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Abstract 

Non-exhaust particulate matter (PM) emissions from vehicular traffic in Reykjavík is a 

significant detriment to the air quality of Iceland’s Capital Region and an ongoing hazard to 

public health for over 230,000 people. This study explores the impacts of non-exhaust 

vehicular emissions on air quality in Iceland’s Capital Region, investigates the interactions 

of traffic, road-management, and meteorological processes that contribute to PM generation 

and suspension in a subpolar, oceanic climate, and recommends the best available mitigation 

strategies. This project utilizes the Non-Exhaust Road Traffic Induced Particle (NORTRIP) 

emissions model, a process-based emissions model designed to simulate sources of non-

exhaust vehicular emissions, their accumulation on the road surface, and their eventual 

removal from the road surface through suspension to the atmosphere, as well as by other 

means such as drainage and spray. The application of NORTRIP to Iceland’s Capital Region 

demonstrates that non-exhaust emissions are the most significant contributing factor to 

airborne dust in Reykjavík and the surrounding areas. These emissions are most heavily 

dependent on the widespread usage of studded tires, and to a lesser extent, asphalt type, 

traffic volume, speed, and road-management practices such as salting and wetting. 

Additionally, surface moisture is one of the most significant factors in the generation and 

suspension of PM, and its dependency on precipitation and relative humidity suggest 

forecasting meteorological conditions may be useful in predicting episodes of high 

particulate matter emissions in some subpolar, oceanic climates. Both short and long-term, 

multi-faceted approaches to dust mitigation are recommended; these include combining 

temporary reductions in traffic volume and speed with road wetting during dry conditions as 

short-term dust abatement measures, and aggressive, permanent reductions in studded tire 

usage coupled with reductions in traffic volume and speed as long-term dust abatement 

measures.



 

Útdráttur 

Svifryksmengun veldur skertum loftgæðum á höfuðborgarsvæðinu og ógnar heilsu 230,000 

íbúa svæðisins. Umferð er helsta orsök svifryksmengunar og þar á stærstan hlut svifryk sem 

myndast vegna annars en útblásturs; t.d. slit á vegum, bremsum og dekkjum. Í þessari ritgerð 

eru áhrif svifryksmengunar vegna umferðar á loftgæði skoðuð með áherslu á samspil 

umferðar, vegaþjónustu og veðurs, sem hafa áhrif á myndun svifryks og dreifingu þess og 

settar fram mótvægisaðgerðir sem byggja á líkanreikningum um hvernig draga má sem mest 

úr svifryksmengun. Líkanið sem notað er heitir NORTRIP (Non-Exhaust Road Traffic 

Induced Particle emissions model) sem þróað hefur verið til að reikna myndun svifryks, 

uppsöfnun þess á vegyfirborði og afdrif þess, þar sem það getur skolast burt eða þyrlast upp 

(svifryk í andrúmslofti). Með því að nota líkanið fyrir aðstæður á höfuðborgarsvæðinu er 

ljóst að svifryk vegna umferðar er stærsti þáttur svifryksmengunar. Lang veigamesti 

þátturinn er myndun svifyrks vegna nagladekkjanotkunar, en einnig hefur tegund 

vegyfirborðs, umferðarmagn, umferðarhraði og vegþjónusta, eins og söltun og skolun, áhrif. 

Vegraki er mikilvægasta breytan varðandi myndun, eyðingu og uppþyrlun svifryks, og 

tengsl hans við loftraka og úrkomu bendir til þess að spá megi fyrir um svifrykstoppa. 

Margþættar skamm- og langtíma mótvægisaðgerðir til að draga úr svifrykstoppum eru að 

setja skammtíma takmarkanir á fjölda bíla og lækka umferðarhraða ásamt því að bleyta götur 

þegar þurrt er og til langs tíma að draga verulega úr notkun nagladekkja ásamt því að draga 

úr umferðarmangi og hraða.  
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1 Introduction 

Iceland is highly prone to episodes of traffic-related particulate matter (PM, or dust) 

pollution, the majority of which comes from the wearing down of asphalt surfaces by 

vehicles utilizing studded tires during the winter months (Skúladóttir et al., 2003; 

Höskuldsson, 2013; Höskuldsson & Thorlacius, 2017). Although the links between studded 

tire usage and dust pollution are well established, the processes that govern the generation 

and suspension of dust from the road surface in Iceland’s subpolar, oceanic climate have not 

been studied in great detail. Understanding these processes and their relationships to one 

another is critical for finding the best mitigative strategies for traffic-related dust pollution. 

1.1 Background 

Particulate matter (PM) is composed of a complex mixture of solid and liquid particles 

suspended in the air. According to the World Health Organization (WHO, 2018), particulate 

matter affects more people than any other environmental pollutant. Exposure to PM has wide 

ranging direct and indirect effects on human wellbeing. Health effects from chronic exposure 

to PM include respiratory and cardiovascular diseases, as well as lung cancer. Additionally, 

these health issues can disproportionately affect children and individuals who suffer from 

preexisting health issues (Manisalidis et al., 2020). These health effects can lead to decreased 

quality of life, social monetary loss, and premature death. 

Environmental effects are also seen from PM pollution. Depending on the chemical 

composition of the pollutants, different environmental effects can occur, including, but not 

limited to, the acidification of bodies of water, soil nutrient depletion, failure of sensitive 

crops and forests, loss of biodiversity, and acid rain (Manisalidis et al., 2020). Additionally, 

though PM is not a gas, in some cases it can act as a trap for heat in the atmosphere, making 

its effects on global warming tantamount to a greenhouse gas.  

Particulate matter can be divided into different size classes, ranging from coarse to ultrafine. 

Coarse particles range in size from 2.5 to 10 µm (PM2.5 – PM10). Fine particles range from 

0.1 to 2.5 µm (PM0.1 – PM2.5) and ultrafine particles are smaller than 0.1 µm (Seinfeld & 

Pandis, 2016).  

Various government and intergovernmental organizations such as, for example, WHO, and 

the European Environmental Agency (EEA, an agency of the European Union) set 

concentration standards for PM10 and PM2.5 in order to establish limits that are acceptable 

for human health and the environment (Table 1.1). Both the WHO and EEA establish a 

health safety limit (HSL) of 50 µg/m3 of PM10 per 24-hour period. In Iceland, this value 

represents the maximum allowable daily average. 
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There are various sources of particulate matter; some are natural, and some are 

anthropogenic. Transportation is generally the single most important source of PM in urban 

areas (WHO, 2018). Transportation around the world is heavily dependent on the 

combustion of fossil fuels, which generates exhaust emissions of various pollutants, 

including particulates. However, non-exhaust vehicular emissions can be arguably as 

problematic due to physical differences between the particles generated by the two sources. 

The UK based Air Quality Expert Group (AQEG) defines non-exhaust emissions as 

“particles released into the air from brake wear, tire wear, road surface wear and 

resuspension of road dust during on-road vehicle usage” (AQEG, 2019). Non-exhaust 

particles tend to be larger in size than exhaust particles. Exhaust particles in nucleation are 

less than 50 nm in size, while exhaust particles in accumulation range between 0.05 and 2.5 

µm. These are significantly smaller than their non-exhaust counterparts, which are typically 

sized between 1-70 µm (Myran, 1985), with a typical peak between 2.5-10 µm (Thorpe et 

al., 2007). This means that non-exhaust particles would usually be categorized as PM10 or 

PM2.5, and therefore possess a capacity to be detrimental to air quality (Amato et al., 2013).  

Non-exhaust traffic emissions stem from a number of different processes and can be broken 

down into direct and indirect sources (Amato et al., 2014). Direct and indirect non-exhaust 

emissions can each be further subdivided into their constituent sources.  

Direct emissions include the physical wear of road surfaces, tires, and brakes (Amato et al., 

2014). This comes from the frictional energy generated by physical contact between different 

materials (i.e. tires contacting the road surface, or brake linings wearing down during rapid 

deceleration); the violent interactions between materials with different chemical 

compositions can degrade the physical integrity of the material, producing and releasing 

microparticles. 

Indirect emissions come from different sources. Winter maintenance activities on the roads, 

especially the salting of surfaces for de-icing purposes, adds material to the roads with the 

potential to degrade into PM. Additionally, indirect emissions can refer to the resuspension 

of dust that has already accumulated on the road surface from direct emissions. This mostly 

occurs through vehicle induced turbulence on the road surface, or through wind. As vehicles 

at speed pass over the salt, sand, and PM that is settled on the street surface, the contact that 

the vehicles make with these substances causes crushing, abrasion, and ejection into the air. 

Salt and sand are worn down into particulates, and then stirred up into the air along with 

other PM that is already accumulated on the road.  

Table 1.1 - Air quality standards under the Air Quality Directive, and WHO air quality 

guidelines (European Environmental Agency, 2016). 
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Cold climates are particularly prone to episodes of high particulate emissions. The usage of 

studded tires, a characteristic of populations in cold climates, is a major contributor to non-

exhaust emissions. Moreover, in winter, far northern climates can be prone to thermal 

inversions, which are meteorological conditions that are highly suited to promote dust 

suspension from the surface while hindering its dispersion, meaning suspending dust can 

remain stagnant in still air at near ground level. This is problematic for people and animals 

breathing these trapped pollutants.  

Particulate matter is a significant and recently growing problem in Iceland, as exceedances 

of the HSL have generally risen since 2014. According to a 2019 report by the EEA, as many 

as 60 premature deaths occurred in Iceland in 2016 alone as a direct result of PM exposure 

(Guerreiro et al., 2019).  

Particulate matter in Iceland’s Capital Region comes from both natural and anthropogenic 

sources. As in many other parts of the world, soil can be considered as the predominant 

source of natural PM under usual conditions, however, Iceland’s volcanic activity, lack of 

vegetation, and location in the far reaches of the North Atlantic Ocean make its population 

centers vulnerable to PM from volcanic ash and dust storms (Waldhauserová, 2014). 

Although these events are irregular, their emissions alone can be enough to exceed PM health 

standards; the addition of anthropogenic sources can compound natural PM releases 

significantly. 

Anthropogenic sources are the main contributor to dust pollution most of the time. These 

include industry, shipping, aviation, construction, commerce, and other activities. However, 

the combined PM emissions from these sources do not even account for a majority of 

anthropogenic pollution. By a significant margin, non-exhaust traffic emissions are the 

majority source, not just for anthropogenic PM, but all PM in the Capital Region. A 

breakdown of dust sources in Reykjavík in 2003, 2013, and 2015 indicates that asphalt 

concrete, brakes, and salt combined account for over half of PM10 in Reykjavík; an exception 

to this is 2013 when high volcanic activity led to increased share from ash as sources (Figure 

1.1). Volcanic activity was also present in 2015, albeit to a lesser extent. Soot also comprises 

a sizeable amount of PM10 in Reykjavík. Soot can stem from various different sources, 

including exhaust emission, industry, shipping, aviation, fireworks, and other combustion 

related activities.  

Figure 1.1 – Particulate matter PM10 sources in Reykjavík for 2003, 2013, and 2015, 

including non-exhaust road sources brakes, asphalt, and salt. (Skúladóttir et al., 2003; 

Höskuldsson, 2013; Höskuldsson & Thorlacius, 2017). 
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Studded tires are a significant source of PM. Since these tires contain small, metal pieces, 

their ability to cause crushing and abrasion of the asphalt concrete road surface is 

significantly higher than traditional, non-studded tires. Road surfaces are far less resistant to 

the frictional energy transferred to them through contact with metal spikes than they are to 

contact with normal rubber tires. This is likely one of the major reasons why asphalt concrete 

makes up approximately half of all PM emissions in Reykjavík.  

