with the current surface moisture. This avoids 

negative surface moisture values and gives the correct rate of decrease when the 

evaporation rate per hour is much less than the available moisture. Given that 

evaporation is defined as a positive value and condensation as a negative value we 

write the sink and production due to evaporation/sublimation and 

condensation/deposition as 
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,      (3.39a) 

 roadcondensg evapP ,0min, 
    (3.39b) 

 

The above formulation for the evaporative sink reflects the fact that, physically, 

evaporative processes cannot remove more surface moisture than is on the 

surface. To be consistent with this formulation the latent heat flux at the surface is 

also limited so that the evaporation at the surface cannot lead to more latent heat 

flux than the available moisture allows at each time step. This means that 
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      (3.40a) 

 
where the limit to the latent heat flux is given by 
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3.8 Melting and freezing 

Snow can melt once the snow temperature, i.e. surface temperature, reaches the 

melting point (Tmelt). For pure water this is 0C but when salt is present this will 

be lower. The amount of melt depends on the surface energy flux and is given as a 

sink term for the surface snow and as a production term for the surface water 
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   (3.41) 

 

where m is the latent heat of fusion of ice. The amount of melt is limited by the 

amount of surface snow/ice and cannot exceed that amount. 

 

Similar to snow melt, surface water may freeze when the surface temperature is at 

the melting temperature (Ts = Tmelt) and the surface heat flux is negative (Gs < 0). 

The amount of freezing depends on the surface energy flux and is given as a sink 

term for the surface water and as a production term for the surface snow/ice 
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   (3.42) 

 
The amount of freezing is limited by the amount of available surface water and 

cannot exceed that amount. 

 

3.9 Vapour pressure and melt temperature dependence on salt 

concentration 

The addition of salt changes the vapour pressure of the surface moisture which 

may impact significantly on the evaporation and condensation. The vapour 

pressure of a salt solution can be described as depending on the salt content, salt 

type and temperature. Vapour pressure over saturated salt solutions can be found 

by fitting Antoine’s function to experimental data (Morillon et al., 1999). 

Antoine’s function is described using three parameters 
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Ae

salt

salt
saltsalt


)(log *

10     (3.43) 

 

where the saturated vapour pressure of the salt solution e
*

salt [mm.Hg] is 

determined by the temperature (T) and the experimentally fitted coefficients Asalt, 

Bsalt and Csalt. Values for these parameters are given in Table 3.1 and Equation 

3.43 is plotted in Figure 3.2 for water/ice, NaCl and MgCl2.  
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Figure 3.2. Dependence of vapour pressure on temperature for water and two 

saturated salt solutions (NaCl and MgCl2) according to Equation 3.43. 

 

In this application we are dealing with mass of salt in [g.m
-2

] and mass of water in 

mm [kg.m
-2

]. We can thus write the number of moles of salt and water on the road 

surface [mol.m
-2

] as 
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   (3.44) 

 
and the salt in solution (as a molar fraction) then becomes  
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    (3.45) 

 

Values for the saturated molar solutions and atomic weights for water, NaCl and 

MgCl2 are provided in Table 3.1.  

 

As the constants Asalt, Bsalt and Csalt are given only for saturated solutions we 

assume a linear dependence of the vapour pressure, for non-saturated solutions, on 

the molar fraction of salt in solution, relative to the saturated molar fraction. The 

vapour pressure (esalt) for a salt solution at surface temperature Ts is then 

approximated by  

 

     ssalt

salt

salt
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salt

salt
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Saturated

Solution
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Saturated

Solution
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   (3.46) 

 

where e
*

salt is the saturated vapour pressure of the salt and eice is the vapour 

pressure of ice/water. Solutionsalt is determined using equation 3.45 and 

Saturatedsalt is taken from Table 3.1. 
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The melt temperature is found when the vapour pressure of ice becomes lower 

than that of the salt solution, i.e. when esalt(Tmelt) = eice(Tmelt). Using Antoine’s 

equation this leads to a quadratic equation with solution 
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    (3.47a)

 

 

 

where 
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and 
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To determine the surface relative humidity (RHs), given in Equation 3.33, with the 

inclusion of the salt solution we adjust RHs by: 

 

 
 
  s

sice

ssalt
salts RH

Te

Te
RH ,      (3.48) 

 

For saturated salt solutions this reduces the surface relative humidity significantly. 

For NaCl the relative humidity is reduced by a factor of 0.75 and for MgCl2 by 

0.33.  

 

Table 3.1. Antoine coefficients and other parameters for saturated salt solutions 

in the temperature range 10 ˚C to -25 ˚C, Morillon et al. (1999). 

Variable Units Water/ice NaCl MgCl2 

Atomic weight ( saltatomicM , ) g.mol
-1

 18.0 58.4 95.2 

Saturated freezing temperature 

(Tmelt,salt-saturated)  
˚C 0 -21 -33 

Saturated solution by molar 

fraction (Saturatedsalt)  
%  22 23 

Saturated relative humidity 

(RHs,salt-saturated) 
% 100 75 33 

Asalt   10.3 7.4 7.2 

Bsalt  2600 1566 1581 

Csalt  270 228 225 
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3.10 Surface moisture retention parameters 

The retention parameters that inhibit emissions based on road wetness conditions 

are given in two forms. The first is a discontinuous linear dependence: 

 

   1,1min,0max ,, sourceratiosourceq gf 
    (3.49a) 

 
and the second a continuous exponential dependence: 

 

  sourceratiosourceq gf ,, ,0max2- exp 
    (3.49b) 

 
where 
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sourceminretentionroadroad
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   (3.49c) 

 
and source is any one of the various emission sources (i.e. direct road, direct 

brake, suspended road). In both cases a minimum retention threshold value 

(gretention-min,source) defines the minimum surface moisture that inhibits suspension. 

Below this value fq,source = 1. A threshold value (gretention-thresh.source) defines the 

upper limit for retention for which, in the linear case, fq,source = 0. In the 

exponential formulation  fq,source -> 0 for groad+sroad  > gretention-thresh.source. The factor 

2 in the exponential form is used so that the integral of both methods are equal, 

making the two methods comparable for the same evaporation threshold value. An 

example is shown in Figure 3.3. 

 

 

Figure 3.3. Retention factor formulations for values of gretention-thresh = 0.4 and 

gretention-min = 0.02; 
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4 Analytical and numerical solutions to the road dust model 

4.1 Time integrated mass balance solution 

Most of the model is direct application of the equations. For the time integration, 

which is carried out in steps of one hour, it is necessary to introduce a short term 

solution to the mass balance equations to ensure stability. For generalised sink (S 

= R
.
M) and production (P) terms the equations can be written 

 

MRP
t

M






      (4.1) 

 
This has an analytical solution when P and R are constant during the time 

integration from t0 to t0 + t given by 
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    (4.2a) 

or

   tRtR etMe
R

P
ttM   )(1)( 00

    (4.2b) 

 
where R

-1
 is the time scale of the equation. 

 

This has a singularity when R = 0 (or for calculation purposes when R << P) 

which will occur when there are no sink terms. In that case the solution to the 

equation becomes simply 

 

tPtMttM  )()( 00      (4.3) 

 

For some loss terms, e.g. drainage and melt, it is more appropriate to use a simpler 

form of Equation 4.2, due to the way the model describes the processes. In these 

cases the change in mass is specified by 

 

tStMttM  )()( 00      (4.4) 

 

and is carried out after the implementation of Equation 4.2 in the model for the 

other production and sink terms. 

 

4.2 Implicit surface temperature solution 

The prognostic equation for surface temperature is solved implicitly to avoid 

numeric instability. We write the time integrated solution of the temperature 

equation (Equation 3.35) as 
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4.3 Numerical limitations when calculating surface moisture 

The finite time step of the surface moisture mass balance can lead to instabilities 

(oscillations) in the evaporation and surface moisture when the surface moisture 

values are comparable to evaporation over the time step used. Basically this is the 

result that evaporation at one time may reduce the surface moisture content to a 

level where condensation occurs in the next time step. Condensation rates then 

over predict the next time step and then evaporation occurs again, over predicting 

the evaporation, and so on. In reality this oscillation would not occur with 

continuously varying evaporation rates and surface moisture content. This 

generally occurs when turbulent exchange coefficients are high and surface 

moisture contents are low. To avoid this, the evaporation and condensation is 

limited not just to the available moisture content but is limited as to not allow a 

change of evaporation sign from one time step to the next when this is caused by 

the finite time step. 

 

The ‘no evaporation/condensation’ condition occurs, when based on the linear 

definition of the surface relative humidity, when 

 

threshevaproadroadthreshevaproad

s

a
noevaproad ggg

q

q
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  (4.6a) 

 
or when based on the exponential definition this is 
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       (4.6b) 
 

The threshold evaporation/condensation then becomes 
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and the threshold latent heat flux becomes 
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5 Parameter estimation and sensitivity analysis 

There are a large number of parameterisations and parameters required for the 

model calculations. Definition of these parameters can come from three separate 

sources: 

 

 independent measurements and experiments 

 calibration of the model to a range of datasets 

 best estimates combined with sensitivity studies 

The first of these options is the preferred basis for the parameters but this is not 

always possible as there are many unmeasured parameters required for the model. 

Within this section the basis for the parameter choice and their uncertainty is 

provided.  

 

5.1 Road wear, PM fractions and their functional dependencies 

5.1.1 Basic road wear for studded tyres 

Total road wear is the basis for the modelled road dust contribution. For the 

studded tyre wear, use is made of the already existing Swedish road wear model 

(Jacobson and Wågberg, 2007) which uses input data concerning maximum stone 

size (MS), Nordic ball mill (NBM) value for hardness and percentage of stone size 

> 4mm (S>4mm) to determine the basic road wear parameter (W0,roadwear) and the 

pavement type factor (hpave) used in Equation 2.7. The Swedish road wear model 

uses a reference pavement type (ABS16 with porphyry from Älvdalen) with a 

wear rate of 2.88 g/km/veh at the reference speed of 70 km/hr. We thus set the 

reference wear parameter for studded light duty vehicles to 

 

 88.2,

,0 list

roadwearW  g/km/veh  

 

The road surface data is used to calculate the pavement type factor for a particular 

pavement p as: 
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p

mm

ppp

pave SMSNBMh 4017.0069.0144.049.2    (5.1) 

 

Swedish roads often use MS=16 mm and NBM=5, though this can range from 4 – 

15. For Norwegian roads smaller stone sizes are favoured with similar ball mill 

values (e.g. MS=11mm and NBM=6), Snilsberg et al. (2008). The percentage of 

stones > 4 mm is taken to be 75% in most cases. Typical wear rates are thus 2 – 5 

g/km/veh. Unfortunately knowledge of these parameters is not always possible 

and so there can be significant uncertainty in the final wear factor.  

 

In the NORTRIP model, road wear is functionally dependent on vehicle speed 

since speed dependence has been shown in a range of laboratory experiments (e.g. 

Gustafsson et al., 2008; Snilsberg et al., 2008). The PM10 concentration measured 

in the laboratory (VTI road simulator) is seen to be linear over a large range (30 – 

70 km/h). However, direct fits to these data indicate that the linear relation does 

not pass through 0, which is the assumption used in the model (Equation 2.7), but 

rather infers wear to approach 0 at around 20 km/hr. The Swedish road wear 

model, however, does apply a fit that passes close to 0. Measurements of ambient 

PM concentrations in the laboratory to indicate wear rates are affected by the 

deposition and mixing processes in the laboratory. It is not clear from such 

measurements if the relationship with speed is also partly due to the induced 

turbulence from the road simulator and its impact on mixing and deposition. 

 

Within the NORTRIP model light duty vehicle road wear rates are enhanced by a 

factor of 10 for heavy duty vehicles. In the literature a range of values is available, 

from 5 – 100 (Boulter, 2005), for the increased emission from heavy duty vehicles 

(HDV). However, it is often difficult to distinguish between suspended and direct 

road wear in these studies. This uncertainty is significant especially if the wear 

from HDV is significantly higher (order 100) since the HDV often make up from 

3-10% of the total traffic and can thus dominate road wear. It is also worth noting 

that the percentage of studded tyres on HDV is often quite low, or none at all, and 

so the studded tyre contribution from HDV’s may not be very significant. 