Problematically, the use of studded tires has been increasing in Reykjavík in recent years, 

and a correlation with the number of days that observed PM concentrations exceed Icelandic 

safety standards of a daily average of 50 µg/m3 of PM10 (Figure 1.2). 

Studded tire usage in Iceland is legal from 1 November until 15 April. Historically, usage 

was relatively high in the early 2000’s, with approximately 43% of the entire vehicular fleet 

using studded tires in 2002. From this time until the early 2010’s, studded tire usage steadily 

fell, likely due to public awareness campaigns by the City of Reykjavík. In turn, the number 

of days with exceedances of the Icelandic safety standard also fell. Since the early 2010´s 

however, the usage of studded tires has steadily been rising again, as has the number of 

exceedances of the safety standard. While there may be a number of different reasons for the 

recent rise in studded tire usage, such as increased tourism, the number of exceedances of 

the HSL generally corresponds with average studded tire usage.  

The Environmental Agency of Iceland (EAI) created a set of environmental emissions 

targets to reach by the year 2029. Most importantly for this study, EAI aims to achieve zero 

exceedances of the HSL by this date. 

Figure 1.2 – Comparison of studded tire usage and number of days with exceedences of 

the Icelandic standard for particulate matter (EFLA, IRCA, EAI 2006). 



19 

1.2 Non-Exhaust Emissions in Northern Climates 

Numerous studies have established that non-exhaust emissions are a major cause of 

exceedances of the HSL, particularly in Scandinavia (Omstedt et al., 2005; Norman & 

Johansson, 2006; Johansson et al., 2007; Laakso et al., 2003; Etyemezian et al., 2003a). 

Various studies have been conducted utilizing both field and laboratory measurements to 

draw conclusions about the processes that contribute to these high levels of pollution in 

northern climates (Hussein et al., 2007; Gustafsson et al., 2008; Norman & Johansson, 2006; 

Johansson et al., 2007, Etyemezian et al., 2003), while other studies have used complex 

analytical and numerical models to investigate direct, indirect, and related processes such as 

road wetness and energy balance (Omstedt et al., 2005; Denby et al., 2010; Denby et al., 

2013a,b; Denby et al., 2016; Norman et al., 2016; Ketzel et al., 2007; Padoan et al., 2017; 

Lundberg et al., 2019; Stojiljkovic et al., 2019). 

These studies often focus on one or multiple factors that influence non-exhaust emissions; 

these are traffic parameters, meteorology, road maintenance, and physical road 

characteristics (Denby & Sundvor, 2012). Traffic parameters include tire type, traffic speed, 

and traffic volume. Meteorological factors include observable weather conditions, seasonal 

variability, and climate classification. Road maintenance includes cleaning, salting, wetting, 

and sanding of the streets. Physical road characteristics focus on the aggregates composing 

the asphalt concrete being used, and their resistance to wear. Ultimately, these parameters 

and processes do not only have effects on non-exhaust emissions, but also have effects on 

each other (Denby & Sundvor, 2012). For example, motivation for the usage of studded tires 

is a function of meteorological conditions. Cleaning efficiency is often a function of dust 

load (Denby & Sundvor, 2012).  

Previous studies have confirmed that the use of studded tires is one of the leading causes of 

high PM levels in northern climates (Gustafsson et al., 2008; Norman & Johansson, 2006, 

Norman et al., 2016). Further studies have confirmed that increased traffic speed and volume 

can be detrimental to non-exhaust emissions as well, especially when paired with the usage 

of studded tires (Etyemezian et al., 2003; Gustafsson et al., 2008; Denby et al., 2013 a,b, 

Norman et al., 2016). Other studies have shown that seasonal variations are relevant to the 

generation and suspension of non-exhaust emissions (Etyemezian et al., 2003; Ketzel et al., 

2007). Each of the studies essentially confirms that the use of studded tires is the single most 

significant factor in the generation and suspension of road dust. 

Meteorological impacts on dust generation have been studied to some extent (Norman et al., 

2016). A 2016 study used multiple years of data in the NORTRIP model to separate and 

isolate the impacts of traffic and meteorology on PM concentrations. The site investigated 

(Hornsgatan, Stockholm, Sweden) was subject to a studded tire ban in 2010. Concentrations 

of PM decreased by 42%, but it was determined that 8% of this value was directly 

attributable to wetter conditions that year. This indicates that dust generation is sensitive to 

meteorological factors, which can enhance or diminish the influence of traffic on PM 

concentrations.  

Few other studies have explored the sensitivity of dust generation to meteorological 

conditions. Moreover, no significant studies have been conducted in Iceland, a climate and 

location that can differ significantly from Scandinavian locations, where most previous 
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studies regarding traffic, meteorological, road maintenance, and asphalt concrete effects on 

non-exhaust emissions have been conducted.  

Road maintenance includes salting, sanding, dust binding, wetting, and cleaning of the roads. 

These parameters’ effects on non-exhaust emissions have all been investigated to different 

degrees. While salting and sanding is conducted to improve driving safety in winter 

conditions (Denby et al., 2016), dust binding, wetting, and cleaning are conducted for the 

purposes of dust control. The effectiveness of these measures has been studied in Stockholm, 

where wetting and cleaning were found to be marginally effective measures of dust control, 

and dust binding by using calcium magnesium acetate (CMA) application to the roads was 

found to be effective at reducing peaks in PM10 concentrations (Norman & Johansson, 2006). 

Additionally, the effects of sanding and salting have been investigated (Denby et al., 2013b; 

Denby et al., 2016). The 2013 study by Bruce Denby found that salting of the road surface 

can account for between 1 and 10% of total PM10 emissions. The effects of sanding are still 

mostly uninvestigated. 

Models have been commonly used to investigate non-exhaust emissions. The most intricate 

and detailed model for investigating non-exhaust emissions is NORTRIP, which has been 

used in various studies throughout Fennoscandia (Denby et al., 2013 a,b; Norman et al., 

2016; Denby et al., 2016, Lundberg et al., 2017). However, other models do exist and have 

been used for examining non-exhaust emissions (Omstedt et al., 2005), such as the FORE 

model (Forecasting Of Road dust Emissions) (Kauhaniemi et al., 2014) and the Swedish 

Studded Tyre Abrasion Wear Prediction Model (Lundberg et al., 2019). Models are an 

important tool for investigating non-exhaust emissions in that they allow for the recreation 

of conditions (traffic, meteorology, road maintenance, road characteristics) based on real-

world observations and can be used to simulate and explain the processes that lead to the 

creation of those conditions, as well their consequences (dust generation). Modeling of non-

exhaust emissions can allow for “complete territorial coverage of the emissions and to 

develop and assess air quality management plans.” (Denby et al., 2010). 

All but one of the studies so far mentioned in this section have been carried out in Sweden, 

Norway, Denmark, or Finland, and many of them make claims regarding traffic, 

meteorological, road management, and road characteristic influences on non-exhaust 

emissions in Nordic climates. Ultimately, most of the studies in Fennoscandia have had 

similar findings; that studded tires are the most significant generator of road dust, that traffic 

speed and volume are significant factors, that meteorological conditions can have high 

impacts on dust generation and suspension, and that road maintenance activities can enhance 

(through salting and sanding) or diminish (through cleaning, plowing, and dust binding) the 

impacts of non-exhaust emissions. These findings may be broadly true, but Iceland’s climate 

and population centers differ significantly from those of Fennoscandia, and to date, no 

studies have been conducted to investigate the regional differences in the findings of 

previous studies in Fennoscandia. Reykjavík and the surrounding area, Iceland’s largest 

population center, has a climate that can is classified as a subpolar, oceanic; it is 

characterized by frequent precipitation and freeze-thaw cycles, as well as a narrower annual 

range of temperature when compared to Fennoscandian climates (Ingólfsson, 2007). 

Moreover, despite having a population significantly smaller than that of other Nordic 

countries, Iceland generates a disproportionately high amount of particulate matter in 

populated areas from anthropogenic sources. These factors make Iceland an important 

location to investigate non-exhaust vehicular emissions, particularly when considering that 
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the best mitigating practices in other locations may be less effective in Iceland due to its 

unique climate and urban characteristics. 

1.3 Research Objectives and Contributions 

The goal of this study was to achieve a better understanding of the influences that traffic, 

road management practices, and meteorological processes have on non-exhaust PM 

emissions, and use this information to find the best available mitigation strategies that could 

be implemented to control these emissions.  

This study aims to address the following research questions:  

• How significant are non-exhaust traffic emissions in generating PM exceedances of 

the health safety limit in winter and spring? 

 

• How do studded tires, traffic counts, and traffic speed influence PM generation and 

suspension? 

 

• What is the influence of road management practices on PM generation and 

suspension? 

 

• How do individual meteorological factors such as precipitation, relative humidity, 

and temperature influence PM generation and suspension, and to what extent can 

these factors be used to predict road surface moisture and PM episodes in a subpolar 

oceanic climate? 

 

• What are the most effective mitigation strategies to minimize exceedances of the 

health safety limit for PM? 

1.4 Thesis Organization 

This thesis is organized into six sections. After background, motivations, and objectives of 

this study (Section 1), Section 2 introduces the NORTRIP model and key processes in non-

exhaust road emissions, previous applications and case studies in which the NORTRIP 

model was applied, and previous applications of the model in Reykjavík. Section 3 describes 

the methodology, including site selection, data collection and preparation, model setup, and 

analyses, including sensitivity analysis. In Section 4, results of model runs for different 

scenarios are presented. Section 5 includes a discussion of the results and addresses the 

research objectives of the study. Section 6 summarizes the study and includes suggestions 

for future research. 
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2 Non-Exhaust Road Traffic Induced Particle 

Emissions Model (NORTRIP) 

A process-based emissions model was developed in collaboration with several Nordic 

universities and government agencies to be used as a tool for predicting and explaining PM 

emissions from road traffic. The model, Non-Exhaust Road Traffic Induced Particle 

Emissions (NORTRIP), utilizes a myriad of different variables to ascertain direct road traffic 

PM emissions from road, tire, and brake wear (Denby & Sundvor, 2012). Moreover, the 

model takes indirect emissions into account from the accumulation and resuspension of PM 

on the road surface. NORTRIP is implemented in a MATLAB environment. The ultimate 

goal of the model is to utilize available input data to make predictions about traffic PM 

emissions (Denby & Sundvor, 2012). These predictions can be used by air quality 

management authorities to find the best abatement strategies for PM pollution and make 

relevant policy recommendations to lawmakers. 

NORTRIP was developed by utilizing observation data from seven different sites in Oslo, 

Stockholm, Helsinki, and Copenhagen, as well as experimental data from the Swedish 

National Road and Transport Research Institute (Denby & Sundvor, 2012). The model that 

was created was able to successfully reproduce measured concentrations of particulate 

matter with satisfactory accuracy for most of the datasets that were assessed (Denby & 

Sundvor, 2012).  

2.1 Model Description 

The model uses a mass-balance approach governed by various processes to model road dust 

(Figure 2.1). The model is divided into two distinct sub-models for road dust and road 

surface moisture. Input variables include meteorological data, background and measured air 

quality data, road activity data including sanding, salting, and wetting, and traffic counts, 

which also factors in vehicle weight and tire type, and traffic speed. Additionally, the model 

can be adjusted to match the site-specific characteristics, including road and street canyon 

dimensions.  
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(Eq. 2.1) 

(Eq. 2.2) 

2.1.1  Road Dust Sub-Model 

The road dust sub-model uses a myriad of processes to model the loading of suspendable 

dust on the road surface from various sources. Additionally, dust suspension is influenced 

by vehicle induced turbulence, mechanical suspension through tire-surface interactions, and 

shear due to tire rotation (Denby & Sundvor, 2012). The mass balance equation is given as 

𝜕𝑀𝑟𝑜𝑎𝑑
𝑚

𝜕𝑡
= 𝑃𝑟𝑜𝑎𝑑

𝑚 − 𝑆𝑟𝑜𝑎𝑑
𝑚  

where 𝑀𝑟𝑜𝑎𝑑
𝑚  is the mass loading (the amount of dust on the road surface that is available for 

resuspension) for mass type m, and 𝑃𝑟𝑜𝑎𝑑
𝑚  and 𝑆𝑟𝑜𝑎𝑑

𝑚  represent the production (source) and 

sink terms, respectively (Denby & Sundvor, 2012). Suspendable road surface mass loading 

(Mroad(total)) is given by  

𝑀𝑟𝑜𝑎𝑑(𝑡𝑜𝑡𝑎𝑙) = ∑ 𝑀𝑟𝑜𝑎𝑑
𝑚

𝑚𝑎𝑠𝑠_𝑡𝑦𝑝𝑒

𝑚

 

The processes that govern the sources and sinks of this sub-model are determined by traffic, 

meteorology, winter road maintenance, and physical road and site characteristics. Sources 

are given directly through road, tire, and brake wear, as well as indirectly though winter road 

maintenance, background deposition, and vehicle induced abrasion, crushing, and 

turbulence. The model also calculates sinks through traffic induced suspension, windblown 

suspension, drainage, spray, plowing, and cleaning. As surface moisture is critical for 

accurately modeling the source and sink terms, a separate sub-model is included for 

determining its mass balance (Denby & Sundvor, 2012).  

Figure 2.1 – Process diagram of the NORTRIP model (Denby & Sundvor), 2012). 
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(Eq. 2.3) 

(Eq. 2.4) 

2.1.2  Road Surface Moisture Sub-Model 

Surface moisture is a critical component within the road dust sub-model for determining 

surface retention and sources and sinks of suspendable dust. The mass balance of surface 

moisture is separated into water (groad) and snow/ice (sroad), and is given by the equations 

𝜕𝑔𝑟𝑜𝑎𝑑
𝜕𝑡

= 𝑃𝑔−𝑆𝑔 

and 

𝜕𝑠𝑟𝑜𝑎𝑑
𝜕𝑡

= 𝑃𝑠−𝑆𝑠 

where P and S represent the source and sink terms, respectively, for water (Equation 2.3) 

and snow/ice (Equation 2.4) (Denby & Sundvor, 2012). The sources terms for surface 

moisture conditions are determined by precipitation, temperature, humidity, solar radiation, 

evaporation, condensation, and heat flux from traffic turbulence (Figure 2.1), as well as 

direct wetting of the road and salting of road, which affects vapor pressure, evaporation, and 

freezing. Sink terms for surface moisture include drainage, spray, plowing, evaporation, and 

heat flux of traffic turbulence.  

Wet roads will hinder dust resuspension, resulting in lower observed PM concentrations. 

However, wet roads will slightly increase dust generation, as moisture binds dust to the 

surface, increasing the amount of material available to contribute to crushing and abrasion 

of the road surface. When roads become dry and moisture is no longer present to bind the 

dust, it can become suspended in the air when exposed to an external disruptive force, such 

as wind or traffic turbulence. This means that dry conditions are associated with higher PM 

concentrations.  

It should be noted that the NORTRIP default setting puts a cap on surface moisture (as a 

film of liquid water) of 0.6 mm. Additionally, the mass balance concerning road surface 

moisture and drainage is highly complex and governed by many variables and processes 

such as across road slope, down road slope, and surface texture. NORTRIP was not designed 

to account for all the possible parameters influencing road surface moisture and drainage, 

and thus, modeled surface moisture should be treated as relatively accurate, but approximate 

(B. Denby, personal communication, 7 April 2020). 

2.2 Model Performance and Applications 

NORTRIP has been utilized in a number of different studies since its development in 2012. 

Previous studies have been carried out at locations in Stockholm, Oslo, Copenhagen, and 

Helsinki. Model performance is each of these studies was summarized in Denby & Sundvor 

(2012). These studies exhibited varying degrees of success as far as predicting non-exhaust 

emissions and were useful for understanding the capabilities and limitations of the model 

(Figure 2.2). Ultimately, they establish that the model is a powerful tool for modeling non-

exhaust emissions, and that model performance is stronger when full, high-quality datasets 

are utilized. 
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2.2.1  Stockholm, Sweden 

The use of NORTRIP in Stockholm was the most successful previous use of the model. Two 

measurement sites were utilized between 2006 and 2011; these were called Hornsgatan and 

Essingeleden. Hornsgatan had the most complete dataset with which the model was ever run. 

In this study, the researchers were able to gather much of their own data, including 

measurements for surface moisture and temperature; these are important components for 

determining non-exhaust emissions. The site represents a street canyon, where relatively tall 

buildings near each other affect the dispersion of air, often causing pollutants to accumulate 

in significantly greater amounts than background levels. The study showed that when 

observed road moisture was used in the model, the correlation coefficient (R2) between 

measured and modeled PM10 was generally between 0.8 and 0.9 (Denby & Sundvor, 2012). 

The Essingeleden site showed large discrepancies between measured and modeled PM10 

emissions during the winter months (Denby & Sundvor, 2012). This was problematic for 

this study as the winter months are when PM pollution is generally at its worst. Despite the 

unreliable results, the model did show good ability to demonstrate the removal of dust from 

the system in the spring and build-up of dust in the fall and early winter. Additionally, this 

site does not have a background air quality station, nor were direct road moisture 

Figure 2.2 – Mean observed and modeled PM10 concentrations at each test site. (from 

Denby & Sundvor, 2012).  
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measurements collected by the researchers. Salting data was also unavailable. This shows 

the importance of using consistent and reliable data (Denby & Sundvor, 2012). 

2.2.2  Oslo, Norway 

Like Stockholm, two sites were investigated in Oslo; these were called Riksvei (RV4) and 

Nordby Sletta. At Riksvei, posted speed limits were incrementally reduced over a multiple 

year period, which correlated with reductions in observed concentrations of PM. 

Furthermore, when these reductions in speed limits were implemented in the model, the 

modeled results correlated favorably with observed values (Denby & Sundvor, 2012) 

The Nordby Sletta site was the worst performing dataset for which the model was run. 

Vehicle speeds at this site are set at 90 km/hr, showing that the model may become less 

accurate on faster roads. Additionally, the model was overestimating concentrations during 

winter months (Denby & Sundvor, 2012).  

2.2.3  Copenhagen, Denmark 

The model was implemented in H.C. Andersen Boulevard (HCAB) in Copenhagen. This site 

represents a relatively wide and shallow street canyon, where surrounding buildings are not 

particularly tall, and reliable road surface moisture and temperature data were available. 

Additionally, studded tires are not legal at this location. The model underestimated emissions 

at this site by a factor of 2, while overestimating road wetness. The reasons for the 

discrepancies in the results at this site were not well documented by the researchers, and 

further research is necessary to understand the differences (Denby & Sundvor, 2012).  

2.2.4  Helsinki, Finland 

Two sites were investigated in Helsinki; these were Mannerheimintie and Runeberg. The 

Mannerheimintie site is a significantly different site from all others investigated in that the 

road is not paved using asphalt concrete, but cobblestones. The was able to correlate well 

with observed PM concentrations over a two-year period. At Runeberg, model results were 

quite favorable and showed a high correlation with observed concentrations (Denby & 

Sundvor, 2012). 

2.2.5  Reykjavík, Iceland 

NORTRIP has previously been applied to one location in Reykjavík, at a busy intersection 

where Miklabraut and Grensásvegur meet. This location, referred to from here on as 

Grensás, will be explored in greater detail in this study. However, this location was 

previously researched by a student at the University of Iceland, Martina Stefani.  

The previous study investigated Grensás for two different years; these were 2012 and 2016. 

The location for that study was chosen because of its high traffic volume and proximity to 

an air quality monitoring station. However, for both 2012 and 2016, large gaps in the data 

presented problems for accurate modeling. As such, various assumptions needed to be made 

regarding data analysis and some data needed to be extrapolated from averages, leading to 

data of poorer quality. Since the NORTRIP model requires the most accurate data possible, 
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this presented some challenges to achieving high quality results. Nevertheless, the model 

was operated, and results were presented in a preliminary, unpublished, 2018 report. 

The biggest challenge regarding the implementation of the NORTRIP model at Grensás was 

that large gaps in the necessary data existed. Without explanation, certain datasets for 

meteorology or air quality data contained months-long periods of missing data. Additionally, 

some of the necessary input parameters did not exist at all. For example, the model requires 

that traffic data be inputted at hourly resolution, however, for this study traffic counts were 

not available at the chosen location, so the amounts entered in the model needed to be 

extrapolated from seasonal or monthly averages.  

Background air quality monitoring data was not particularly reliable for this study. Although 

EAI maintains an air quality monitoring station at the Grensás site which is useful for 

validating that the model is running correctly, this data too contains large gaps. Furthermore, 

in order to avoid estimating non-exhaust emissions that may have originated from other 

sources and locations, the model depends on background air quality monitoring stations to 

make a differentiation between potential sources of PM. The closest background air quality 

monitoring station to Grensás is Fjölskyldu- og Húsdýragarðurinn (FHG), which is located 

over a kilometer from Grensás and itself has large amounts of missing data, making it 

difficult to provide the NORTRIP model with reliable background data with which to 

operate. 

The site location could also have been problematic in this study. The Grensás site is a 

widespread intersection with approximately 100 to 120 meters between each of the buildings 

on all four corners of the intersection, and each of these buildings are only three stories tall 

or less. Additionally, the number of lanes at Grensás is somewhat difficult to ascertain, as 

there are multiple dedicated lanes for thru-traffic, but there are also turning lanes which 

would experience somewhat less traffic than the thru-lanes, and at lower speeds. 

Furthermore, a slope exists which adds uncertainty to some of the site’s characteristics 

regarding air dispersion. Essentially, the location exhibits a high degree of variability in 

traffic patterns and is too wide to constitute being classified as a street canyon, as all other 

sites have been for which NORTRIP was implemented.  

In the previous study at Grensás, the model was run without changing any of the default 

input parameters to meet Icelandic or local conditions; had this been done, it is likely the 

overall performance of the model could have improved. For example, if adjustments were 

made to the parameters that define the rates of road wear for the type of pavement that exists 

at the site, then the model may have operated more accurately. 