 

5.1.2 PM10 fraction of studded tyre road wear 

The proportion of total wear in the various PM fractions is an important parameter 

for the PM emissions. Measurements carried out at VTI with the road wear 

simulator have attempted to address exactly this question. Using a laser scanner to 

measure the road wear directly in the road simulator and by determining the 

emission factors for PM10, a parameterised form of the fraction of PM10 has been 

developed as part of the NORTRIP project (Johansson et al., 2012), and expressed 

in terms of the same pavement wear parameters MS and NBM as follows 
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  100)11(1.02.02.8,,10

,,  MSNBMf list

roadweardirrefPM   (5.2) 

 

The reference speed for this relationship is 50 km/hr and the equation is shown in 

Figure 5.1 for a range of NBM values 

 

 

 

Figure 5.1. Percentage of road wear in PM10 fraction (AndelPM10 av slitage) 

plotted against NBM (Kulkvarnsvårde) for three different ABS 

pavements with MS = 8, 11 and 16 according to the relationship in 

Equation 5.2. Figure provided by VTI. 

 

 

In addition to these measurements Snilsberg et al. (2008) has also assessed the 

impact of vehicle speed, using the same road simulator, on the fraction of PM10 

and PM2.5. In that case dust from studded tyres was collected directly behind the 

tyre and the size distribution was analysed. Speed dependence of the size 

distributions was determined, Figure 5.2. 
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Figure 5.2. Experimental setup and resultant size distributions and tabulated 

PM10  fractions for a range of simulator speeds. Taken from Snilsberg 

et al. (2008). 

These measurements indicate a much higher proportion of the wear to be PM10, 

between 20 – 30%, and also indicate a significant vehicle speed dependence. It is 

likely that not all of the dust wear was collected behind the wheel with the 

instrumentation but if the size distributions are representative then this is in 

conflict with the VTI results. Of course some of the larger fractions, > 1mm, may 

have not been captured and this would tend to increase the apparent contribution 

of the smaller fractions. 

 

Based on the above information we propose a speed dependence, provided in 

Equation 2.37, based on a linear fit to the Snilsberg et al. (2008) data (Figure 5.2). 

This fit provides a speed dependence slope cPM-fraction = 0.012 (km.hr
-1

)
 -1

. At a 

reference speed of Vref,PM-fraction = 50 km/hr the fit also implies a reference PM10 

wear fraction (fPM,ref,roadwear) of 28%, according to Snilsberg et al. (2008), or of 

around 6-8%, according to Equation 5.2. Due to the significant differences 

between the two results, definition of this reference size fraction is to be 

determined by comparison with real world application of the model, as outlined 

below. The optimal choice lies somewhere between these two values, at around 

18% (Section 5.1.3). This fit, though derived for PM10 only, will be applied to all 

size fractions and requires the definition of the reference size fraction (fPM,ref,dir-

roadwear). 

 

5.1.3 PM10 wear rate fraction for studded tyre road wear based on model 

calibration 

It is possible to derive the studded tyre PM10 wear rate (combination of wear and 

PM10 size fraction) for the datasets available using the model. This is done by 
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running the model and calculating the required studded tyre PM10 wear rate 

needed to achieve the observed mean concentrations assuming there is no loss of 

particles through any process other than suspension. Because it is not possible to 

differentiate between the total wear and the fractional size distribution we 

determine the proportion of the wear in PM10. This method works best on well 

defined and long datasets, such as Hornsgatan (Appendix D.1), where surface 

moisture measurements are available and a strong concentration signal is available 

in the street canyon. The methodology will require more effort to properly assess 

the uncertainties (e.g. salt may have a large and unknown impact) but the results 

are indicated in Figure 5.3 where the calculated studded tyre PM10 wear rate is 

plotted as a function of average vehicle speed. Included in the plot is also the wear 

rate for PM10 derived from the model using the above wear parameters assuming: 

 

 A constant PM10 fraction based on Equation 5.2 (~7.2 %) and a linear wear 

dependence on speed based on Equation 2.7. Two road types with maximum 

stone sizes of MS=16 and MS=11, both with NBS=6, are used. This corresponds 

to the application of Equations 2.7, 5.1 and 5.2.  

 As above but Equation 5.2 is replaced with a linear speed dependent PM10 

fraction (Equation 2.37a). Chosen reference value is fPM,ref,dir-roadwear = 18% at 50 

km/hr and cPM-fraction = 0.012 [ (km.hr
-1

)
 -1

].  

In making this calculation the same size fraction is assumed for both suspended 

and direct wear emissions. 

 

Using the Swedish Road wear model values with a fixed PM10 fraction, solid lines 

in Figure 5.3, clearly under predicts the observed studded tyre wear rates. For 

Hornsgatan this is around a factor of 2 and for RV4, Essingeleden and 

Mannerheimintie this is around a factor of 3. For RV4, which is likely to have 

used smaller stone sizes (MS=11), this wear rate may be higher (W0 = 3.1 

g/km/veh, green solid line) but even so there is a clear under prediction. The wear 

rate of Mannerheimintie is unknown as the surface is made of cobble stones. 

Inclusion of the speed dependence on the PM10 fraction (dashed lines) clearly 

improves the results, though the choice of  fPM,ref,dir-roadwear = 18% in Equation 2.37 

is intended to fit the observed data. 

 

For further application of the model use is made of Equation 2.7 and 5.1 to 

determine studded tyre wear, and Equation 2.37 to determine PM10 fraction. 
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Figure 5.3. Required PM10 wear factor necessary to obtain the annual mean 

concentrations for a number of different datasets (red squares). PM10 

fraction is the same for both direct and suspended particles. Also shown 

is the road wear model estimates for PM10 wear factor based on a 

constant  PM10 fraction (Equations 2.7, 5.1 and 5.2, solid lines) and a 

linear speed dependent PM10 fraction (Equations 2.7, 5.1 and 2.37), 

dotted lines. 

 

5.1.4 Non-studded road wear and PM10 fraction 

Nominal values for the friction and summer tyre road wear are based on VTI 

measurements (Snilsberg et al., 2008 and Gustafsson et al., 2008) that indicate 

that non-studded tyre road wear is around 20 - 30 times less than studded tyre 

wear. These road wear values are also supported by other emission inventories. 

Combined with a PM10 fraction of 18% road wear rates of 0.1 g/km/veh are 

equivalent to 18 mg/km/veh. This is more twice the value given by Boulter (2005) 

of 7.5 mg/km/veh but no speed dependence is included in that case. 

 

Whilst the emission factor for non-studded road wear may not have significance 

when a large fraction of cars are studded, it does become important for summer 

and in areas where non-studded winter tyres are dominant. 

 

5.1.5 PM2.5 size distribution of road wear particles 

For PM2.5, estimates from Kupiainen et al. (2005) provide a PM2.5/PM10 ratio of 

around 10%. From Snilsberg et al. (2008) this is around 20%. Comparison of 

observed PM2.5 and PM10 from the available datasets is sometimes contradictory 

but a ratio of around 5% is closer to that observed. Note that there is sometimes 

confusion in that the measured PM2.5 also includes exhaust particles which is a 

significant contributor. 
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In Figure 5.4 we show the observed non-exhaust PM2.5/PM10 for the available 

datasets. This has been calculated using the equation 

 

 
 exhaust

exhaust

PMPM

PMPM
PMPM






10

5.2

105.2

    (5.3) 

 

Where the over bars indicate that they are the average concentrations for the 

period. Exhaust concentrations are calculated based on exhaust emission factors 

and the conversion using NOX as a tracer. The calculated ratio, given in %, is 

uncertain, and can be negative, when the calculated exhaust concentrations are 

close to the measured PM2.5 concentrations. 

 

 

Figure 5.4. Calculated ratio of non-exhaust PM2.5 to PM10 based on the 

observational data after subtraction of the modelled exhaust 

contribution. 

 

Based on the Hornsgatan data, which is considered the best available dataset, the 

measured PM2.5/PM10 ratio is 3 – 7 %. We choose a value of 5%. This appears to 

be lower than other studies would indicate. 

 

The question of whether direct wear emission PM2.5/PM10 ratios are the same as 

suspended emission PM2.5/PM10 ratios needs also to be addressed. Measurements 

(e.g. Snilsberg et al., 2008) of surface dust loading or deposited dust indicate a 

PM2.5/PM10 ratio that is larger, but these do not take into account the exhaust 

emissions or other processes affecting the concentrations. E.g. Snilsberg et al. 

(2008) found a deposited PM2.5/PM10 ratio of around 20% and laboratory ratios of 

20 – 30% (no exhaust). Ketzel et al. (2007) found a PM2.5/PM10 ratio in Denmark 

of around 25% after subtraction of exhaust emissions. In addition Snilsberg et al. 

(2008) found that studded tyres produced a higher proportion of PM2.5 than did 

non-studded tyres. For the current application of the model we apply the same size 

fractions for both direct and suspended emissions and for all tyre and vehicle 

types. 
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5.2 Tyre and brake wear 

Tyre and break wear have been taken from the literature (Boulter, 2005). No 

speed dependency is currently implemented in the model for brake wear. Selected 

parameters are provided in Appendix C (C.1). 

 

5.3 Suspension rates and dependencies 

The rate of suspension from the road surface is the result of a number of 

processes. In the model the suspension rates are described by a single value, 

dependent on the tyre and vehicle type and some functional dependence on 

vehicle speed. It is assumed that the suspension is directly proportional to the 

mass loading. In addition it is possible to provide sand and salt, applied to the 

surface, with different suspension rates. 

 

The processes affecting the suspension are not just the turbulent and mechanical 

suspension from the road surface, though this is the mechanism by which 

suspension will finally occur. It is also governed by the availability of the dust, 

e.g. from road or the shoulder/pavement sources, on the cohesive forces on the 

dust, e.g. salt and hygroscopic properties of dust, and also on the surface structure. 

Experiments with a suspension simulator (Blomqvist et al., 2011) have shown a 

strong dependence of turbulence induced suspension on the surface texture 

(macro-structure). 

 

As part of the NORTRIP and REDUST (www.redust.fi) projects, Sniffer (Pirjola 

et al., 2009) emission factor data were analysed and compared to vehicle speed. 

The results are presented in Section 6.2 of Johansson et al. (2012) and indicate a 

roughly linear dependence of the Sniffer emission factors with vehicle speed. This 

dependence however is not well defined and a constant value for the Emission 

rates would have been equally suitable for speeds above 30 km/hr. 

 

Some experiments have been carried out to determine the suspension rates of dust 

distributed on the road surface (e.g. Langston et al., 2008). These indicate that 

applied deposited dust is quickly removed from the surface, with suspension rates 

of the order of 10
-2

 – 10
-3

 veh
-1

. i.e. an e-folding time of 100 to 1000 vehicles. 

Patra et al. (2008) estimated this rate to be 3 x 10
-4

 veh
-1

 based on distributions of 

rock salt on a road in London. Kupiainen and Pirjola (2011) found that traction 

sanding, added to the surface under dry conditions, increased the suspended 

emissions by a factor of 15 but that the PM10 emissions reduced quickly, over a 

matter of hours. Clearly these suspension rates are not commensurate with the 

suspension seen during and after the studded tyre season where the dust loading 

and suspension extend well beyond the studded tyre season. 

 

It would appear that suspension of freshly laid dust/sand and the retained dust 

from wear sources during wet periods have a different adhesive quality and 

distribution, and hence suspension rate. So it is necessary to separate the short 

term suspension after dry sanding and the long term suspension due to the other 

processes affecting cohesion and availability of the dust loading. 

 

Model sensitivity analysis is carried out to help define the required long term 

suspension rates. In Figure 5.5 a large number of different suspension rates have 

http://www.redust.fi/
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been applied to the available datasets (Section 7). Since the suspension rates 

impact on the temporal development of the emissions then correlation of daily 

mean concentrations is used to assess the impact of the suspension rates. 

Correlation is also strongly dependent on the surface moisture so whenever 

possible observed moisture is used. Some correlations are quite low and the 

ability to determine optimal suspension rates in some datasets is limited. 

 

Visual inspection of the data and models (Appendix D) is very instructive in 

assessing suspension rates. Three different situations can be defined that can 

differentiate between direct and suspended emissions and their rates. These are: 

 
1. Enhanced emissions at the start of the studded tyre season where dust loading, 

and hence suspension, are low. This is indicative of the direct emissions. 

2. Enhanced emissions that occur after a long wet period. This peak provides 

evidence, not just of the suspension rate, but also of the accumulated mass. 

3. Decay of emissions at the end of the studded tyre season. This decay is a clear 

indicator of the long term suspension rates. 

All three of these situations must be well modelled if the temporal signal, in this 

case expressed in terms of correlation, is to be well simulated. 