As a result of some of these various issues, it was difficult for the study to produce replicable 

results or make conclusions regarding mitigation strategies specific to Grensás. However, 

some of the lessons of this past study are applicable to this study, specifically pertaining to 

the importance of data consistency, input parameters, and site selection.  
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3 Methodology and Data 

3.1 Sites and Available Data 

Kauptún (Figure 3.1) is a major shopping district located in Garðabær, a suburb of Reykjavík 

in the Icelandic Capital Region. The main road traversing the area is Reykjanesbraut, a four-

lane urban traffic artery connecting residential, commercial, and industrial centers in the 

different municipalities of the greater capital area. Additionally, it is one of two major traffic 

arteries from Keflavík International Airport into Reykjavík. The Reykjanesbraut study site 

is referred to as Kauptún throughout this study. The Icelandic Road and Coastal 

Administration (IRCA) maintains traffic counters Reykjanesbraut. 

The Kauptún site was chosen because of the availability of comprehensive traffic and 

meteorological data. Traffic volume has been increasing steadily over the past decade 

Figure 3.1 – Kauptún monitoring site overview (above) and Reykjanesbraut (below). 

Orthoimagry sources (ESRI, 2020; ja.is, 2019).  
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(Figure 3.2) (IRCA, 2018). In 2014, approximately 13 million vehicles were counted for 

both directions in all lanes; this number had increased approximately 46% by 2018, when 

almost 19 million vehicles were counted (IRCA, 2014, 2018). The increases are most likely 

attributable to the opening of several major commercial centers along the route, as well as 

an increase in tourism in Iceland. Regardless of the cause, the dramatic increase in traffic 

volume makes this location particularly interesting for the study of non-exhaust emissions. 

Additionally, it is estimated that approximately 7.9% of vehicles on the road are considered 

heavy-duty (HE) based on IRCA’s counts.  

Key characteristics of both these sites, together with additional two sites that provided data 

for the study were compiled for comparison (Table 3.1). 

Table 3.1 – Comparison of selected site characteristics at Kauptún, Reykjavík (IMO) and 

Grensás locations. 

 Kauptún Reykjavík Grensás 

Coordinates (Decimal degrees) 
64.079552, 

-21.904451 

64.127681, 

-21.903951 

64.129805, 

-21.874822 

Elevation (meters above sea level) 37 40 31 

Lanes 4 NA 
7, including 1 bus lane 

and 2 turning lanes 

Traffic, June 2017 – May 2018 (millions 

of cars) 
18.9 NA 

37.8 (counted at 

Ártúnsbrekka) 

Distance to ocean (km, direction) 2.1, NNW 0.8, SSW 1.8, SW or 1.9, ENE 

Distance to Kauptún (km) --- 5.3 5.8 

 

The data available for this study is summarized in Table 3.2. IRCA operates a meteorological 

station, traffic counters and road conditions data on Kauptún (and Strandheiði) sites. The 

traffic data counters use weight sensors to determine the vehicle class, i.e. heavy (HE) or 

light-duty (LI). Light-duty vehicles include motorcycles, passenger cars, SUVs, single-axle 

Figure 3.2 - Annual traffic counts at Kauptún. Traffic increased every year between 2011 

and 2018 (IRCA, 2018). 
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pickup trucks, and vans. HE vehicles include buses, camper vans, multi-axle pickup trucks 

and panel vans, trailer trucks, and construction vehicles. Conductivity sensors are placed in  

each lane and can be used as a general basis for predicting road slipperiness; there are two 

lanes per sensor, 35 mm apart and between 2-3 mm in depth (G. Jónasson of Samrás, 

personal communication, 4 December 2019). The sensors send electrical pulses to and from 

one another to measure conductivity. While these measurements can be used as a general 

indicator of road wetness, the electrodes were found to be extremely sensitive to the presence 

of road salt.  

Category Parameters Source Location 
Time 

resolution 
Time frame 

Traffic 

% studded tires (ST; LI 

vehicles) 

EFLA 

Consulting 

(request) 

Kringlan, Mjödd, 

Reykjavík Old 

Harbor, University 

of Iceland 

5 weeks, 

generally from 

Nov to Apr 

2000 – 2018 

Traffic counts (LI, HE) 

IRCA 

(request & 

publicly 

available) 
Kauptún 

1 hour 
1 June 2017 – 

31 May 2018 

Vehicle speed (km/hr) 
IRCA 

(request) 

Averages for 

each hour of a 

week 

Averages taken 

from week of 6 

Jan, 2019 

Meteorology 

Total precipitation (mm 

water equivalent) 

IMO 

(request) 
IMO Headquarters 1 hour 

1 June 2017 – 

31 May 2018 

Incoming solar radiation 

(W/m2) 

2 August 2007 

– 1 February 

2019 

Air temperature (°C), 

humidity (%), wind 

speed (m/s), wind 

direction (deg) and 

barometric pressure 

(mbar) 

IRCA 

(request & 

publicly 

available) 

Kauptún 10 minutes 
1 June 2017 – 

31 May 2018 

Road 

Conditions 

Road temperature (°C) 

and conductivity (S/m) 

Collected 

by Samrás, 

provided by 

IRCA 

(request) 

Kauptún 5 minutes 

24 February 

2013 – 25 

March 2019 

Road 

Activity 

Salt (kg/km driven) 

Brine (L/km driven) 

Plowing (km driven) 

IRCA 

(request) 

Road maintenance 

zones defined by 

IRCA 

Dates of 

activity 

October 2017 – 

May 2018 

Air Quality 
PM10, PM2.5, NOx 

(µg/m3) 

EAI 

(request & 

publicly 

available) 

Grensásvegur 

(observed) 

Fjölskyldu-og 

Húsdýragarðurinn 

(background) 

1 hour 
1 June 2017 – 

31 May 2018 

Table 3.2 – Overview of data availability and collection including parameters, sources, 

locations, time resolution, and timeframe. 
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The studded tire (ST) counts are based on a sample of 250 parked passenger vehicles in four 

different parking lots, counted every five weeks. The chosen locations are next to shopping 

centers (Kringlan, Mjödd), in the city center (next to the Old Harbor), and at the University 

of Iceland. These parking lots are chosen as they are believed to be representative of local 

inhabitants and vehicle owners, rather than tourists renting vehicles; rented vehicles in 

Iceland nearly always use studded tires in winter. The number of studded tires on each 

vehicle is recorded, and then a percentage is given. No information is provided on the 

number or types of studs per tire (S. Jónsson & E. Sveinbjörnsdóttir, personal 

communication, 13 November 2019). Data from 2008 to 2019 was gathered, but the value 

used in the model represents the 2017-2018 season (Figure 3.3). 

As discussed in Section 1.2, salting is a significant factor in non-exhaust road emissions. The 

primary method is direct salting using rock salt in the form of sodium chloride (NaCl). The 

other method by which salt is added is through brine, in which NaCl is in a 20% solution 

with water and is sprayed onto the roads.  

For validation purposes, air quality data is compared with the model outputs; both values 

from an onsite, fixed urban traffic air observation station and a further away background 

station are used. Grensás was used as the observation station. As listed in Table 3.1, Grensás 

is located in proximity to a multi-lane, high-speed road in a relatively open landscape 

depression, at similar land elevation and distance from the ocean as Kauptún. However, 

Grensás traffic volume and number of lanes is higher than those of Kauptún, and it is located 

at an intersection with another major road. As local winter conditions are generally less 

spatially varied than summer conditions, this data is considered representative for Kauptún 

at hourly time resolution. Background data was collected from the fixed air observation 

station at FHG, approximately 1 km NNE of Grensás. 

Figure 3.3 - Studded tire counts in Reykjavík since 2008 (EFLA). 
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3.2 Data Preparation 

3.2.1 Traffic Data  

A selection of traffic parameters at hourly resolution are needed for the model (Table 3.3), 

including data from the baseline simulation. The baseline simulation refers to a model run 

using real-world, unaltered data. Data was provided by IRCA at hourly resolution. The data 

provided included a differentiation between vehicles based on weight; IRCA classifies 

vehicle weights by using Euro 6 (European Union) standards along with weighted sensors 

in the road (F. Brynjarsson on behalf of IRCA, personal communication, 23 October 2019).  

Table 3.3 – Required NORTRIP traffic input parameters (Denby & Sundvor, 2012).  

 

For studded tire usage, values for the 2017-2018 studded tire season were used. The resulting 

percentage for each week was then applied to the vehicle counts provided by IRCA. Since 

NORTRIP requires inputs at hourly resolution, the percentage of studded tires was gradually 

increased or decreased from hour to hour over each week; this was done to produce a more 

realistic replication of real-world conditions, since studded tire usage would not rise or fall 

instantaneously from week to week. This process allowed for the approximate differentiation 

of the number of vehicles using studded tires and the number of vehicles using ordinary 

winter tires. The model was operated under the assumption that no HE vehicles were 

utilizing studded tires, because the heavier weights of the vehicles reduce their risk of 

skidding or sliding (E. Sveinbjörnsdóttir & S. Jónsson, personal communication, 13 

November 2019). Summer tires were excluded from wintertime counts (1 November to 15 

April), as winter tires are required by law during this period. 

IRCA maintains a large database that contains the speed of every vehicle that passes through 

the Kauptún site. Although theoretically possible to calculate the hourly average speed for 

all the vehicles that were recorded at Kauptún, hourly averages collected for one week was 

deemed representative for the study (Figure 3.4). The average speed for each hour of the 

week was then applied throughout the study period. Furthermore, as the data did not 

differentiate vehicle speed between LI and HE vehicles, it was assumed that HE vehicles 

generally drive slower than light-duty vehicles. The average hourly speed was reduced by 5 

km/h for HE vehicles. This is because the speed limit for heavy-duty vehicles in Iceland is 

10 km/h lower than that for light-duty vehicles on high-speed roads such as Reykjanesbraut 

(IRCA); a difference of 5 km/h was chosen to be conservative with modeling. 

Traffic Variable Explanation 
Baseline Simulation 

(millions of vehicles) 

N(total)  Total number of vehicles  10.0 

N(he)  Nr. HE vehicles 0.9 

N(li)  Nr. LI vehicles including passenger cars  9.1 

N(st,he) Nr. HE vehicles using studded tires 0.0 

N(st,li) Nr. LI vehicles using studded tires 3.1 

N(wi,he) Nr. HE vehicles using non-studded winter tires 0.8 

N(wi,li) Nr. LI vehicles using non-studded winter tires 4.7 

N(su,he) Nr. HE vehicles using summer tires 0.1 

N(su,li) Nr. LI vehicles using summer tires 1.3 

V_veh(he) (km/hr) Average speed of HE vehicles 81.9 

V_veh(li) (km/hr) Average speed of LI vehicles 77.7 
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3.2.2  Meteorology and Road Conditions Data 

Hourly input parameters required for NORTRIP are outlined in Table 3.4. Most of the inputs 

are traditional parameters monitored in weather stations in Iceland. The specialized data is 

the road surface temperature, solar radiation, and the distinction between precipitation in 

liquid (rain) and solid (snow) form. 

Table 3.4 – Meteorology Input Parameters (Denby & Sundvor, 2012). 