 

 

Figure 5.5. Sensitivity study of the model daily mean correlation for various 

datasets to the model suspension rate. 

 

From Figure 5.5 the optimal suspension rate is in the range from 0.5 – 5 x 10
-6

 

veh
-1

 (orange band). Optimal suspension rates are more certain for the datasets 

with the highest correlation, i.e. Hornsgatan using observed moisture, however the 

roads with the highest vehicle speeds (70 – 90 km/hr for RV4, Essingeleden and 

NB Sletta) all show lower optimal suspension rates than Hornsgatan with an 

average vehicle speed of around 45 km/hr. This is counter intuitive but may be the 
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result of different surface textures on the different road surfaces rather than the 

impact of vehicle speed. For some datasets no optimum value was obtained (e.g. 

RV4, HCAB). An optimal value chosen is 2 x 10
-6

 veh
-1

 at a reference speed of 50 

km/hr. Even though the model optimisation indicates lower suspension rates for 

roads with higher vehicle speeds the evidence from other studies is quite strong 

and so a linear dependence of suspension rate on vehicle speed is chosen, i.e. asus 

= 1 in Equation 2.25. This infers that the suspension rate at the highway sites is 

lower than the current model estimates. This could be due to the macro-structure 

of the surfaces or other processes, e.g. that there is less lane changing, parking and 

meandering on highways that can redistribute the dust. 

 

The above analysis was carried out assuming that no wear is retained on the road 

when the surface is dry. It is also possible to set the model parameter (f0,dir-source) so 

that dry wear is also deposited on the surface, i.e. no direct emissions, and so the 

wear particles must then all be suspended. In general there is little change to the 

model results when doing this in terms of correlation, though there is a slight 

decrease in correlation for most datasets. The exception is the highway dataset 

from Essingeleden which shows some improvement in the correlation. The wear 

particles are thus assumed to be directly emitted when the surface is dry, i.e. f0,dir-

source =1 (Equation 2.5b). 

 

5.4 Sanding parameters: suspension, size distribution, abrasion and 

crushing 

Assessing the impact of sanding on emissions is one of the major, but ambitious, 

aims of the model. The model treats the impact of sand in 3 different ways. These 

are: 
 

 A fraction of the distributed sand is suspendable and will join the road wear dust 

on the surface to increase the dust loading 

 The non-suspendable sand fraction can lead to additional abrasion of the road 

surface (sand paper effect) 

 The passage of vehicle tyres over the non-suspendable sand will lead to crushing 

of the sand and the generation of suspendable sand mass. 

The amount of data concerning these three aspects is limited, particularly the last 

two. Though the model includes these processes there is insufficient information 

at the moment to include them. As a result the abrasion and crushing are not 

activated in the model. 

 

For the fraction of suspendable sand, measurements of sand size distribution are 

required. These are available from Stockholm in a report on the sand size 

distribution (VTIInr: 11-081), shown in Figure 5.6. These indicate that in total 

0.8% of the sand is < 10 µm in diameter. In the model we use the concept of 

suspendable and non-suspendable sand with the cut off around 200 µm (This cut 

off is used for practical reasons and also because the vast majority of wear is 

expected to occur within this size range). Based on the data in Figure 5.6 the 

suspendable fraction is then 6%, and the fraction of this that is PM10 is 16%. This 

value of 16% is close to that chosen for the road wear contribution (18% at 50 

km/hr).  
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Figure 5.6. Size distribution of particles in traction sand used in Stockholm 

(VTIInr: 11-081). 

 

There is only one data set available (Hornsgatan 2010-2011) where it is known 

when and how much sand has been applied to the surface. Using the above model 

parameter (fsus-sanding = 6%) sand is applied to the surface and the applied sand is 

allowed to be removed by suspension only, at the same rate as the wear particles. 

Applying the model in this way leads to a significant increase (factor of 2) in the 

modelled concentrations. Assuming that the size distributions for sand are correct 

the inference is that sand is either less readily suspended than wear particles or 

that suspendable sand is more efficiently removed from the surface than wear 

particles. Information on this is not currently available. 

 

The sensitivity of the model to the addition of sand is analysed for Hornsgatan 

2010-2011. The addition of 1 % suspendable sand slightly increased the 

correlation (by 0.01) and leads to an average contribution of around 2.7 µg/m
3
 

compared to the contribution from road wear which is 7.8 µg/m
3
. In Figure 5.7 the 

impact of sanding for different suspendable fractions is shown for the annual 

mean and the number of days above the limit value of 50 µg/m
3
. 

 

 

Figure 5.7 Impact of traction sanding suspendable fraction (< 200 µm) on the 

annual mean and days above limit value (50 µg/m
3
) for the Hornsgatan 

2010-2011 period. Also included are the observed values. Note that all 

concentrations are net concentrations, not including background. 
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Given that the Hornsgatan datasets are fairly well modelled for most years without 

the use of sand then it appears that sand is not a significant contributor to the total 

emissions. The current analysis sets a range of 0.5 – 2% to the amount of 

suspendable material in the sand that is active for suspension. We choose a value 

of fsus-sanding = 1%. 

 

5.5 Salting: drainage and spray efficiencies 

There have been a number of studies concerning salting (e.g. Blomqvist et al., 

2012; Lysbakken and Norem, 2012) mostly in regard to the removal of salt from 

the surface through the interaction with traffic. However, at the moment the 

efficiency of salt removal through drainage is unknown, Section 2.4.3. Of all the 

datasets only the RV4 data has filter samples that have been chemically analysed 

and where suspended salt has been measured (Hagen et al., 2005). In these data a 

significant portion of the suspended PM10 was found to be salt (~25%). In an 

analysis using the receptor model COPREM of the same filter samples (Denby et 

al. 2009) it was found that ~15% of the traffic related PM10 was salt. Some days 

showed roughly equal contributions from both dust and salt (Figure 5.8).  In 

addition to the observed ambient salt concentrations salting activity data from a 

nearby road is also available for RV4. Using these salting data the model is run to 

try to recreate the observed level of salt. Two parameters are adjustable to 

influence this, the drainage and spray efficiency of the salt and the total 

suspension rate (which has been fixed at f0,suspension = 2x10
-6

 veh
-1

 in Section 5.3). 

 

 

Figure 5.8. Taken from Hagen et al. (2004) showing the salt (blue) and dust (red) 

contribution to PM10 for 80 half day filter samples in the winter periods 

of 2004 and 2005 at the RV4 site in Oslo. 

 

The results indicate that drainage efficiency rates cannot be greater than around 

0.4 to achieve the levels of salt observed. We choose a value of 0.3 for both the 

drainage and the spray efficiencies (hdrainage-eff and hspray-eff) that provides a salt 

contribution for the RV4 data of around 10%. Note that the filter data and the 

model data cover a longer period of time and there are far less filter samples 

available for the analysis than modelled days. The average contribution of the 

various sources, including salt, is shown in Figure 5.9 for the two years (2004 and 



 

NILU OR 23/2012 

55 

2005) of data from RV4. These are compared with the results from the receptor 

model COPREM, using the measured filter chemical analysis. A more thorough 

analysis of the RV4 datasets, salting and speed dependence will be carried out in a 

separate study. 

 

 

Figure 5.9. Comparison of the average source contribution to road dust at RV4 

for the two winter periods in 2004 and 2005. Calculated using the 

NORTRIP emission model and observed using the COPREM receptor 

model. The periods and hours sampled are similar but not coincident. 

 

5.6 Drainage parameters 

The major drainage parameter is the threshold level for drainage (gdrainable). This is 

expected to be different for different surface textures and for other properties of 

the road such as slope. The drainage threshold impacts in two ways. Firstly, it 

affects the road surface moisture directly by removing all the water above the 

threshold level and secondly it impacts on the drainage of dust and salt. The 

smaller the threshold value then the larger the proportion of ‘well mixed’ salt and 

dust that is removed, Equation 2.29. 

 

To assess the impact of the drainage threshold parameter on the results, the model 

is run for a number of the datasets using the moisture sub-model to predict surface 

moisture. From this the correlation is determined and optimum values for the 

drainage threshold are determined, Figure 5.10. Though the drainage threshold is 

not the only important factor for determining the suspension we adjust this 

parameter to assess its impact on the moisture model. 

 

For most datasets the optimal value for the drainage threshold is between 0.2 - 0.8 

mm. Though this drainage parameter may vary from road to road there is 

insufficient evidence to adapt it specifically. For example, Runeberg in Helsinki 

has a much higher concentration correlation when the drainage threshold is higher 
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(around 1 mm), indicating a wetter street. HCAB in Copenhagen has the highest 

correlation when the drainage threshold value is low, indicating a drier street. For 

consistency a value of gdrainable = 0.6 mm is adopted as default for the model. 

  

 

Figure 5.10. Sensitivity study of the daily mean model correlation for various 

datasets to the model drainage threshold.  

 

5.7 Spray parameters 

Based on the report from Möller concerning winter road condition modelling 

(Möller, 2006) the spray rate parameters given in Equation 3.13 would be: 

 
-13

,0   veh105 li

sprayf , for heavy duty this is 
li

spray

he

spray ff ,0,0 6  

km/hr 70, sprayrefV
 

 

For a traffic volume of 1000 veh/hr travelling at the reference speed this gives a 

removal time scale of around 10 minutes, which is fast compared to other 

processes. This fast removal rate is because the assessment from Möller is focused 

on the wheel tracks only and assumes that the rate of decay was due to spray only. 

If we consider the removal process to be relevant for the entire road surface, and 

not just the wheel tracks, then these factors should be significantly lower. A value 

for f0,spray of around 1x10
-4

 veh
-1

 (1/50 the indicated value) would suggest spray 

removal time scales of around 10 hours for the given traffic volume and speed. 

These are similar to ‘normal’ evaporation rates. 

 

Currently there is not enough information available concerning spray for it to be 

effectively included in the model based on external experiments. Nor is 

information available on the speed dependence though this is assumed to be 

quadratic, Equation 3.13. We adopt the value of f
li

0,spray = 1x10
-4

 veh
-1

. 
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5.8 Surface retention parameters 

The surface retention is dependent on the surface moisture and is simply described 

as a function of this in Section 3.10. Sensitivity of the model to this 

parameterisation is investigated for a number of datasets and an optimal parameter 

value is determined, Figure 5.11. A value of gretention-thresh = 0.1 mm and gretention-min 

= 0.04 mm was chosen. The model is fairly insensitive to these parameters, except 

in two cases, within the range investigated. It should be noted that the adopted 

values are also dependent on the surface humidity description, Section 3.7.2.2, 

and the optimal value chosen is linked to this. 

 

 

Figure 5.11. Sensitivity study of the model for various datasets to the model 

retention factor. Scaling factor of 1 refers to the parameter set of 

gretention-thresh = 0.1 mm and gretention-min = 0.04 mm. Scaling increases or 

decreases both these values. 

 

5.9 Energy balance parameters 

There are a number of parameters used in the energy balance calculation need to 

be defined. These may include: 

 

 the surface roughness length that controls the turbulent exchange rate without 

traffic 

 the traffic enhancement exchange coefficient that determines the enhanced 

exchange due to traffic 

 the surface slab depth that controls the surface heat flux and surface temperature 

 the traffic heat flux that adds to the surface heat 

 the surface albedo that controls the absorbed shortwave radiation 
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Of these parameters only the sensitivity of the model to the turbulent exchange 

coefficients has been explored. Further assessment of these parameters will be 

carried out at a later date. 

 

5.9.1 Sensitivity to surface roughness and traffic induced turbulence 

The moisture sub-model shows a degree of sensitivity to the surface roughness 

parameter, that determines the turbulent exchange rate, Section 3.7.2. However, 

this parameter is not unique as the traffic induced exchange rate also impacts in a 

similar way on the turbulent fluxes. Sensitivity tests with both of these parameters 

have been carried out for a limited number of datasets and are presented in Figure 

5.12. It is clear that the model correlation can be very sensitive to the choice of 

these parameters. E.g. there is a large change in correlation in the Hornsgatan 

2010-2011 results due to a change in the surface roughness. Such large 

differences result when the modelled surface moisture is close to being dry on 

certain days and slight changes in the energy balance parameters can lead to large 

modelled emissions for these days. 

 

The result of the sensitivity study is an optimal choice for these parameters of z0 = 

2 mm and a
li

traffic = 1x10
-3

 s/veh.  

 

  

Figure 5.12. Model PM10 correlation sensitivity to surface roughness (left) and 

traffic induced turbulent exchange coefficient (right) for a selection of 

the datasets. 

 

5.10  Impact of salt on surface moisture 

The addition of salt has the general tendency of keeping the surface moist. At the 

moment it is included in all model runs as it has been seen to be very important in 

determining the surface wetness. An assessment is shown, Figure 5.13, for two 

examples in Hornsgatan (2008-2009 and 2010-2011) where the model was 

applied in the following way: 

 
1. Without salt 

2. With salt (estimated) but no humidity impact 

3. With salt (estimated) and with humidity impact 

4. With salt (reported ) and with humidity impact (2010-2011 only)  

5. Using observed moisture for retention 
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Results show a clear improvement, particularly in correlation, with the inclusion 

of the salt humidity impact. The impact on the mean values is generally small but 

there can be significant differences in the percentile concentrations as a result of 

the salting and its impact on surface humidity. 

 

  

  

  
Hornsgatan 2008-2009                   Hornsgatan 2010-2011 

Figure 5.13. Summary of the model application to Hornsgatan 2008-2009 (left) 

and Hornsgatan 2010-2011 (right) where different salting applications 

are assessed. Shown in each plot are the results for no salting, 

estimated salt (using salting model) but no humidity impact, estimated 

salting (salting model) including humidity impact, reported salting 

including humidity impact (2010-2011 only) and use of the observed 

surface moisture. Top: Mean concentrations of dust and salt. Middle: 

90‟th percentile of the daily mean concentrations. Bottom: Correlation 

coefficient (R
2
) of the daily mean concentrations. 
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5.11  Conversion of emissions to concentrations 

The use of NOX as a tracer is sometime problematic. This is particularly the case 

when background levels of NOX are high. If the background station is not in the 

vicinity of the traffic station then the temporal changes in background NOX may 

not match those at the traffic site. In addition the subtraction of large numbers to 

determine a smaller one is always prone to error. 

 

The assumption that NOX can be used as a tracer requires that the emission of 

NOX is reflected in the concentration of NOX. During periods when there is a 

build up of NOX in the street canyon then this assumption is no longer valid and 

high NOX concentrations may be measured with low NOX emissions, or visa 

versa.  

 

The use of dispersion models can relieve some of these problems but generally the 

accuracy of the dispersion model is considered to be less than the use of measured 

NOX as a tracer. 

 

6 Steady state solution to the road dust model under dry 

conditions 

A steady state under dry conditions will be approached when t >> R
-1

, resulting in 

a steady state road dust loading given by  

 

 R

P
M esteadystatroad ,

      (6.1) 

 

If we consider only production through road wear (no sandpaper) and only the 

sink through suspension then the steady state solution for a road surface occurs 

when 
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(6.2) 
 

Where the term fretained indicates the fraction of the wear retained on the surface. 

This may reflect the fraction of time the surface is wet or may reflect the model 

parameter (1 - f0,direct), indicating the amount of wear directly emitted. 

 

6.1 Simplified steady state equation for road dust loading  

If we further simplify that the studded tyres dominate the road wear and write the 

ratio of light and heavy duty vehicles with studded tyres as rst,li and rst,he 

respectively (also the ratio of total light and heavy duty vehicles as rli and rhe) then 

we can rewrite the above equation to give the steady state dry road dust loading as 
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This equation indicates that the steady state dust loading is the same no matter the 

traffic volume, though the road dust will increase linearly with the studded tyre 

percentage. If the vehicle speed dependence of both the wear and the suspension 

is the same, i.e. linear, then the steady state mass loading will also be independent 

of vehicle speed. 

 

The time scale on which this steady state is reached is given by: 

 

 he
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    (6.4) 

 
For a 2 lane road with 10 000 veh/day, 90% light duty vehicles, a 50% proportion 

of cars with studded tyres, wear rates of 2.5 g/km/veh, a retainment fraction of 

50% and a suspension rate of 2x10
-6

 veh
-1

 (as used in the model) would result in 

time scales of approximately 100 days and mass loadings of around 100 g/m
2
. 

Increasing the suspension rate by a factor of 100 (similar to those found for dry 

sanding) would reduce the time scale and the mass loading by a factor of 100. 

These results indicate that measurements of mass loading can provide important 

information concerning the suspension rates. 

 

6.2 Ratio of direct to suspended emissions 

In addition, under the steady state assumptions given above, we can also find the 

ratio of direct emissions to suspended emissions. If we assume, for simplicity, 

only light vehicle contributions and that the suspension rate (fsus-road ) as well as 

the size distribution (fPM,sus-road ) is the same for both studded and winter tyres, 

then the ratio of direct to suspended emissions is given by: 
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    (6.5) 

 

This indicates that the ratio of direct and suspended emissions under steady state 

conditions is determined by the factor fretained, which indicates the fraction of road 

wear mass that is retained on the road surface, as well as by the size distributions 

of the emitted particles from both direct and suspended sources. Given a value of 

fretained = 0.5 we see that these two emissions should have a ratio of 1. 

 

  



 

NILU OR 23/2012 

62 

 

7 Datasets and NORTRIP model results 

The model has been extensively applied and tested on a number of datasets. 

Several aspects of this have already been described in Section 5.  A summary of 

these datasets and some standard statistical results are presented in this section. 

Summary graphical results for each dataset is provided in Appendix D and a 

detailed presentation for one of the datasets (Hornsgatan 2010-2011) is presented 

in Appendix E. 

A total of seven different sites covering from 3 months to 5 years provided 14 

different datasets for application of the model. These are listed in the Table 7.1 

below, indicating the availability and type of input data provided for each dataset. 

 

Table 7.1. Summary of the available datasets and the available input parameters. 

„?‟ indicates unknown information. 
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Statistical results of the modelling are summarised in Table 7.2 and Figures 7.1 – 

7.4. In these figures the means, percentiles, correlation and relative root mean 

square error (RMSE) are presented. In Sections 7.1 – 7.7 each of the sites and 

related datasets are described in summary. 

 

In general the model can be seen to consistently predict the means and percentiles 

of sites with more than one year of data, indicating the robustness of the model 

over many years. However, due to a lack of information concerning road surface 

wear parameters in Helsinki and Copenhagen the model wear rates have been 

adjusted at these sites to approach the observed mean values. For datasets in Oslo 

and Stockholm the model, based on calculated road wear, has been applied 

without adjustment. See the set of model parameters for the pavement type scaling 

factors (hpave), Appendix C.1, for these scaling factors. 
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Table 7.2. Summary of input data and statistical modelling results for the 14 

datasets. 
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Figure 7.1. Observed (black) and predicted (blue) mean PM10 concentrations for 

the 14 data sets.  
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Figure 7.2. Observed (black) and predicted (blue) 90‟th percentile PM10 

concentrations for the 14 data sets. 
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Figure 7.3. Correlation (R
2
) of the daily mean modelled and observed PM10 

concentrations for the 14 datasets. (* Using observed surface moisture 

for surface retention). 
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Figure 7.4. Relative RMSE (RMSE normalised with mean observed 

concentration) for the daily mean modelled and observed PM10 

concentrations for the 14 datasets.  
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7.1 Hornsgatan, Stockholm 

Hornsgatan is the most complete and best dataset of all the data collected. This is 

due to the availability of surface moisture and temperature measurements, the 

large difference between traffic and background concentrations due to its 

confinement in the street canyon and the availability of important meteorological 

parameters such as temperature and humidity at the street level, supported by roof 

station measurements. In addition it has both traffic and studded tyre counts. 

 

Since surface moisture measurements are available for Hornsgatan results are 

shown in Figures 7.1-7.4 when using observed moisture. In Appendix D.1 results 

using both measured and modelled surface moisture are shown. Salting and 

sanding information is available only for the period 2010-2011. For the other 

years a salting model was implemented to estimate the salting events but no sand 

was implemented. 

 

The results for Hornsgatan, when observed surface wetness is applied to control 

the surface retention, show remarkably high correlation, explaining 76% - 92% of 

the variability of the daily mean PM10 concentrations. When modelled surface 

moisture is used (see Appendix D, Figure D.1) then the correlation is reduced to 

43% - 61%. This emphasizes the importance of the surface moisture in controlling 

the suspended emissions and the need for high quality surface moisture modelling 

if the temporal evolution of the emissions is to be well represented. 

 

From the year 2010 onwards a ban on studded tyres in Hornsgatan reduced the 

percentage of studded tyres from 70% to 40% during the winter season. This 

management strategy is well represented by the model, where both the mean and 

the percentile concentrations closely follow those observed. 

 

7.2 Essingeleden, Stockholm 

In Essingeleden, a highway site with a high traffic volume, no surface moisture 

measurements or salting (no sanding applied) data were available. In addition 

there was no locally placed background site so an average was taken of the nearest 

urban and regional background stations. There are some large discrepancies 

during the winter but the decay during spring and the build up in the following 

year is well modelled. Improved results can be achieved by reducing the 

suspension rates, as discussed in Section 5.3. The model predicts well both the 

mean and the percentiles, with a correlation of 0.47. Graphical results are 

presented in Appendix D.2. 

 

7.3 Riksvei 4 (RV4), Oslo 

Three years of data are available at RV4. As in the Hornsgatan case a 

management strategy of reducing the signed vehicle speed was introduced in the 

last two years. In the last year the addition of dust binding salt (MgCl2) was used. 

The model follows the changes of these impacts along with the impact of different 

meteorology for the different years. Between 45% and 60% of the variability is 

explained by the model for these three years. No surface moisture measurements 

were available at this site. Further studies concerning this site will be carried out 

to provide a more detailed assessment of the model processes including the 
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impacts of changes in vehicle speed, in meteorology and in the contribution of salt 

to the total emitted PM10, see Section 5.5. Graphical results are presented in 

Appendix D.3. 

 

7.4 H. C. Andersen Boulevard (HCAB), Copenhagen 

For HCAB, an open street canyon site, surface moisture measurements and salting 

(no sanding was undertaken) data were available. This dataset is unique in that 

there are no studded tyres during the winter period. HCAB has been shown to 

show significantly higher PM10 concentrations when compared to other streets in 

Copenhagen. The model underestimates the PM10 concentrations by a factor of 2 

in this street. To achieve the appropriate average the road wear would need to be 

increased by a factor of 5. In addition the model would appear to overestimate 

surface wetness, even though it agreed well with the observed moisture 

observations. Graphical results are presented in Appendix D.4 using both 

observed and modelled surface moisture. A more detailed assessment of these 

data and other streets in Copenhagen is required to understand these differences.  

 

7.5 Mannerheimintie, Helsinki 

Mannerheimintie in Helsinki is paved with cobbled stones and as such is different 

to all the other datasets. Modelling at this site spanned a two year period. The 

model performs reasonably well (R
2
=0.42) and shows the decay of dust loading 

continues until the following winter season. Since no information concerning road 

wear parameters were available for this site the Hornsgatan wear rates were 

applied and enhanced by a factor of 2 to approximate the observed mean 

concentrations. Graphical results are presented in Appendix D.5. 

 

7.6 Nordby Sletta (NB), Oslo 

Nordby Sletta near Oslo has the highest vehicle speeds of all the datasets (90 

km/hr). Only a three month period is available. Using the default suspension rates 

and the same wear rates as for RV4 in Oslo, the model overestimates the 

concentrations during the winter but performs well during the spring but provides 

better results with lower suspension rates. In general this was the worst 

performing site of all the data sets, overestimating the mean and percentiles 

significantly and providing the lowest correlation coefficient of R
2
=0.33. 

Graphical results are presented in Appendix D.6 for both the default model 

settings and with a reduced suspension rate. 

 

7.7 Runeberg, Helsinki 

Runeberg is a street canyon site in Helsinki. Results from this site are very 

sensitive to the surface moisture model parameters. Despite this a relatively high 

correlation of R
2
=0.71 is obtained with the default model settings. Means and 

percentiles are well estimated. Wear rates are the same as for Hornsgatan in 

Stockholm. Graphical results are presented in Appendix D.7. 
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8 Conclusions and future development 

The NORTRIP model is the most comprehensive non-exhaust model currently 

developed. This is the result of a strong co-operation between the Nordic partners 

involved in the NORTRIP project. The consolidation of expertise in this area and 

the collection of a range of datasets has made significant improvements in non-

exhaust modelling possible. 