 

Meteorology 

Variable 
Explanation Baseline Simulation 

T2m (deg C) Air temperature at 2 meters above surface Average: 1.0 °C, Max: 12.9 °C, Min: -12.9°C 

FF (m/s) Near surface wind speed (2-meter height) Average: 4 m/s, Max: 19.0 m/s, Min: 0 m/s 

DD (deg) Wind direction in degrees Predominant wind: 114° ESE at 47% of the time 

RH (%) Relative humidity Average: 82.3%, Max: 100%, Min: 35.3 % 

Rain (mm/hr) Rain per hour Average: 0.09 mm, Max: 6.3 mm 

Snow (mm w.e./hr) Snowfall (water equivalent, w.e.) Average: 0.02 mm, Max: 2.9 mm 

Global radiation Incoming shortwave radiation Average: 38 W/m2 

Road Surface 

Temperature (deg c) 
Observed temperature of the road surface Average: 0.7 °C, Max: 19.7 °C, Min: -11.8 °C 

Pressure (mbar) Barometric pressure 
Average: 1003.0 mbar, Max: 1040.7 mbar, Min: 

952.5 mbar 

Figure 3.4 – Three-hour rolling average light-duty vehicle speeds for each hour of the week 

at Kauptún; heavy-duty vehicles were modeled to always be 5 km/h slower (IRCA, 2020). 
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(Eq. 3.1) 

(Eq. 3.2) 

(Eq. 3.3) 

In winter, observed daily air and road temperatures were linearly correlated at 0.91 at the 

Kauptún site. The average offset during winter was 0.3 °C with air temperatures being 

slightly higher than road temperatures. However, during the summer months, the road 

temperature was at times considerably higher than the air temperature. Roads were 2°C 

warmer on average than the air, and at most 9°C warmer (Figure 3.5). The discrepancy 

between winter and summer correlations between air and road temperature is due to both 

road albedo and solar radiation. In the summer months, the nearly constant incoming solar 

radiation and low albedo of the road surface mean that the road can be heated more easily 

by the sun than the air. However, in the winter there is little solar radiation for the road 

surface to absorb, meaning it is not being heated by the sun, and its temperature curve will 

instead be mostly influenced by air temperature. 

Ten-minute wind speed data was converted to hourly by taking a simple average. However, 

because wind direction is scaled from 0° to 360°, the following equations were applied to 

all datapoints, where 𝜃 represents wind direction, 𝑢 represents wind speed, �⃗� represents the 

north/south wind vector, and �⃗� represents the east/west wind vector. 

  
�⃗� = cos(𝜃) ∗ 𝑢 

 

�⃗� = sin(𝜃) ∗ 𝑢 

 

All �⃗� values for a given hour are then averaged to get �̅⃗�, and all �⃗� values for a given hour 

are averaged to get �̅⃗�. These represent the hourly averages of the north/south and east/west 

vectors, respectively. They are then applied to the following equation to get the hourly 

average wind direction, represented by �̅�: 

 

tan−1 (
�̅⃗�

�̅⃗�
) = �̅� 

Resulting value was converted back from radians into degrees. If the resulting value was 

negative, 360 degrees were added to get the actual direction.  

The hourly precipitation data was distinguished between rain and snow, using a temperature 

threshold based on relative humidity (TRH)  

Figure 3.5 - Comparison between daily observed air and road temperatures at Kauptún. 

(Data from IRCA). 
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(Eq. 3.4) 𝑇𝑅𝐻 = 0.75 + 0.85 × (100% − 𝑅𝐻) 

where RH represents relative humidity. Based on this TRH value, if Tair ≥ TRH, then 

precipitation was considered to be rainfall, otherwise it is snowfall.  

3.2.3  Road Activity and Asphalt Data 

IRCA provided road maintenance and activity data by request; this included salting, 

plowing, and wetting data. Unlike the rest of the input data, NORTRIP does not require this 

data be entered for every timestamp of a model run, but only when road activity was 

occurring (Table 3.5). 

Table 3.5 – Road activity input parameters (Denby & Sundvor, 2012).  

 

IRCA does neither sand nor clean the roads at Kauptún, and as such, these parameters were 

ignored. Additionally, the model allows for two kinds of salt to be entered, but IRCA only 

uses NaCl. Salting, wetting, and plowing activities usually occur in anticipation of 

significant freezing or snowing events. IRCA designates zones for winter road maintenance 

(Figure 3.6). Kauptún’s salting zone was calculated to be 162,400 m2. 

Road Activity Variable Explanation Baseline Simulation 

M_sanding (g/m2) Total mass of sanding 0 g/m2 

M_salting(na) (g/m2) Total mass of NaCl salting 1,417 g/m2 

M_salting(mg) (g/m2) Total mass of MgCl2 salting 0 g/m2 

Ploughing_road (0/1) Flag if snow ploughing occurs on the hour 115 ploughing events 

Cleaning_road (0/1) Flag if road cleaning occurs on the hour 0 cleaning events 

Wetting (mm) 
Mm of water applied during wetting, e.g. salt 

solution, or wet cleaning. Optional. 

54 mm water applied (as 

brine) 

Figure 3.6 – Salting zone (in blue) for Kauptún. (IRCA). 
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The data provided by IRCA lists events as they were carried out during the autumn, winter, 

and spring. This includes the distance driven within each zone for each event, the distance 

driven with the plow down, the amount of salt spread in kg of NaCl, and the amount of brine 

spread in liters. Since the model requests data in the amount of salt or water spread over a 

certain area, the area of each zone was acquired by multiplying the distance of the roads by 

the average width. 

Since the model does not account for spreading of salty brine, the salt content for the brine 

needed to be separated and added as grams of solid NaCl. This was done by calculating the 

weight, in grams, of the salt content in one liter of a 20% NaCl solution. This allowed for 

the total salt spread as brine for each event to be calculated, and then added to the solid salt 

spread in order to get a total amount of salt used.  

 

For each data entry at Kauptún, the total distance driven for each event was multiplied by 

the width of the road to get the total area covered by the salting or plowing truck for each 

event. Once the total area covered by each event was known, it was possible to determine 

the amount of salt spread in g/m2 and the amount of water spread in L/m2.  

Additionally, data triangulation was also conducted since multiple types of datasets exist. 

Salting data, road conductivity data, and meteorological data (including precipitation and 

humidity) were compared to each other in an attempt to better understand the reliability and 

usefulness of each dataset. General knowledge and guidelines about the available data were 

also applied. The triangulation method helped to confirm some of the timing and magnitudes 

of different salting events.  

Finally, plowing data is only entered into the model as occurring or not occurring in a given 

timestamp.  

3.2.4  Air Quality Data 

Although not required for running the model, air quality data is important for validating the 

performance of the model. The model will produce a comparison of modeled and observed 

values. In order to do this, the model requires air quality data from an observation station at 

the testing site. Ideally, the traffic counting station would also have the capability to collect 

air quality observations, but if this is not possible then a nearby station may be used. 

Additionally, a background observation station is needed to differentiate between readings 

that are related to the study site, and readings that are from unrelated sources. The required 

data is summarized in Table 3.6.  

Table 3.6 – Air quality input parameters (Denby & Sundvor, 2012). 

Air Quality Variable Explanation 

PM10_obs (µg/m3) Traffic station observations of PM10 

PM10_background (µg/m3) Background station observations of PM10 

PM25_obs (µg/m3) Traffic station observations of PM2.5 

PM25_background (µg/m3) Background station observations of PM2.5 

NOX_obs (µg/m3) Traffic station observations of NOx 

NOX_background (µg/m3) Background station observations of NOx 

NOX_emis (g/km/hr) NOx emissions. Optional 

EP_emis (g/km/hr) Exhaust emissions. Optional 
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Air Quality Stations in the Capital Region 

EAI maintains several air quality monitoring stations across Iceland, including a number in 

the Capital Region (Figure 3.7). A list of these stations is provided within the figure. 

Dalsmári (DAL) is the closest monitoring site to Kauptún, however, data required was not 

available earlier than May 2018. The next closest stations are both located in Hafnarfjörður, 

but their proximity to the ocean and industrial sites make each of them inadequate locations 

for comparing non-exhaust road emissions. Finally, the air quality measuring site at Grensás 

(GRE), 5.8 km NNE of Kauptún proved to be the most reliable site from which to acquire 

observed air quality data. Like in the previous study using NORTRIP in Reykjavík, FHG 

was used as a background station. Data at this station for the investigated time period is 

consistent and reliable, however, like GRE is far away from the monitoring sites. 

Wind roses compiled for Kauptún and Grensás (Figure 3.8) illustrate that the wind direction 

is primarily from the southeast, which generally follows the prevailing winds at this latitude.  

The observation station and background station air quality data used in this study were 

checked for accuracy and completeness as they were received from EAI. All data was at 

hourly resolution which allowed for it to be directly inputted into the model. 

Figure 3.7 - Air quality monitoring stations in greater Reykjavík in relation to Kauptún. 

(Locations from EAI. Map created using Google Earth). 
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3.3 Model Setup   

3.3.1 Operational Street Pollution Model 

Due to the lack of reliable onsite NOx data which NOTRIP traditionally uses to convert 

emissions to concentrations, an Operational Street Pollution Model (OSPM) was used. The 

OSPM was designed primarily to calculate dispersion within street canyons (Jensen et al., 

2016). While the Kauptún site is far from being a street canyon, this model generated more 

stable and realistic concentrations than the second option of utilizing observed NOx data 

from GRE.  

3.3.2  Fixed Model Settings 

The most comprehensive dataset available at Kauptún was during the period from June 2017 

to May 2018. Simulations were only carried out for periods starting and ending 15 days 

before and after the legal dates for studded tires, which are 1 November to 15 April. This 

meant that simulations were carried out from 15 October to 1 May. Model runs were not 

carried out for the entire year as preliminary modeling showed negligible PM concentrations 

during the non-studded tire months. 

The model parameters are established in in two separate Microsoft Excel input files from 

which the model reads. The first of these files establishes the factors that are necessary for 

the model’s equations and mass balance. It is subdivided into three categories: parameters, 

flags, and activities. These inputs can be viewed in the linked file in Appendix B. 

The parameters section sets various factors and constants, including wear rates for different 

types of tires, pavements, and vehicles. It sets suspension scaling, abrasion, crushing, wind-

Figure 3.8 – Wind roses for Kauptún and GRE. (IRCA). 
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(Eq. 3.5) 

blown dust, road activity efficiency, spray and splash, drainage, plowing, energy balance, 

and retention factors. 

The flags section allows for various model features to be enabled or disabled, with some 

other settings available as well. The flags are divided by dust, moisture, energy balance, 

activity, and outputs. For example, in this section, the wearing down of pavement can be 

turned on or off, as can the wearing down of tires and brakes, the inclusion or exclusion of 

exhaust in model calculations, whether abrasion and crushing is factored into the 

calculations, and much more. Most settings were kept the same as the default NORTRIP 

settings as was the case in previous applications of NORTRIP throughout Scandinavia, 

however, some (such as asphalt concrete characteristics) were altered to better represent the 

specific conditions of the investigated site. 

The activities section of the model parameters allows for various rules and thresholds to be 

put into place that affect certain aspects of the calculations. Here, for example, the hours at 

which salting is allowed to occur are established. The mass of the salt being applied to the 

roads can be adjusted, as well as dust binding thresholds.  

Asphalt Concrete Characteristics 

NORTRIP accounts for the type of asphalt concrete that is being utilized, and a calculator 

for determining local asphalt concrete characteristics is included within the model 

parameters table. This calculator utilizes the Swedish road wear model (Jacobson and 

Wågberg, 2007) in order define the pavement type factor (hpave). The Swedish road wear 

model utilizes the maximum stone size (MS), Nordic ball mill (NBM) value for hardness, 

and percentage of stone size greater than 4 mm (S>4mm) to determine hpave, 

ℎ𝑝𝑎𝑣𝑒
𝑝 = 2.49 + 0.144 ∙ 𝑁𝐵𝑀𝑝 − 0.069 ∙ 𝑀𝑆𝑝 − 0.017 ∙ 𝑆>4𝑚𝑚

𝑝
 

where p is a particular type of pavement (Denby & Sundvor, 2012). 