 

The Hornsgatan data set has provided the most useful source of data and the 

model performs very well in this situation. What has become clear from this 

modelling application is that if PM concentrations are to be well modelled then 

the surface moisture must also be well represented. The model successfully 

follows the hour to hour, day to day and year to year variation in Hornsgatan, 

correctly representing the sensitivity of the model to changes in studded tyre 

fractions that have occurred as a result of a ban in the street. The relatively 

successful application of the model to a highway site outside of Stockholm, 

Essingeleden, with significantly different speeds and traffic volumes also 

indicates the ability of the model to represent the impact of these aspects on the 

emissions. 

 

On the other hand the application of the model to HCAB in Copenhagen shows a 

distinct underestimate of the concentrations without a fivefold increase in the 

wear rates. This point has been noted already in Ketzel et al. (2007) where HCAB 

has been shown to have consistently higher emission factors compared to other 

similar roads in Copenhagen. Though the model provides higher correlation with 

observed concentrations when salting is included, there is little improvement with 

the inclusion of surface retention and suspension. If this is to be improved then a 

more specific study over more years and other streets in Copenhagen is required 

to resolve these differences. This is particularly important as Copenhagen, which 

does not use studded tyres, is more representative of most cities in Europe. 

 

The application to RV4 in Oslo shows that the model can represent several 

different years of data, with different meteorological situations and traffic flows, 

with an appropriate dynamic sensitivity. In this case speed reductions were 

implemented on this stretch of road whilst road wetness conditions varied 

significantly between years. A thorough analysis of these data will be undertaken 

to assess the model validity and the impact of the management strategy. 

 

The moisture sub-model developed has not been extensively analysed beyond its 

implementation here and a few sensitivity tests. In general its ability to provide 

the correct temporal variation of the concentrations, rather than surface wetness 

itself, has been the focus of the assessment. It is interesting to note that this sub-

model fulfils a similar role to other road weather models available for traffic 

safety applications. A more comprehensive assessment of this sub-model should 

be carried out as this may provide significant improvements in the future. 

 

The NORTRIP model has been developed with the main aim of improving our 

understanding of non-exhaust emissions for air quality management applications. 

The procedure was to identify a number of important processes, even if these 

cannot be well defined with current knowledge, and implement these in a 
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conceptual and mathematical modelling tool. As such there are some poorly 

defined processes, e.g. crushing and abrasion, which are not currently included in 

the model applications but are described within the model structure. Other 

processes such as suspension rates did not show the expected dependence on 

vehicle speed. If these are to be improved upon then additional existing databases, 

particularly outside of Nordic countries, need to be acquired and the model 

applied and tested on these to assess the robustness of the model concept and its 

implementation. 

 

In addition there are a number of measurements that would greatly help improve 

the model and its process descriptions. In the field simultaneous measurements 

over a winter season of the following parameters would be invaluable to improve 

the model. These include: 

 

 Collection of ambient air  filter samples, size fraction and chemical analysis to 

establish the source contributions of road, tyre, brake, salt and sand particles 

 Collection of surface dust mass loading with an analysis of size distribution and 

chemical analysis to establish the surface mass loading, its size distribution and 

its source contributions 

 Collection of surface dust mass loading before and after precipitation events to 

establish the impact of drainage 

 Measurement of surface wetness, temperature and salt content 

 Collection of spray water and analysis of dust and salt concentrations to establish 

the impact of spray 

 In situ measurement of surface macro-structure and road wear properties 

 In situ measurement of actual road surface depletion to determine total road wear 

 Combination of road dust loading measurements with behind vehicle dust 

emissions, e.g. Sniffer. 

 Collection of road maintenance activity data 

In addition to these field measurements, laboratory experiments can also be 

carried out to improve the model. These would include: 

 

 Further refinement of the PM fraction from wear and its dependency on speed 

 The role of surface macro-structure, surface moisture history and salt in 

determining suspension rates 

There are also a number of processes not described in the model that can be 

considered for further implementation. These include: 

 

 The impact of dust loading on surface moisture retention. 

 The migration/deposition of course sand and gravel from down road and cross 

road sources, and the impact on the sandpaper and crushing processes by these. 
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Appendix A  
 

Physical constants and equations used in the 

NORTRIP model 
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A.1 Physical constants 

The following physical constants are used in the model. 

 

Latent heat of condensation (vapour-water) s = 2.5×10
6
 J kg

-1
 

 

Latent heat of sublimation (vapour-ice)  ice = 2.8×10
6
 J kg

-1
 

 

Latent heat of fusion (water-ice)  m = 3.3×10
6
 J kg

-1
 

 

Heat capacity of dry air   Cp = 1005 J kg
-1

K
-1

 

 

Specific gas constant for dry air  Rd = 287 J kg
-1

K
-1

 

 

Stefan-Boltzmann constant    = 5.67×10
-8

 Wm
-2

K
-4 

 

von Karman constant     = 0.4 

 

Angular velocity of the Earth   Ω = 7.3 x 10
-5

 rad.s
-1

 

 

A.2 Physical equations 

The relative humidity in air, RHa, is specified by the ratio of the water vapour 

partial pressure and the saturated partial pressure 

 

100
*


a

a
a

e

e
RH

     (A.1) 

 
Calculation of the specific humidity, saturated or unsaturated, is carried out using 
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a
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ep

e
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378.0

622.0

     (A.2) 

 

Where the Bolton equation fit to the saturated water vapour pressure is given by 
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    (A.3) 

 
The temperature derivative is usually given by Clasius-Clapeyron equation but we 

use the direct derivative of the Bolton equation 
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Similarly the temperature derivative of the specific humidity is given by 
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Calculation of air density from pressure and temperature 
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Appendix B  
 

NORTRIP model variables 
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Table B.1. Variables principally related the road dust emission sub-model. 

*Variable types are defined as prognostic (P), diagnostic (D), model 

input parameter (IP), site specific input metadata (IM) or site specific 

input time series (IT). 

Variable Units Variable 

type * 

Description 

t  hr IP Model time step 

m

roadM  g.km
-1 

or 

g.m
-2

 

P Road surface mass (dust or salt) loading for 

the mass type m 

)(totalroadM  g.km
-1 

or 

g.m
-2

 

D Total road surface mass loading for all mass 

types 

m

roadP  g.km
-1

.hr
-1

 D Production of road surface dust or salt for 

the mass type m 

m

roadS  g.km
-1

.hr
-1

 D Sink (removal) of road surface dust or salt 

for the mass type m 

vt

sourceWR ,
 g.km

-1
.hr

-1
 D Wear rate for different tyre types (t), 

vehicle types (v) and wear sources (source 

= roadwear, tyrewear, brakewear) 

vt

sourcedirf ,

,0   0 - 1 IP Fraction of wear that is directly emitted to 

the air and not retained on the surface 

sourceqf ,  0 - 1 D Surface retainment factor based on the 

surface moisture. Wear and dust loading is 

retained on the surface when this has a 

value of zero. (source = road-tyrewear, 

brakewear and suspension). 

vtN ,
 veh.hr

-1
 IT Number of vehicles per hour with the 

specified tyre types (t) and vehicle type (v) 

vt

sourceW ,

,0  g.km
-1

.veh
-1

 IP Basis wear factor for different tyre types (t), 

vehicle types (v) and wear (source = 

roadwear, tyrewear, brakewear) 

p

paveh   IM, IP Pavement type factor, used to adjust the 

basic wear factor for road wear only (
vt

roadwearW ,

,0 ) 

d

ledrivingcych   IM, IP Driving cycle factor, used to adjust the 

basic wear factor for brake wear only (
vt

brakewearW ,

,0 ) 

v

vehV  km.hr
-1

 IT Vehicle speed for the different vehicle 

types (v) 

susrefV ,  km.hr
-1

 IP Reference vehicle speed at which the 

suspension factor (
vt

suspensionf ,

,0 ) is valid  

sandpaperrefV ,  km.hr
-1

 IP Reference vehicle speed at which the 

sandpaper factor (
vt

sandpaperf ,

,0 ) is valid  
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crushingrefV ,  km.hr
-1

 IP Reference vehicle speed at which the sand 

crushing factor (
vt

crushingf ,

,0 ) is valid  

roadwearrefV ,  km.hr
-1

 IP Reference vehicle speed for which the road 

wear parameter (
vt

roadwearW ,

,0 ) is valid  

tyrewearrefV ,  km.hr
-1

 IP Reference vehicle speed for which the 

reference PM fraction (
vt

tyrewearW ,

,0 ) is valid  

fractionPMrefV ,  km.hr
-1

 IP Reference vehicle speed for which the 

reference PM fractions (
tx

sourcedirrefPMf ,

,,  and

tx

roadsusrefPMf ,

,,  ) are valid  

weara  - IP Power law index for the vehicle speed 

dependence of road and tyre wear. 

susa  - IP Power law index for the vehicle speed 

dependence of road suspension. 

TSP

depw  m.s
-1

 IP Dry deposition velocity for total suspended 

particles (TSP). 

backgroundTSPPM ,

 

m.s
-1

 IT Background concentrations of total 

suspended particles (TSP). 

sandingM  g.m
-2

 P Mass of sand applied to the road during a 

traction sanding event at time sandingt  

laneb  m IM Width of a single traffic lane on the road 

lanesn   IM Number of lanes on the road 

sus

sandingf  0 - 1 IP Fraction of traction sanding mass that is 

classified in the model as suspendable (< 

200 µm) 

vt

sandpaperf ,

,0  veh
-1

 IP Basis rate of abrasion per vehicle for the 

generation of suspendable dust through the 

sandpaper effect.  

vt

crushingf ,

,0  veh
-1

 IP Basis rate of abrasion per vehicle for the 

generation of suspendable dust through the 

crushing.  

)(isalt

saltingM  g.m
-2

 D or IT Mass of salt applied to the road during a 

road salting event for salt type i 

saltingt  hr D or IT Timing of the salting event. Input or 

derived by salting rules 

vt

suspensionf ,

,0  veh
-1

 IP Basis rate of suspension per vehicle for the 

given tyre (t) and vehicle (v) type 

m

suspensionh ,0  - IP Scaling factor to adjust the basic suspension 

rates for the different mass types m 

sush  - IM Scaling factor to adjust the basic suspension 

rate that can be specified per site. Default is 

unity. 
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threshFF  m.s
-1

 IP Threshold wind speed for windblown 

suspension 

wind  hr IP Time scale for windblown suspension 

m

effdrainh   0 - 1 IP Drainage efficiency factor for dust and salt 

m

effcleaningh   0 - 1 IP Efficiency factor for the removal of road 

mass type (m) by cleaning 

m

effploughingh   0 - 1 IP Efficiency factor for the removal of road 

mass type (m) by snow ploughing 

ploughingt  hr D or IT Timing of ploughing events. Input or 

derived by ploughing rules 

cleaningt  hr IT Timing of cleaning events 

sandingt  hr D or IT Timing of sanding events. Input or derived 

by sanding rules 

m

effsprayh   0 - 1 IP Efficiency factor for the removal of road 

mass type (m) by spray processes 

xE  g.km
-1

.hr
-1

 D Total non-exhaust emissions in the size 

fraction x 

x

sourcedirE   g.km
-1

.hr
-1

 D Total non-exhaust direct wear emissions in 

the size fraction x (source = roadwear, 

tyrewear, brakewear) 

x

suspensionE  g.km
-1

.hr
-1

 D Total non-exhaust suspended emissions in 

the size fraction x 

x

roadsusE   g.km
-1

.hr
-1

 D Total non-exhaust traffic induced 

suspension emissions in the size fraction x 

x

roadwindE   g.km
-1

.hr
-1

 D Total non-exhaust windblown emissions in 

the size fraction x 

tx

sourcedirrefPMf ,

,, 

 

0 - 1 IP Reference value for the proportion of the 

direct wear mass in the size fraction x. 

tx

roadsusrefPMf ,

,,   0 - 1 IP Reference value for the proportion of the 

suspended mass in the size fraction x. 

x

fractionPMc    (km.hr
-1

)
 -1

 IP Slope of the vehicle speed dependence for 

the proportion of the suspended mass in the 

size fraction x. 

FF(z) m.s
-1

 IT Wind speed as height z. 

threshroadwears .  mm IP Snow/ice depth threshold value above 

which road and tyre wear does not occur 

limitdrains   mm IP Snow/ice depth limit value above which 

dust is not drained from the road 

m    Index for dust types used in the model. 

Suspendable dust from wear dust(sus), 

suspendable sand dust(sus-sand), non-

suspendable sand dust(non-sus) and the two 

salt types salt(na) and salt (mg). 
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t    Index for tyre types: Studded (st), winter 

non-studded (wi) and summer (su)  

v    Index for vehicle types: Light (li) and heavy 

(li)  

 

 

Table B.2. Variables principally related the road moisture sub-model. *Variable 

types are defined as prognostic (P), diagnostic (D), model input 

parameter (IP), site specific input metadata (IM) or site specific input 

time series (IT). 