For Icelandic asphalt concrete at a reference speed of 80 km/h, NBM was determined to be 

equal to 7.9, MS equal to 16 mm, and S>4mm equal to 65%, resulting in an hpave value of 1.62 

g/km/veh. Furthermore, hpave determines the road wear parameter (W0,roadwear). The Swedish 

road wear model uses a reference pavement type that has a wear rate of 2.88 g/km/veh. The 

incorporation of this with hpave value of 1.62 g/km/veh gives a W0,roadwear value for Icelandic 

asphalt concrete of 4.68 g/km/veh, and these values are utilized for modeling throughout this 

study. 

3.3.3 Scenarios 

Different scenarios were constructed to establish the reasons for high particulate matter 

concentrations in cold maritime climates, the extent to which these reasons are caused by 

natural (meteorological) or anthropogenic factors, and possible mitigation actions.  

The baseline simulation establishes the closest possible representation of real-world 

conditions and serves as the basis against which other model simulations can be compared. 

All data alterations described henceforth in this section are relative to this baseline 

simulation.  



41 

Traffic Scenarios 

Various traffic parameters were investigated for sensitivity in the model. Studded tire usage 

and timing, traffic speed, and traffic volume were all investigated. Traffic volume and speed 

was reduced in increments of 5%, down to a reduction of 20%.  

In order to investigate the sensitivity of the model to maximum studded tire usage, different 

scenarios involving lowering the usage of studded tires were explored. Since the maximum 

usage was 46% for the season tested, scenarios were run in which studded tire usage for the 

entire vehicle fleet down to 25%. An additional scenario was run where an outright ban on 

studded tires was implemented. 

The time of the season at which studded tires are utilized was explored. Studded tire usage 

becomes legal on the 1st of November in Iceland, but personal observations have indicated 

that many drivers begin using studded tires as early as mid-October. Therefore, an 

assumption was made that 15 October was an appropriate time to begin increasing studded 

tire counts in the baseline simulation from the summer level of 0% usage. To investigate the 

timing of the usage of studded tires, scenarios were carried out in which the assumed start 

date of 15 October was altered. The different scenarios changed the start date for studded 

tire usage to 1 November, 8 November, and 15 November, using the same baseline scenario 

maximum usage of 46% of the light-duty vehicle fleet. 

Meteorological Scenarios 

When considering model sensitivity to meteorological inputs, precipitation, air temperature, 

and relative humidity were closely investigated. Precipitation intensity was investigated by 

increasing or reducing the amount of precipitation that occurred for each hourly data point. 

Scenarios were investigated that included 10, 20, and 100% increases in hourly precipitation, 

as well as 10, 20, and 50% decreases.  

Precipitation frequency was investigated next, and various different scenarios were explored. 

The cases included no precipitation, less frequent precipitation, more frequent precipitation, 

and constant precipitation. In each scenario, the phase of precipitation was again 

distinguished by comparing Tair with TRH. 

Scenarios were investigated where changes to precipitation phase included all precipitation 

falling as rain or snow. This was achieved by adjusting Tair to either always or never be 

greater than TRH for rain and snow, respectively. To achieve a scenario where all 

precipitation fell as rain, any temperature reading that was < 4°C was increased to 4°C. To 

achieve the same affect for the snowfall scenario, all temperatures > 0°C were decreased to 

0°C.  

Temperatures were raised or lowered by a uniform amount between scenarios. Additionally, 

when Tair was altered, so too was precipitation as rain or snow. Several different scenarios 

were tested with different Tair. Temperatures ranged from all input values being decreased 

by as much as 10°C to being increased by as much as 5°C.  

Relative humidity values were either increased or decreased by 10 or 20%, with a maximum 

of 100% RH applied. As discussed in Section 3.2.2, the differentiation between rain and 

snow depends on the TRH value. TRH values needed to be adjusted based on the new RH 

values, which meant that there was a need for rain and snow values to be adjusted. 
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Road Maintenance and Road Properties Sensitivity 

Salting, cleaning, wetting, and asphalt concrete properties were all also investigated to 

ascertain the model’s sensitivity to these parameters. Alternative salting scenarios that were 

investigated included using twice as much salt, and half as much salt. 

Different cleaning methodologies and technologies can result in more effective removal of 

dust from the road surface, but the effectiveness of road cleaning is still a topic of debate 

among experts (B. Denby, personal communication, 30 March 2020). Although some 

experts regard road cleaning to be an effective means of dust control, default settings for 

cleaning efficiency in the model are set exceedingly low to account for uncertainty about the 

practice. These default settings can, however, be manually adjusted. Scenarios were run in 

which including cleaning efficiency was adjusted. Additionally, the frequency and wetness 

of cleaning were investigated.  

Since no cleaning was conducted during the testing period according to IRCA, cleaning 

events were manually added into the input data at monthly, bi-weekly, and weekly 

frequencies. For each frequency, cleaning with wet and dry methods was tested. 

Additionally, cleaning efficiency was tested for each frequency and both wet and dry 

methods; tested cleaning efficiencies were set at default, half as efficient, and 10 times more 

efficient. 

Road wetting can be difficult in cold, maritime climates since water cannot be applied to 

roads during freezing conditions due to the risk of creating hazardous driving conditions 

through the formation of ice. However, during periods of dry, above-freezing conditions it 

can be an effective mechanism for controlling dust releases. In order to investigate this, two 

periods of significant modeled road dryness were isolated. These periods were both 

characterized by at least two weeks of mostly dry conditions and high PM10 concentrations. 

The first of these periods began on 16 November and ended on 30 November, and the second 

of these periods began on 27 February and ended on 12 March. For each of these time 

periods, road wetting of 0.2 mm of water was applied every four hours. 

The type of asphalt concrete that comprises the road surface forms the basis for the rate at 

which the road will wear (Denby & Sundvor, 2012). Harder asphalt concretes will be more 

resistant to crushing and abrasion from impacts with studded tires, as well as meteorological 

conditions that can degrade asphalt concrete, such as frost-heaving and heat-buckling. 

Various asphalt concrete types can be applied in the NORTRIP model, and the 

characteristics for Icelandic asphalt concrete were discussed in Section 2.2.1. In order to 

better understand the influence that asphalt concrete type has on the generation and 

suspension of non-exhaust traffic emissions, a comparison was made in which the baseline 

scenario was altered to utilize the same asphalt concrete that was utilized in the in Denby & 

Sundvor (2012) study at the Hornsgatan site in Stockholm. 

3.3.4 Model Processes and Outputs 

The key model outputs for the purposes of this study are PM10 concentrations, mass loading, 

source and sink rates, summations of daily traffic totals and meteorological outputs, and 

modeled road wetness. Model outputs were all collected at daily resolution. Hourly 

resolution was available, but daily outputs were used to better understand dust generation 
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over the course of a season; hourly resolution would be more appropriate for modeling 

shorter time periods. 

A plot is generated by each NORTRIP run that includes PM10 pollution concentrations that 

have been emitted into the air from the road surface, compared with data at the observation 

station (Grensás). This is the primary output of the model, but it is highly dependent on a 

number of different processes. 

Mass loading of suspendable dust on the road surface is another output of the model, and 

one on which PM10 concentrations are directly dependent. The of mass of suspendable dust 

on the road surface is determined by the various sources and sinks. 

Sources of dust into and out of the system are established by wear retention, which 

essentially refers to all sources of dust generation, including road, tire, and break wear, as 

well as abrasion and crushing of matter on the road surface. Sinks include suspension, 

drainage, spray, and wind (Table 3.7). Cleaning is also a potential sink, but since IRCA does 

not conduct cleaning, it has been omitted from most results of this study.  

Table 3.7 – Sources and sinks of dust listed in order of sensitivity (Denby & Sundvor, 2012).  

 

These sources and sinks are themselves dependent on traffic, meteorology, and road 

maintenance and characteristics, all of which are outputs of the model. Specifically, traffic 

parameters, air temperature, precipitation, relative humidity, and modeled road wetness are 

all important outputs for understanding the processes that lead to high particulate matter 

concentrations. The frequency of wet roads, precipitation, icy conditions are all important 

indicators of the processes that contribute to dust generation.   

Essentially, PM10 concentrations are a direct function of mass loading, which is a direct 

function of source and sink rates, which are direct functions of traffic, meteorology, and road 

maintenance. Traffic, meteorology, and road maintenance are model inputs and are subject 

to change in the real-world, meaning that it is essential to establish the links between them 

and PM10 concentrations.  

Sources & Sinks Description Dependent Variables 

Wear retention (source) 
The amount of suspendable dust generated from road, tire, 

and brake wear, as well as abrasion and crushing. 

Traffic, meteorology, road 

maintenance, asphalt 

concrete 

Suspension (sink) The amount of dust removed by suspension. Traffic, road wetness 

Drainage (sink) 
The amount of dust removed by drainage of water from the 

road system. 
Road wetness 

Spray (sink) 
The amount of dust removed through contact of the tire with 

road surface moisture. 
Traffic, road wetness 

Windblown (sink) The amount of dust removed by wind. Meteorology 
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4 Results 

The results for model runs, including of the baseline simulations and sensitivity analyses are 

presented in this chapter. 

4.1 Baseline Simulations 

Various outputs including PM10 concentrations, road surface dust loading, dust source and 

sink rates, as well as summarized traffic counts, temperature, humidity, precipitation, and 

modeled road wetness from the baseline simulations are summarized at daily resolution in 

Figure 4.1.  

Most importantly, indicators for PM10 concentrations and mass loading are established 

(Figures 4.1a and 4.1b, respectively). The maximum modeled PM10 concentration was 103.9 

µg/m3 and the average concentration was 20.5 µg/m3. Additionally, modeled data is 

compared with observed data at GRE. The modeled PM10 concentrations indicate that both 

the timing and magnitude of most peaks are well replicated by the model, although some 

exceptions exist. The most notable of these is on New Year’s Eve and Day when widespread 

fireworks usage causes the observed values at GRE to spike. Overall, the correlation between 

the two datasets was 0.57 when background from New Year’s fireworks were excluded. 

Mass loading (Figure 4.1b), or the amount of dust available on the road surface for 

resuspension, as discussed in Section 2.1.1, is the driving factor for PM10 concentrations 

(Figure 4.1a). The amount of dust available on the road surface for resuspension is nearly at 

0 g/m2 at the beginning of the modeling period, but rises steadily until mid-November, when 

it begins to fall again. The decrease in available dust lasts for approximately two weeks, 

when it begins to rise again. Increases and decreases in available dust are visible throughout 

the modeling period, until late March when levels begin falling again towards zero.  

 

The temporal relationship between mass loading and PM10 concentrations can be seen when 

comparing Figure 4.1a and 4.1b. As dust is suspended into the atmosphere through traffic 

induced turbulence, PM10 concentrations increase, however this means that there is less dust 

available on the road surface to be suspended, so mass loading decreases. 

Mass loading is determined by various sources and sinks (Figure 4.1c). Wear retention 

represents the total of all sources of dust onto the road surface, and is what drives increases 

in mass loading. Sinks are determined by spray, suspension, drainage, and wind. Spray is 

shown to be the most substantial sink by which suspendable dust is removed from the 

system, removing 60% of available dust. Secondary sinks were established by suspension 

(24%) and drainage (~8%). Wind as a sink can be considered negligible. The temporal 

relationship between mass loading and sources and sinks of dust is seen by comparing Figure 

4.1b and 4.1c. A net positive value when sinks are subtracted from sources causes mass 

loading to increase, while a net negative value causes a decrease. Generally, when wear  



46 

  

Figure 4.1 – Daily baseline simulation outputs at Kauptún. (a) Modeled and observed 

(GRE) PM10 concentrations. (b) Amount of dust accumulated on the surface of the road that 

is available for resuspension (mass loading). (c) Source and sink rates for accumulation of 

dust on the road surface. (d) Daily average of hourly traffic counts by vehicle and tire type. 

(e) Observed air temperature. (f) Observed relative humidity (RH). (g) Observed 

precipitation as rain or snow in mm/hr. (h) Modeled road wetness. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 
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retention is greater than 0 g/m2/hr, mass loading increases, as the sinks are not enough to 

overcome the buildup of dust. When wear retention becomes low or zero, however, mass 

loading decreases. Additionally, it is important to note that suspension is the only sink term 

that contributes to PM10 concentrations, and a temporal relationship can be seen between 

these model outputs in Figures 4.1a and 4.1c. 

The source and sink terms are driven by several factors including traffic and meteorology, 

and the temporal relationships between these can be seen in Figure 4.1. Wear retention 

appears to be affected by several factors, including traffic and surface moisture. Wear 

retention peaks generally become higher during the beginning of the modeling period as 

studded tire usage gradually increases. The timing of these peaks is driven by surface 

moisture. Wet surface conditions appear to be timed well with peaks in wear retention, while 

dry conditions are seen to be associated with periods of near-zero wear retention. 

Sink terms are more strongly dependent on surface moisture than traffic parameters. 

Temporal comparisons between increased road wetness and increased dust losses from spray 

and drainage are apparent. Additionally, increased road wetness appears to be associated 

with low suspension. Conversely, dry road conditions appear to be closely timed with low 

spray and drainage, but high suspension, as well as high PM10 levels. 

Relationships between temperature, relative humidity, precipitation, and surface moisture 

are also established. Decreases in RH, and precipitation generally appear to have a direct 

relationship with modeled road wetness. Temperature generally seems to also follow this 

direct relationship, but surface moisture seems to generally be less dependent on temperature 

than other meteorological parameters. 

The impact of exhaust emissions was also included with the model but found to be negligible. 

One model run was completed with baseline inputs, but exhaust emissions excluded. It was 

found that exhaust composed less than 3% of the total average PM10 concentrations, and its 

exclusion from the calculations did not reduce HSL exceedances. 

4.1.1 Model Validation 

The NORTRIP model simulates daily PM10 concentrations. The key indicators evaluated in 

this research are maximum and average PM10 concentrations, and number of HSL 

exceedances (Table 4.1). 

Table 4.1 – Indicators for analysis of modeled results.  

 

The NORTRIP model was first validated against observed data at Grensás. As outlined in 

Table 4.1, the model replicates within 78% and 96% accuracy the maximum and average 

Indicator Description 
Baseline Simulations 

(Kauptún) 

Observed 

(GRE) 

Maximum concentration 

(µg/m3) 

Maximum daily PM10 concentration for the testing 

period 
103.9 µg/m3 84.9 µg/m3 

Average Concentration 

(µg/m3) 

Average daily PM10 concentration for the testing 

period 
20.5 µg/m3 19.7 µg/m3 

Number of HSL 

Exceedances 

Number of days during the testing period where the 

daily average PM10 exceeded the HSL of 50 µg/m3 
20 days 13 days 



48 

concentrations, respectively. The correlation coefficient for all results (excluding New 

Year’s Eve fireworks incidents) is 0.57.  

4.1.2 Exhaust Emissions vs. Non-Exhaust Emissions 

The NORTRIP model can either include or exclude exhaust emissions from the calculations. 

Default NORTRIP settings and previous studies using NORTRIP include exhaust in the total 

modeled outputs. All models presented in this study also include exhaust in the total 

calculations. Consequently, it is important to understand the impacts of exhaust in the total 

modeled outputs, as a high exhaust contribution would influence conclusions about non-

exhaust sources.  

A comparison was made in the baseline scenario between exhaust and non-exhaust 

contributions to PM10 concentrations and HSL exceedances (Table 4.2).   

Table 4.2 – Comparison of exhaust and non-exhaust contributions to PM10 concentrations 

and HSL exceedances. 

 

The NORTRIP model predicts that exhaust comprises approximately 2.5% of the total 

average PM10 concentrations. In addition, the contribution of exhaust during particulate 

matter episodes is predicted as secondary. Excluding exhaust from the totals did not decrease 

HSL exceedances. Average black matter concentrations observed in winter at this particular 

site are on the same order as modeled, and so is the daily maximum (Hrund Andradóttir, 

unpublished data). Recall, however, that exhaust particulate matter is mostly in the fine or 

ultrafine size range and has higher health risks that larger particulates. Since exhaust 

emissions are dependent on traffic counts, they are the same in all other model runs; the only 

exception to this being scenarios where traffic volume was decreased, and in these cases the 

contribution from exhaust was even lower. 

4.1.3 Surface Conditions 

Since surface moisture is of crucial importance to the ability of dust to be generated and 

suspended, empirical relationships were investigated between observed meteorological data 

(precipitation and relative humidity), and modeled surface moisture (Figure 4.2).  

The relationship shows timing of drier and wetter periods are well timed across observed 

precipitation and modeled road wetness. This gives a clear indication that road wetness is 

largely a function of precipitation. The relationship that relative humidity has with road 

wetness is somewhat less direct, however, since rises in relative humidity appear to occur 

just before precipitation events, relative humidity itself may serve as an indicator of surface 

Scenario 
 Daily Maximum  

PM10 (µg/m3) 
Average PM10 (µg/m3) HSL Exceedances (days) 

Exhaust 1.4  0.5 0 

Non-Exhaust 102.7 20.0 20 

Total (exhaust included) 103.9 20.5 20 
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moisture conditions. The timing and scale of periods of lower humidity match well with 

periods of drier surface conditions. 

Relationships were also explored with surface conductivity, which is influenced by salting 

of the road surface. Some road conductivity data was available. It was believed that it may 

have been possible to convert this data into a film of surface water that could be used as road 

wetness input data in the model, or at least that it would be a useful as a general indicator of 

road wetness. There was also interest in whether the conductivity data could be used as a 

more accurate indicator of salting of the roads than the provided salting data described in 

Section 3.2.3. However, it is not possible to utilize this data in these ways. The reason for 

this is because conductivity is influenced by salting, meaning that any road wetness that 

might be indicated by the data is being influenced by salt levels on the road surface, which 

themselves are variable based on multiple meteorological and traffic factors. 

To investigate this, measured conductivity at Kauptún was compared with both salting data 

and modeled road wetness (Figure 4.3). Measured conductivity across the road surface 

occasionally matches the timing of when salt was added to the roads, but not always, and the 

correlation between these datasets was 0.27. This correlation is not high, confirming that 

conductivity is not an adequate indicator of the amount of salt added to the road. Moreover, 

no correlation existed between conductivity and modeled road wetness, indicating that the 

conductivity data could not be used at all for road wetness. It was believed that had surface 

conductivity been a reliable indicator of road wetness, that the model performance could 

have been improved by inputting into the model.  

Figure 4.2 – Relationship between daily modeled road wetness (light blue), precipitation 

(dark blue bars), and relative humidity (red line). Note, for display purposes, modeled road 

wetness and precipitation share the same axis on the left. 
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4.2 Sensitivity Analysis 

The results of different modeled scenarios described in Section 3.3.3 are presented in this 

section. 

4.2.1 Traffic Sensitivity 

Adjustments were also made to traffic data. Decreases in the maximum amount of studded 

tire usage, decreases in traffic speed, and decreases in traffic volume were all investigated. 

Additionally, a scenario was investigated in which all HE vehicles were removed. Results 

indicate that PM10 concentrations are highly sensitive to the usage of studded tires among 

light-duty vehicles (heavy-duty vehicles in Iceland do not use studded tires). When a 

maximum of only 25% of the light vehicle fleet was modeled using studded tires, the number 

of HSL exceedances fell to just four. When studded tires were set to 15%, no HSL 

exceedances were modeled; this was the highest amount of studded tire usage that showed 

no HSL exceedances in the model. Additionally, some sensitivity exists with regard to traffic 

speed and volume. The results can be viewed in Table 4.3 and Figure 4.4. 

Figure 4.3 – Measured conductivity compared with daily salting data (top) and modeled 

road wetness (bottom). (data from IRCA and Samrás). 
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Table 4.3 – Key indicators of model sensitivity to traffic parameters relative to the baseline 

scenario. 

Category Scenario 

Δ Maximum 

daily PM10 

(µg/m3) 

Δ Average PM10 

(µg/m3) 

Δ HSL 

exceedances 

(days) 

Baseline 

Simulation 

Unchanged (46 % Max studded tires; 

~18.9 million vehicles; ~82 km/h) 
104 21 20 

Studded Tires 

40% Max -11 -2 -4 

35% Max -21 -4 -7 

30% Max -30 -6 -10 

25% Max -39 -7 -16 

20% Max -48 -9 -17 

15% Max -58 -10 -20 

0% (studded tires banned) -80 -16 -20 

Traffic 

Volume 

-5% -4 -1 -2 

-10% -7 -2 -3 

-15% -11 -3 -5 

-20% -15 -4 -6 

Traffic Speed 

-5% -2 -1 -1 

-10% -4 -2 -2 

-15% -6 -3 -4 

-20% -9 -4 -6 

Traffic 

Composition 
HE vehicles excluded 0 -2 -2 

The results indicate that of all alterable traffic parameters, the usage of studded tires on light-

duty vehicles has the greatest impact on the generation of road dust (Figure 4.4a). The model 

showed that on average, every 5% reduction in the usage of studded tires resulted in an 8% 

decrease in both dust generation and average PM10 concentrations. Maximum PM10 

concentrations also saw significant reductions. The baseline scenario exhibited a modeled 

maximum PM10 concentration of 104 µg/m3 and 20 days above the HSL. When studded tire 

usage was reduced to a maximum of 25% of the light-duty vehicle fleet, the modeled 

Figure 4.4 – Modeled source and sink rates for different scenarios in (a) maxiumum 

studded tire usage; (b) traffic volume; (c) traffic speed; (d) traffic composition. 
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maximum PM10 concentration dropped by 38% to 65 µg/m3 and only four days above the 

HSL. 

Traffic volume appears to have a nearly linear relationship with reductions in source and 

sink rates of road dust, indicating sensitivity in the model (Figure 4.4b). For every 5% that 

traffic volume was reduced, an approximately 5% average drop in wear retention was shown 

in the model. Suspension and spray rates also drop on average by approximately 6% and 5% 

respectively for every 5% of traffic volume reduction, while drainage rates are nearly 

unaffected. The net result is that average PM10 concentrations drop on average by 

approximately 5% for every 5% reduction in traffic.  