Variable Units Variable 

type * 

Description 

roadg  mm P Water mass on the road surface 

roads  mm w.e. P Snow/ice mass on the road surface. 

Units for ice/snow are in mm w.e. 

(water equivalent) 

groad,drainable   mm D Amount of water that may be drained 

from the road   

groad,drainable-min   mm IP Non-drainable road water mass 

Pg mm.hr
-1

 D Production rate of liquid water on the 

road surface 

Ps mm.hr
-1

 D Production rate of frozen water 

(ice/snow) on the road surface.  

Sg mm.hr
-1

 D Sink rate of liquid water on the road 

surface 

Ss mm.hr
-1

 D Sink rate of frozen water (ice/snow) on 

the road surface.  

Rain mm IT Amount of liquid precipitation within 

the model time step Δt 

Snow mm w.e. IT Amount of solid precipitation within 

the model time step Δt 

wettingroadg   mm IT or D Amount of water applied when wet 

salting/sanding or during cleaning. 

wettingt  hr IT or D Timing of the wetting event. Input or derived 

by salting rules 

groad,sprayable-min mm IP Minimum surface moisture level for 

spray to occur 

spraygR ,  hr
-1

 D Rate of road water removal by spray 

processes 

v

sprayf ,0  veh
-1

 IP Basic factor defining the proportion 

of surface moisture removed with the 

passage of one vehicle due to spray 

processes at the reference speed 
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sprayrefV ,  

sprasyrefV ,  km.hr
-1

 IP Reference vehicle speed at which 
v

sprayf ,0 is valid 

snow

effploughingh   0 - 1 IP Efficiency factor for removal of 

snow due to snow ploughing 

Tmelt C D Melt/freezing temperature of the 

surface moisture 

Ta C IT Atmospheric temperature, usually at 

2 m. 

TKa K IT Atmospheric temperature in Kelvin, 

usually at 2 m. 

Ts C P Road surface temperature 

TKs K P Road surface temperature in Kelvin 

Gs W.m
-2

 D Surface energy flux 

Gsub W.m
-2

 D Sub-surface energy flux 

Rnet,s W.m
-2

 IT or D Surface net radiation flux 

RSin W.m
-2

 IT Incoming short wave radiation 

road 0 -1 IM Road surface albedo 

snow 0 -1 IP Road surface snow albedo 

RLin W.m
-2

 D Incoming long wave radiation 

RLout W.m
-2

 D Outgoing long wave radiation 

Hs W.m
-2

 D Surface sensible heat flux 

Ls W.m
-2

 D Surface latent heat flux 

Htraffic W.m
-2

 D Traffic heat flux to the surface 

RSin,0 W.m
-2

 D Short wave radiation at the top of the 

atmosphere 

RSin,obs W.m
-2

 IT Observed short wave radiation 

RSclear,s W.m
-2

 D Clear sky short wave radiation 

clear 0 - 1 D Clear sky radiation attenuation factor 

cloud 0 - 1 D Cloudy sky radiation attenuation 

factor 

nc 0 - 1 D or IT Cloud cover fraction 

froad-shadow 0 - 1 D Fraction of the road surface in 

shadow due to street canyon walls 

diffuse 0 - 1 IP Fraction of clear sky global radiation 

that is diffuse 

RSin,road-shadow W.m
-2

 D Average short wave radiation on the 

road surface accounting for 

shadowing 
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RSin,diffuse W.m
-2

 D Clear sky global radiation that is 

diffuse 

RSin,direct W.m
-2

 D Clear sky global radiation that is 

direct (non-diffuse) 

eff 0 - 1 D Effective long wave emissivity of the 

atmosphere 

cs 0 - 1 D Clear sky long wave emissivity of the 

atmosphere 

cl 0 - 1 IP Cloudy sky long wave emissivity of 

the atmosphere 

s 0 - 1 IP Long wave emissivity of the surface 

fRL,canyon 0 - 1 D Fraction of sky area covered by the 

street canyon facade 

broad m IM Total width of the road, from kerb to 

kerb 

bcanyon m IM Width of the street canyon 

hcanyon m IM Height of the street canyon. Two 

values, one for north and one for 

south. 

TKfacade K D Street canyon facade temperature in 

Kelvin 

ea, e
*

a Pa D Water vapour partial and saturated
*
 

pressure in the atmosphere.  

es, e
*
s Pa D Water vapour partial and saturated

*
 

pressure on the surface.  

esalt, e
*
salt Pa D Water vapour partial and saturated

*
 

pressure on the surface for a salt 

solution.  

eice Pa D Vapour pressure for water and ice.  

qa, q
*
a  D Water vapour specific humidity and 

saturated
*
 specific humidity in the 

atmosphere.  

qs, q
*

s  D Water vapour specific humidity and 

saturated
*
 specific humidity on the 

surface.  

RHa, RHs and 

RHs,salt 

 D Relative humidity of the atmosphere, 

on the surface and of the salt solution 

on the surface.  

r
traffic 

and r
wind

 s.m
-1

 D Aerodynamic resistance for traffic 

induced turbulence and wind shear 

induced turbulence 

rT and rq s.m
-1

 D Aerodynamic resistance for 

temperature and water vapour 

z0, zT, and zq m IP Roughness lengths for momentum, 
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temperature and water vapour 

v

traffica  s.veh
-1

 IP Aerodynamic traffic coefficient 

v

vehl  m IP Length of vehicle type v 

v

vehH  W.m
-2

.veh
-1

 IP Surface heat flux from vehicle type v 

threshevaproadg ,  mm IP Threshold value for surface moisture 

below which evaporation is reduced 

by reduction of relative humidity 

pa Pa IM Atmospheric pressure 

a kg.m
-3

 D Atmospheric density 

s kg.m
-3

 IP Road surface density 

cs J.kg
-1

.K
-1

 IP Road surface specific heat 

ks W.m
-1

.K
-1

 IP Road surface thermal conductivity 

zs m D or IP Sub-surface layer slab depth 

evaproad kg.m
-2

.hr
-1

 D Evaporation/condensation rate 

from/to the road surface 

Nmoles,salt/water mol.m
-2

 D Moles of salt/water on the road 

surface 

Solutionsalt  D Molar fraction of salt solution on the 

road surface 

Saturatedsalt  IP Molar fraction of saturated salt 

solution 

gretention-thresh.source mm IP Threshold value defining the upper 

limit for retention, above which full 

surface retention is achieved 

gretention-min,source mm IP Threshold value defining the lower 

limit for retention, below which no 

surface retention is achieved 
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Appendix C  
 

NORTRIP model parameters and input data 

requirements 
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The following input data is provided in two Excel sheets for the model. 

 

Model parameter file: This includes all the model parameters, model control 

flags and the parameters for the salting and sanding model. This file is intended to 

be generic and not specific to any one site, though the salting and sanding model 

parameters may be site specific. Also included in this file is a calculator for the 

road wear, based on the Swedish road wear model. 

 

Input data file: This contains all the site specific meta- and temporal data for 

running the model for a specific site. 

 

C.1 Default set of model parameters 

ROAD DUST SUB-MODEL 
PARAMETERS       

Road wear 
   

W0,roadwear (g km-1 veh-1) Studded tyres (st) Winter tyres (wi) 

Summer tyres 

(su) 

Heavy (he) 28.8 1.5 1.5 

Light (li) 2.88 0.15 0.15 

Reference speed Vref,roadwear (km/hr) 70 
  

Power law factor for road wear awear 1 Set to 0 if no speed dependence required 

Tyre wear 
   

W0,tirewear (g km-1 veh-1) Studded tyres (st) Winter tyres (wi) Summer tyres (su) 

Heavy (he) 0.5 0.5 0.5 

Light (li) 0.1 0.1 0.1 

Reference speed Vref,tyrewear (km/hr) 70 

  
Brake wear 

   

W0,brakewear (g km-1 veh-1) Studded tyres (st) Winter tyres (wi) Summer tyres (su) 

Heavy (he) 0.05 0.05 0.05 

Light (li) 0.01 0.01 0.01 

Reference speed Vref,brakewear (km/hr) 70 

  
Snow depth wear threshold 

   
Parameter Value 

  
sroadwear,thresh (mm w.e.) 3 

  
Pavement type scaling factor 

   
Number of pavement types 7   

 
Index(p) Name hpave (p) 

 
1 Hornsgatan 0.83 

 
2 Mannerheimintie 1.7 

 
3 Essingeleden 0.83 

 
4 RV4 1.32   

5 NBS 0.83 

 
6 HCAB 4.12 
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7 Runeberg 0.83 

 
Driving cycle scaling factor 

   
Number of driving cycle types 4   

 
Index(d) Name hdrivingcycle (d) 

 
1 Reference 1 

 
2 Urban 1.5 

 
3 Highway 0.5 

 
4 Congested 2 

 
Road suspension 

   
f0,suspension(veh-1) Studded tyres (st) Winter tyres (wi) Summer tyres (su) 

Heavy (he) 2.00E-05 2.00E-05 2.00E-05 

Light (li) 2.00E-06 2.00E-06 2.00E-06 

Reference speed Vref,sus (km/hr) 50 

  

Power law factor for suspension asus 1 

Set to 0 if no speed 

dependence required 
 

Suspension scaling factors for sand and salt 
  

h0,sand 100 

  

h0,sus-sand 1 

  

h0,salt 1 

  

Sand paper factor 
   

fsandpaper (veh-1) Studded tyres (st) Winter tyres (wi) Summer tyres (su) 

Heavy (he) 1.00E-05 1.00E-05 1.00E-05 

Light (li) 1.00E-06 1.00E-06 1.00E-06 

Reference speed Vref,sandpaper (km/hr) 60 

  
Crushing factor 

   
f0,crushing (veh-1) Studded tyres (st) Winter tyres (wi) Summer tyres (su) 

Heavy (he) 5.00E-05 5.00E-05 5.00E-05 

Light (li) 5.00E-06 5.00E-06 5.00E-06 

Reference speed Vref,crushing (km/hr) 60 

  
Suspendable fraction for sanding  

   
Parameter Value 

  
fsus-sanding 0.01 

  
Direct emission factor 

   
Wear parameter All types 

  
f0,dir-roadwear  1 

  
f0,dir-tirewear 1 

  
f0,dir-brakewear  1 

  
f0,dir-crushing 1 

  
f0,dir-sandpaper 1 

  
Fractional size distribution emissions (no tyre or vehicle dependence) 

 
Wear parameter PMTSP PM10 PM2.5 
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fPM,ref,roadwear  0.5 0.18 0.008 

fPM,dir-tirewear 0.5 0.1 0.01 

fPM,dir-brakewear  1 0.8 0.5 

fPM,ref,sus-road  0.5 0.18 0.008 

Reference speed Vref,PM-fraction (km/hr) 50 
  

cPM-fraction (km/hr)-1 0.012 Set to 0 if no speed dependence required 

Wind blown dust emission 
factors 

   
Parameter Value 

  
wind (hr) 12 

  
FFthresh (m/s) 10 

  
Activity efficiency factors for dust and salt 

  

Efficiency parameter Suspendable dust 

Non-suspendable 

dust Salt 

hploughing-eff 0.001 0.01 0.01 

hcleaning-eff 0.1 0.3 0.2 

hdrainage-eff 0.0001 0.001 0.3 

hspraying-eff 0.0001 0.001 0.3 

Deposition velocity 
   

  PMTSP PM10 PM2.5 

wx (m/s) 0.003 0.001 0.0005 

Concentration conversion limit values 
  

Parameter Value 

  
NOX,concentration-min (µg/m3) 5 

  
NOX,emission-min (g/km/hr) 50 

  

    MOISTURE SUB-MODEL 
PARAMETERS       

Spray and splash factors 
   

Parameter Heavy (he) Light (li) 

 
f0,spray (veh-1) 6.00E-04 1.00E-04 

 
Vref,spray  (km/hr) 70   

 
groad,sprayable-min (mm) 0.1   

 
Drainage parameters 

   
Parameter Value 

  
gdrainable (mm) 0.6   

 
Snow retainment limit (mm) 5 

  
Ploughing parameters 

   
Parameter Value 

  Ploughing efficiency for snow 

removal 0.8 

  

Ploughing threshold (mm) 2 

  
Energy balance parameters 

   
Parameter Value 
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groad,evap-thresh  (mm) 0.02 

  
Roughness length (mm) 2 

  
Snow albedo 0.6 Road albedo defined in local metadata 

Suburface slab depth (m) 0 Automatically defined when set to 0 

Subsurface parameters  ρs (kg/m3) cs (J/kg/K) ks (W/m/K) 

  2400 800 2 

Traffic turbulent exchange and heat 

flux Heavy (he) Light (li) 

 
atraffic  (veh-1) 1.00E-02 1.00E-03 

 
Hveh  (W m-2 veh-1) 1.50E+02 5.00E+01 

 
Retention parameters 

   
Parameter Road Brake 

 
gretention-thresh (mm) 0.1 1 

 
gretention-min (mm) 0.04 0.7 

  

Included in the input excel sheet is also the possibility to calculate road wear, 

based on the Swedish road wear model. An example is provide below. 

 

ROAD WEAR MODEL 
INPUT     OUTPUT (W0=2.88, Vref=70) OUTPUT OUTPUT 

NBM 
Stone 
size 

Stone 
% > 4 
mm  Speed  hpave  

 ROAD 
WEAR W0 

PM10 
fraction 

5.00 16.00 75.00 70.00 0.83 2.40 7.7 

Recommended wear 
values    hpave 

   
2.40 0.13 0.13 0.83 

    

C.2 Control flags for model processes 

The following table is used in the model to activate the various model processes. 

 

DUST 0 Keep this line and number here 

road_wear_flag 1 Allows road wear 

tyre_wear_flag 1 Allows tyre wear 

brake_wear_flag 1 Allows brake wear 

road_suspension_flag 1 Allow road suspension  

dust_drainage_flag 1 Allows dust and salt to be drained from the road 

dust_spray_flag 1 Allows dust and salt to be sprayed from the road 

dust_ploughing_flag 1 Allows dust and salt to be ploughed from the road 

sandpaper_flag 0 Allows the sand paper effect 

crushing_flag 0 Allows crushing of non-suspendable sand to suspendable sand to occur 

dust_deposition_flag 0 Allows deposition of background PM 

wind_suspension_flag 0 Allows wind blown dust suspension 

MOISTURE     

retention_flag 1 
Allows retention of  particles due to surface wetness. 1 is linear, 2 is 
exponential, 0 is none 
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use_obs_retention_flag 1 Uses the observed moisture to determine the surface retention, if available 

water_spray_flag 1 Allows spray from the road surface. Must be 1 for dust and salt to be sprayed 

surface_humidity_flag 1 
Sets the method for describing the surface humidty. 1 is linear, 2 is 
exponential 

use_salt_humidity_flag 1 
Allows road salt concentrations to influence the surface humidity and melt 
temperature 

ENERGY BALANCE     

evaporation_flag 2 1 = Penman modified, 2 = energy balance with ice and sub-surface 

canyon_shadow_flag 1 Use the street canyon dimensions to shadow the road 

canyon_long_rad_flag 1 Use the street canyon dimensions to produce long wave radiation 

use_subsurface_flag 1 Use the underlaying subsurface in the energy balance calculations 

ACTIVITY     

use_salting_data_flag 1 Allows salting, either from the input data or by rule 

use_sanding_data_flag 1 Allows sanding, either from the input data or by rule 

use_ploughing_data_flag 1 Allows ploughing, either from the input data or by rule 

use_wetting_data_flag 1 Allows wetting to occur, either from the input data or by rule 

use_cleaning_data_flag 0 Allows cleaning, either from the input data or by rule 

auto_salting_flag 0 Allows salting by rule (over rides the input data values) 

auto_sanding_flag 0 Allows sanding by rule (over rides the input data values) 

auto_ploughing_flag 1 Allows ploughing by rule (over rides the input data values) 

OUTPUT     

plot_type_flag 2 
1 = hourly means, 2 = daily means, 3 = daily cycle, 4 = 1/2 daily means , 5 = 
weekday means 

save_type_flag 0 1 = save data, 2 = save plots, 3 = save both, 0 = none 

 

 

C.3 Input data for the sand and salt model 

The following rule table is used for the application of salt and sand. 

 

Salting Value Comment 

salting_hour(1) (hour) 5 First time of day when salting can occur 

salting_hour(2) (hour) 20 Second time of day when salting can occur 

delay_salting_day (day) 0.2 Minimum allowable time between saltings events in days 

check_salting_day (day) 0.5 Time window checked ahead (temperature, RH) and behind (precip) 

min_temp_salt (C)  -6 Minimum temperature for salting in the forward time window 

max_temp_salt (C)  0 Maximum temperature for salting in the forward time window 

precip_rule_salt (mm/hr) 0.1 
Salt if precipitation occurs above this level in the forward and behind 
time window or RH_rule 

RH_rule_salt (%) 95 
Salt if the relative humidity is above this level in the forward time 
window or precip rule 

g_salting_rule (mm) 0.1 Dry salt if the surface moisture is above this value at time of salting 

salt_mass (g/m2) 20 Salt applied at each application 

salt_dilution 0.2 Salt solution, if 0 then always dry salting 

salt_type 1 M(salt) = M(NaCl)*salt_type + M(MgCl2)*(1-salt_type) 

   
Sanding Value Comment 

sanding_hour(1) (hour) 5 First time of day when sanding can occur 

sanding_hour(2) (hour) 5 Second time of day when sanding can occur 
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delay_sanding_day (day) 0.9 Minimum allowable time between sanding events in days 

check_sanding_day (day) 0.5 Time window checked ahead (temperature, RH) and behind (precip) 

min_temp_sand (C)  -12 Minimum temperature for sanding in the forward time window 

max_temp_sand (C)  -4 Maximum temperature for sanding in the forward time window 

precip_rule_sand (mm/hr) 0.1 
Sand if precipitation occurs above this level in the forward and behind 
time window or RH_rule 

RH_rule_sand(%) 95 
Sand if the relative humidity is above this level in the forward time 
window or precip_rule 

g_sanding_rule (mm) 0.1 Dry sand if the surface moisture is above this value at time of sanding 

sand_mass (g/m2) 250 Sand applied at each application 

sand_dilution 0 Sand in solution, if 0 then always dry sanding 

 

C.4 Dataset input 

The following input data is required to run the model for any particular street. It 

consists of  

 Metadata describing the street configuration and other street specific parameters 

(static) 

 Initial conditions for the model (static) 

 Traffic data regarding traffic volume, category and tyre type (temporal) 

 Meteorological data required for the model (temporal) 

 Activity data concerning road maintenance (temporal) 

 Air quality data for direct comparison with observations (temporal) 

C.4.1 Metadata 

The following data is used by the model. Many are optional and can be excluded 

from the list. Non-optional parameters are given in bold and do not have a default 

value. The ‘key word’ is searched for and the value provided is allocated (if 

found). The parameters can be placed in any order in the excel sheet. 

 
Key word Example 

value 

Default 

value 

Comments 

Driving cycle index (d) 1 1 
Specifies the lookup for driving cycle index in the 

parameter table 

Pavement type index (p) 1 1 
Specifies the lookup for pavement type index in the 

parameter table 

Number of lanes 4 2 
Needed to calculate road surface area and to 

distribute traffic 

Width of lane (m) 3.5 3.5 
Combined with the number of lanes specifies the 

surface area of the road 

Road width (b_road) (m) 12 - 
Width of the road from one side to the other. Used 

for radiation calculations 

Street canyon width (m) 23 b_road  

Street canyon height (m) 25 0 Same on both sides of the canyon 

Street canyon height north (m) 25 h_canyon 
Optional if street canyon facade is different on each 

side of the canyon 

Street canyon height south (m) 2 h_canyon 
Optional if street canyon facade is different on each 

side of the canyon 

Street orientation (degrees) 76 0 Clockwise from North (0 – 180) 

Latitude (decimal degrees) 59.17 - Used in radiation calculations 

Longitude (decimal degrees) 18.3 - Used in radiation calculations 

Elevation (m) 0 0 Used for radiation calculations 

Height obs wind (m) 20 - Height of the wind speed measurements 

Height obs temperature and RH 

(m) 
2 - 

Height of temperature and humidity measurements. 

Assumed to be the same 
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Surface albedo (0-1) 0.3 0.3 Albedo of the road surface 

Time difference (UTC) (hr) -1 - Decreasing westward 

Surface pressure (mbar) 1000 1000 Used in radiation calculations 

Missing data value -9900 -99 Indicates missing data in the input data 

Wind speed correction factor (0-1) 1 1 
Scales wind speed by this factor. Can be used to 

represent lower wind speeds in street canyons 

Observed moisture cut off 2 2 
Cut off value for observed moisture wet/dry in mV. 
0 uses automatic value = half way between max 

and min 

Suspension rate scaling factor 1 1 
Site specific scaling of suspension scaling factor 
(hsus). Can be used for sensitivity runs or for 

specifying site specific suspension factors 

 

 
 

Figure C.1 Road configuration parameters used in defining the street metadata. 

In this case there are 4 lanes. 

 

C.4.2 Initial conditions 

The following are a list of initial conditions and offsets that can be used to assess 

model sensitivity. All of these parameters are optional. 

 
Key word Example 

value 

Default 

value 

Comments 

M_dust_road (g/km) 1.20E+05 0 Initial suspendable dust loading  

M_salt_road(na) (g/km) 0 0 Initial NaCl salt loading 

M_salt_road(mg) (g/km) 0 0 Initial MgCl2 salt loading 

g_road (mm) 0.1 0 Initial surface wetness 

s_road (mm) 0.1 0 Initial surface ice depth 

long_rad_in_offset (W/m^2) 0 0 Offset for incoming long wave radiation 

RH_offset (%) 0 0 Offset for Relative humidity 

T_a_offset (degrees C) 0 0 Offset for air temperature 

P_sand_fugitive (g/km/hr) 0 0 Continuous fugitive rate of sand application 

P_sus_fugitive (g/km/hr) 0 0 
Continuous fugitive rate of suspended dust 

application 
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C.4.3Traffic data 

The following is a list of required traffic data. This is arranged in columns with 

each hour of data placed per row. Columns of data can be placed in any order but 

all columns must be present and all rows must contain data! It is the traffic data 

date stamps that are used in the model. No gap filling is employed in the traffic 

data. 

 
Key word Comments 

Year  

Month  

Day  

Hour  

N(total) Total traffic volume 

N(he) Total heavy duty vehicle traffic volume 

N(li) Total light duty vehicle traffic volume 

N(st,he) Studded tyre heavy duty vehicle traffic volume 

N(st,li) Studded tyre light duty vehicle traffic volume 

N(wi,he) Winter friction tyre heavy duty vehicle traffic volume 

N(wi,li) Winter friction tyre light duty vehicle traffic volume 

N(su,he) Summer tyre heavy duty vehicle traffic volume 

N(su,li) Summer tyre light duty vehicle traffic volume 

V_veh(he) (km/hr) Heavy duty vehicle speed 

V_veh(li) (km/hr) Light duty vehicle speed 

 

C.4.4 Meteorological data 

The following is a list of required meteorological data. This is arranged in 

columns with each hour of data placed per row. Columns of data can be placed in 

any order but all columns must be present and all rows must contain data! Gap 

filling is employed in the meteorological data where the next valid measurement 

is used to fill in previous missing data. 

 
Key word Comments 

Year  

Month  

Day  

Hour  

T2m (deg C) Atmospheric temperature  

FF (m/s) Wind speed 

RH (%) Relative humidity 

Rain (mm/hr) Liquid precipitation 

Snow (mm/hr) Solid precipiation 

Global radiation (W/m^2) Incoming global radiation 

Cloud cover (fraction) If not available then is calculated from the global radiation 

Road wetness (mV) 

Measurement of road wetness. Units of mV for conductivity 

measurements, units of mm for film thickness. Need to specify the 

units. Optional column. 

Road surface temperature (deg C) Measured road surface temperature. Optional column 

 



 

NILU OR 23/2012 

101 

C.4.5 Activity data 

The following is a list of required road maintenance activity data. This is arranged 

in columns with each hour of data placed per row. Columns of data can be placed 

in any order but all columns must be present and all rows must contain data! No 

gap filling is employed in the activity data and only the wetting is optional. If no 

activities occur this should be filled with 0’s. 

 
Key word Comments 

Year  

Month  

Day  

Hour  

M_sanding (g/m^2) Total mass of sanding 

M_salting(na) (g/m^2) Total mass of NaCl salting 

M_salting(mg) (g/m^2) Total mass of MgCl2 salting 

Ploughing_road (0/1) Flag if snow ploughing occurs on the hour 

Cleaning_road (0/1) Flag if road cleaning occurs on the hour 

Wetting (mm) 
mm of water applied during wetting, e.g. salt solution or wet cleaning. 

Input is optional 

 

C.4.6 Air quality data 

The following is a list of required air quality data if the model is to be compared 

with observations. This is arranged in columns with each hour of data placed per 

row. Columns of data can be placed in any order but all columns must be present 

and all rows must contain data! No gap filling is employed in the air quality data 

and only the exhaust and NOx emissions are optional. The model uses the NOx 

concentrations and NOx emissions to calculate the conversion of emissions to 

concentrations. If a dispersion model has been employed then the output of NOx 

(or any other tracer for that matter) can be put here instead of observations 

 
Key word Comments 

Year  

Month  

Day  

Hour  

PM10_obs(ug/m^3) 
Traffic station observations of PM10. Fill with missing data value if not 
available 

PM10_background (ug/m^3) 
Background station observations of PM10. Fill with missing data value 

if not available 

PM25_obs (ug/m^3) 
Traffic station observations of PM2.5. Fill with missing data value if 
not available 

PM25_background (ug/m^3) 
Background station observations of PM2.5. Fill with missing data value 

if not available 

NOX_obs (ug/m^3) 
Traffic station observations of NOx. Fill with missing data value if not 
available 

NOX_background (ug/m^3) 
Background station observations of NOx. Fill with missing data value 

if not available 

NOX_emis (g/km/hr) NOx emissions. This is optional 

EP_emis (g/km/hr) Exhaust emissions. This is optional. 
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Appendix D  
 

Graphical summary presentation of model results 
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For each dataset a summary graphical presentation of the modelling results is 

given. In some cases two summary graphs are provided, e.g. when observed 

surface moisture is available both the modelled and the observed moisture have 

been used and the results are shown. In each graphical representation the 

following information is provided: 

 

 Time series plot of net observed and modelled daily mean PM10 

concentrations. Included in the plot is the contribution from salt, from 

dust, from sand and the total modelled concentrations including the 

exhaust particulates (EP). 

 Time series plot of the daily mean suspendable surface mass balance 

including dust, suspendable sand and salt loadings. 

 Scatter plot of the net observed and the total modelled daily mean PM10 

concentrations. 

 Bar chart showing the mean PM10 emission factors for direct, suspended 

and exhaust emissions (based on hourly data). 

 Bar chart showing the net mean contribution of the different sources (road 

wear, tyre wear, brake wear, sand, salt and exhaust) to the modelled PM10 

concentrations. Also includes the observed mean concentration. 

In all cases, comparative statistics of the model with observations is only carried 

out for hours when both observed and modelled concentrations are. Daily means 

are calculated when more than 6 hours of data are available for that day. 

 

D.1 Hornsgatan, Stockholm 

Surface moisture measurements are available for Hornsgatan and results are 

shown when using both modelled and observed moisture for the surface retention. 

The results for all five years are summarized in Figure D.1 in order to compare the 

model results when using observed surface moisture. 
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Figure D.1. Model results for Hornsgatan for all years where model results are 

compared to observations (grey bars) when using observed surface 

moisture (blue bars) and using the moisture model (green bars). 
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Figure D.2. Model results for Hornsgatan (Jul 2006 – Jun 2007) using observed 

(top) and  modelled (bottom) surface moisture for surface retention 
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Figure D.3. Model results for Hornsgatan (Jul 2007 – Jun 2008) using observed 

(top) and  modelled (bottom) surface moisture for surface retention 
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Figure D.4. Model results for Hornsgatan (Jul 2008 – Jun 2009) using observed 

(top) and  modelled (bottom) surface moisture for surface retention 
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Figure D.5. Model results for Hornsgatan (Jul 2009 – Jun 2010) using observed 

(top) and  modelled (bottom) surface moisture for surface retention 
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Figure D.6. Model results for Hornsgatan (Jul 2010 – Jun 2011) using observed 

(top) and  modelled (bottom) surface moisture for surface retention. 

 

D.2 Essingeleden, Stockholm 

 

Figure D.7. Model results for Essingeleden (Jul 2008 – Dec 2009) using modelled 

surface moisture for surface retention 
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D.3 Riksvei 4 (RV4), Oslo   

 

Figure D.8. Model results for RV4 (Jan 2004 – Apr 2004) using modelled surface 

moisture for surface retention 

 

 

Figure D.9. Model results for RV4 (Jan 2005 – Apr 2005) using modelled surface 

moisture for surface retention 
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Figure D.10. Model results for RV4 (Jan 2006 – Apr 2006) using modelled 

surface moisture for surface retention 

 

D.4 H. C. Andersen Boulevard (HCAB), Copenhagen 
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Figure D.11. Model results for HCAB (Nov 2006 – Mar 2007) using observed 

(top) and  modelled (bottom) surface moisture for surface retention 

(road wear x5). 
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Figure D.12. Model results for HCAB (Nov 2007 – Mar 2008) using observed 

(top) and  modelled (bottom) surface moisture for surface retention 

(road wear x5). 

 

D.5 Mannerheimintie, Helsinki 

 

Figure D.13. Model results for Mannerheimintie (Jan 2007 – Dec 2008) using 

modelled surface moisture for surface retention. 
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D.6 Nordby Sletta (NB), Oslo 

In this case we present two results, the first using the default setting of the model 

and the second using reduced suspension rates (factor of 4). Reduced suspension 

rates can have a significant impact on the mean concentrations. 

 

Figure D.14. Model results for NB (Nov 2002 – Apr2002) using default (top) 

model suspension rates and reduced (bottom), factor of 4, suspension 

rates.  

01 Jan 01 Feb 01 Mar 01 Apr
0

100

200

300

NB 2002: PM
10

P
M

1
0
 c

o
n
c
e
n
tr

a
ti
o
n
 (


g
/m

3
)

Date

 

 
Observ ed

Modelled salt

Modelled dust

Modelled sand

Modelled+EP

01 Jan 01 Feb 01 Mar 01 Apr
0

50

100

M
a
s
s
 l
o
a
d
in

g
 (

g
/m

2
)

Date

 

 
Cleaning

Suspendable dust

Road salt(Na)

Dissolv ed salt(Na)

Suspendable sand

0 50 100 150 200 250 300
0

100

200

300

Scatter daily mean

P
M

1
0
 o

b
s
e
rv

e
d
 c

o
n
c
e
n
tr

a
ti
o
n
 (


g
/m

3
)

PM
10

 modelled concentration (g/m3)

r2  = 0.33
RMSE = 51.7 (g/m3)
OBS  = 29.9 (g/m3)
MOD  = 49.9 (g/m3)

a
0
  = 15.8 (g/m3)

a
1
  = 0.28

Obs. Mod. Dir. Sus. Exh.
0

100

200

300

400

Mean emission factor

E
m

is
s
io

n
 f

a
c
to

r 
P

M
1

0
 (

m
g
/k

m
/v

e
h
)

191

384

160
201

23

Obs. Mod. RoadTy reBrakeSand Salt Exh.
0

10

20

30

40

50

Mean concentrations

C
o
n
c
e
n
tr

a
ti
o
n
 P

M
1

0
 (


g
/m

3
)

32.3

49.3

39.4

3.0 1.2 3.0 2.7

Traffic and activity
Mean ADT  = 35330 (veh)
Mean ADT (li / he) = 94.1 / 5.9 (%)
Mean speed (li / he) = 92.1 / 91.4 (km/hr)
Studded (li / he) = 32.0 / 10.0 (%)
Number of days = 105.0
Number salting events = 63
Number sanding events = 0
Number cleaning events = 1
Number ploughing events = 7

Meteorology
Mean Temperature = -0.61 oC
Mean RH = 81.3 %

Mean global radiation = 53.6 W/m2

Mean cloud cover = 61.6 %
Total precipitation = 831.6 mm
Frequency precipitation = 15.3 %
Frequency w et road = 59.4 %

Mean dispersion factor = 0.115 (g/m3))/(g/km/hr)

Concentrations
Mean concentration obs  = 32.3 (g/m3)
Mean concentration model = 49.3 (g/m3)
90th percentile obs  = 83.8 (g/m3)
90th percentile model = 142.0 (g/m3)
Comparable hours = 81.1 %

01 Jan 01 Feb 01 Mar 01 Apr
0

50

100

150

NB 2002: PM
10

P
M

1
0
 c

o
n
c
e
n
tr

a
ti
o
n
 (


g
/m

3
)

Date

 

 
Observ ed

Modelled salt

Modelled dust

Modelled sand

Modelled+EP

01 Jan 01 Feb 01 Mar 01 Apr
0

50

100

150

M
a
s
s
 l
o
a
d
in

g
 (

g
/m

2
)

Date

 

 
Cleaning

Suspendable dust

Road salt(Na)

Dissolv ed salt(Na)

Suspendable sand

0 50 100 150
0

50

100

150

Scatter daily mean

P
M

1
0
 o

b
s
e
rv

e
d
 c

o
n
c
e
n
tr

a
ti
o
n
 (


g
/m

3
)

PM
10

 modelled concentration (g/m3)

r2  = 0.38
RMSE = 28.6 (g/m3)
OBS  = 29.9 (g/m3)
MOD  = 32.7 (g/m3)

a
0
  = 13.4 (g/m3)

a
1
  = 0.50

Obs. Mod. Dir. Sus. Exh.
0

100

200

300

Mean emission factor

E
m

is
s
io

n
 f

a
c
to

r 
P

M
1

0
 (

m
g
/k

m
/v

e
h
)

191

262

159

80

23

Obs. Mod. RoadTy reBrakeSand Salt Exh.
0

10

20

30

40

Mean concentrations

C
o
n
c
e
n
tr

a
ti
o
n
 P

M
1

0
 (


g
/m

3
)

32.332.6

26.3

1.7 1.2 0.8 2.7

Traffic and activity
Mean ADT  = 35330 (veh)
Mean ADT (li / he) = 94.1 / 5.9 (%)
Mean speed (li / he) = 92.1 / 91.4 (km/hr)
Studded (li / he) = 32.0 / 10.0 (%)
Number of days = 105.0
Number salting events = 63
Number sanding events = 0
Number cleaning events = 1
Number ploughing events = 7

Meteorology
Mean Temperature = -0.61 oC
Mean RH = 81.3 %

Mean global radiation = 53.6 W/m2

Mean cloud cover = 61.6 %
Total precipitation = 831.6 mm
Frequency precipitation = 15.3 %
Frequency w et road = 59.9 %

Mean dispersion factor = 0.115 (g/m3))/(g/km/hr)

Concentrations
Mean concentration obs  = 32.3 (g/m3)
Mean concentration model = 32.6 (g/m3)
90th percentile obs  = 83.8 (g/m3)
90th percentile model = 95.2 (g/m3)
Comparable hours = 81.1 %



 

NILU OR 23/2012 

117 

 

D.7 Runeberg, Helsinki 

 

Figure D.15. Model results for Runeberg (Jan 2004– may 2004) using modelled 

surface moisture for surface retention. 
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Appendix E  
 

Example of a complete set of model output plots, 

Hornsgatan 2010-2011 

  



 

NILU OR 23/2012 

120 

  



 

NILU OR 23/2012 

121 

 

To provide an overview of typical model input, results and analysis the complete 

set of model graphics are shown here for the dataset Hornsgatan 2010-2011.  

 

Figure E.1. Daily mean traffic and road maintenance activity data for 

Hornsgatan 2010-2011. 
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Figure E.2. Daily mean meteorological data for Hornsgatan 2010-2011. 
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Figure E.3. Daily mean emissions and mass balance data for Hornsgatan 2010-

2011. 
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Figure E.4. Daily mean surface moisture and retention factor data for 

Hornsgatan 2010-2011. 
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Figure E.5. Daily mean emission factor, concentration-emission dispersion factor 

and bulk transfer coefficients for Hornsgatan 2010-2011. 
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Figure E.6. Daily mean energy balance and moisture mass balance rates for 

Hornsgatan 2010-2011. 
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Figure E.7. Daily mean time series of observed and modelled concentrations for 

PM10, PM2.5 and NOX for Hornsgatan 2010-2011. 
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Figure E.8. Daily mean scatter and quantile-quantile plots of observed and 

modelled concentrations of PM10, PM2.5 for Hornsgatan 2010-2011. 
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