It is important to consider that reducing traffic volume also reduces the number of studded 

tires being used. All traffic volume reductions were completed with 46% of the light-duty 

fleet using studded tires, as represents the baseline case. However, for every 5% traffic 

volume is reduced, the maximum usage of studded tires relative to the baseline maximum of 

46% is reduced by 2.3%. So, for example, when traffic volume is reduced by 15%, this is 

tantamount to an approximately 7% reduction in studded tire usage (to a maximum of 39%), 

which explains why the results of reducing traffic volume by 15% are very similar to the 

results of simply reducing studded tires to a maximum of 40% (Table 4.3). 

Results indicate that adjusting the date at which studded tire season begins has some short-

term effects on road dust generation and suspension, but no long-term effect (Figure 4.5). 

Accumulated dust and PM10 concentrations dropped significantly when compared to the 

baseline scenario for the dates before the beginning of studded tire usage, but quickly 

reverted to matching the baseline scenario after studded tire usage began. This result was 

Figure 4.5 – Comparission of model outputs for studded tire usage beginning on 15 

October and 15 November, subdivided into PM10 concentrations (top) and mass loading 

(bottom). Studded tire omition periods highlighted in the red boxes. 

PM10 Concentrations (µg/m3) 

Mass Loading (g/m2) 
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expected, as the dust on the road surface is constantly being recycled through the various 

sources and sinks.  

The model also shows sensitivity to traffic speed (Figure 4.4c). For every 5% reduction in 

traffic speed, dust generation and PM10 concentrations dropped by approximately 4% on 

average. This also reduced the amount of dust removed from the system by suspension and 

spray, while increasing the amount removed through drainage. The net effect is that more 

dust is available on the road surface for resuspension at the end of the modeling period. 

Finally, a scenario was run in the model where HE vehicles were omitted from the total 

traffic counts, but LI vehicles and studded tire percentages were unchanged. This showed a 

slight reduction in average PM10 concentrations and two fewer HSL exceedances. Wear 

retention was only slightly lower, indicating that the omission of HE vehicles had a minimal 

effect on reducing dust generation, and some effect on dust suspension. 

4.2.2  Road Maintenance and Road Properties Sensitivity 

Adjustments to road maintenance variables and asphalt were also made. The model was 

tested for sensitivity to salting, cleaning, wetting, and asphalt concrete type (Table 4.4). 

Table 4.4 – Key indicators of model sensitivty to road maintenance and asphalt concrete 

type relative to the baseline simulation. 

 

The results indicate that using more salt reduces the frequency of slippery or icy conditions 

on the road by 8%, and results in slightly drier roads overall. Although this results in 

marginally lower peak concentrations of PM10 during episodes of elevated releases, average 

PM10 concentrations are about 5% higher. These changes are generally insignificant, 

showing the model is somewhat, but not strongly sensitive to salting. 

Category Scenario 

Δ Maximum 

daily PM10  

(µg/m3) 

Δ Average 

PM10 

(µg/m3) 

Δ HSL 

exceedances 

(days) 

Δ Wet 

roads 

(%) 

Δ Days with 

road ice      

> 0.1 mm 

Baseline 

Simulation 
Unchanged 104 21 20 53% 38 

Salting 
Salting decreased 50% 1 -1 1 +1% +3 

Salting increased 50% -1 1 2 -1% -3 

Cleaning 

Bi-Weekly (base 

efficiency) 
0 0 0 

No Impact 
Bi-Weekly (10x 

efficiency) 
0 0 0 

Weekly (base efficiency) 0 -1 0 

Weekly (10x efficiency) 0 -1 0 

Wetting 

Wetting 0.2 mm every 

four hours during selected 

dry periods 

-3 -5 -9 +11% +16 

Asphalt 

Concrete 

Hornsgatan asphalt (hpave 

= 0.93; NBM = 6.0) 
-40 -8 -16 

No impact 

Icelandic asphalt  (hpave = 

1.3) (NBM = 6.0) 
-19 -4 -7 

Icelandic asphalt  (hpave = 

1.4) (NBM = 6.5) 
-14 -3 -5 

Icelandic asphalt  (hpave = 

1.5) (NBM = 7.0) 
-9 -2 -3 

Icelandic asphalt  (hpave = 

1.6) (NBM = 7.5) 
-4 -1 -2 
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The results indicate that cleaning has nearly no effect on dust generation and suspension. For 

all modeled cleaning scenarios, the number of days above the HSL never deviated from the 

baseline scenario of 20, and average PM10 concentrations never fell by more than 0.1 µg/m3. 

Even in the most aggressive modeled cleaning scenario of weekly, wet cleaning with 10 

times higher efficiency, the rate of dust removal from cleaning was only 12.6 g/m2/hr, which 

is a fraction of the amounts removed through other means such as suspension, spray, and 

drainage. These results are expected due to the extremely low efficiency of cleaning in the 

default settings of the model; the efficiency of road cleaning in general is poorly understood 

and further studies into its effectiveness may be warranted. 

The results indicate that road wetting during periods of dryness has a significant mitigating 

effect on the ability of road dust to become resuspended (Figure 4.6). Although wear 

retention is slightly higher, the amount of road dust that is removed through spray becomes 

substantial. Artificial wetting during just these two periods caused average concentrations 

for the entire testing period to be reduced by 20%, and the number of days above the HSL 

fell from 20 to 11.  

It should be noted that road wetting only refers to the application of ordinary water to the 

roads. Chemical dust binding is not included in the model. Although salting of the roads can 

secondarily act as a chemical dust binding agent, salting is primarily integrated into 

NORTRIP as a deicing agent. A dedicated subroutine for the application of chemical dust 

binding agents (such as calcium magnesium acetate), is not currently available, and as such 

is not a focus in this study. 

One scenario was also implemented where the type of asphalt concrete used was substituted 

for the type used in the Hornsgatan study. The results indicate that Icelandic asphalt concrete, 

based on the calculations for hpave and W0,roadwear (Equation 3.5, Section 3.3.2), is 

significantly more prone to wear than the type of asphalt concrete used at the Hornsgatan 

site in Stockholm. When applied with all the same traffic and meteorological parameters, the 

Hornsgatan asphalt concrete showed a 38% reduction in average PM10 concentrations, and 

only four days above the HSL. Additionally, the model’s sensitivity to changes in the NBM 

value was tested, as IRCA has recently been utilizing asphalt with a lower NBM. The new 

asphalt has an NBM value of approximately 6.5, while the older Icelandic asphalt has an 

Figure 4.6 - PM10 concentrations for the baseline scenario (top) and the wetting scenario 

(bottom), with periods of added wetting highlighted in blue for comparison. 
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NBM of 7.9 (B. Jóakimsson, personal communication, 26 June 2020); these scenarios 

included no changes to the stone size or the percentage of stones > than 4 mm. The modeled 

results show that the asphalt that has been recently implemented by IRCA may result in a 

13% reduction in average PM10 concentrations, and five fewer exceedances of the HSL. 

4.2.3 Meteorological Sensitivity 

Adjustments were made to meteorological data in order to test the sensitivity of the model 

to various meteorological parameters and compare these results to the baseline simulation. 

Precipitation intensity, frequency, and phase were all tested, as was temperature and relative 

humidity. The results regarding PM10 concentrations can be seen in Table 4.5 and results 

regarding source and sink rates are displayed in Figure 4.7. It should be noted that these 

scenarios are not all real, as meteorological parameters are interlinked with anthropogenic 

activities such as road management and winter tire choice.  

Table 4.5 – Key changes in indicators of model sensitivity to meteorological parameters 

relative to the baseline simulation. 

 

Category Scenario 

Δ Maximum 

daily PM10 

(µg/m3) 

Δ Average 

PM10 

(µg/m3) 

Δ HSL 

exceedances 

(days) 

Δ% Wet 

roads 

Δ Days 

with road 

ice > 0.1 

mm 

Baseline 

Simulation 

507 mm total precipitation; 57% of days; 

  mean temp = 1°C; mean RH = 82%  
104 21 20 53% 38 

Precipitation 

Frequency 

No Precipitation, no plowing or salting 
0 6 7 -15%  -36 

  (P = 0 mm/hr) (RH unchanged) 

Less Freq. Precipitation (455 mm total) 
-2 1 0 -3%  -7 

  (No precip if RH ≤ 95%) 

More Freq. Precipitation (1,248 mm total) 
-33 -13 -16 29%  +54 

  (0.1 mm/hr if P = 0 & RH > 80%) 

Constant Precipitation (475 mm total) 
-102 -20 -20 +47%  +80 

   (P = 0.1 mm/hr) (RH unchanged) 

Constant Precipitation (950 mm total) 
-102 -20 -20 +47%  +92 

   (P = 0.2 mm/hr) (RH unchanged) 

Precipitation 

Phase 

Rain Only, no plowing or salting 
-3 -3 -7 +3%  -38 

     (Tair < 4°C increased to 4°C) 

Snow Only 
-26 -6 -4 +14%  +85 

     (Tair > 0°C decreased to 0°C) 

Precipitation 
Intensity 

P +100% -2 -2 -1 +3% +13 

P +20% -1 -1 0 +1% +2 

P +10% -1 -1 0 +1% +1 

P -10% 0 0 0 0% -6 

P -20% 1 0 0 -1% 0 

P -50% 2 1 0 -2% -11 

Temperature 

Tair -10°C -9 -1 -3 +24% +78 

Tair -5°C 3 -4 1 +9% +68 

Tair -2°C 3 -2 -2 +4% +40 
Tair -1°C 1 -1 -1 +2% +23 

Tair +1°C -2 0 0 -1% -13 

Tair +2°C -2 0 1 0% -26 
Tair +3°C -3 0 0 -1% -29 

Tair +4°C -3 0 0 -1% -35 

Tair +5°C -3 0 0 -1% -37 

Relative 

Humidity 

RH +20% (max 100%) -36 -7 -8 +17% +27 

RH +10% (max 100%) -16 -4 -5 +10% +16 

RH -10% -1 1 4 -5% +3 
RH -20% -1 3 6 -9% +7 
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Results indicate that the model is heavily sensitive to precipitation frequency (Figure 4.7a); 

no precipitation resulted in seven more days above the HSL compared to the baseline 

simulation, while constant precipitation resulted in no days above the HSL. More frequent 

precipitation results in higher rates of dust generation, as well as higher rates of removal via 

drainage and spray when compared to less frequent precipitation. The effects on wear 

retention, spray, and suspension are most significant. Dust accumulation decreased 30% 

from the baseline in the scenario where no precipitation occurred, while it increased 70% in 

the scenario with constant precipitation. In the baseline scenario, 60% of dust was removed 

via spray; for the scenario with no precipitation, removal by spray accounted for 42% (with 

moisture resulting from humidity), and in the constant precipitation scenario accounted for 

89%. Finally, removal by suspension in the baseline scenario accounts for 24% of dust; in 

the scenario with no precipitation, this rises to 49%, and in the scenario with constant 

precipitation, less than 0.1%, meaning almost no resuspension is occurring during constantly 

wet conditions. Precipitation phase showed some sensitivity (Figure 4.7b). Results indicate 

that all precipitation as rain resulted in an overall higher wear retention rate over the baseline, 

which itself had significantly higher wear retention when compared to the all precipitation 

as snow scenario. Drainage, suspension, and spray were all negligibly affected between the 

rain-only and baseline cases. The model also suggested that precipitation as only snow could 

potentially produce fewer PM episodes. However, this scenario did not adjust winter 

Figure 4.7 – Modeled source and sink rates for different scenarios in (a) precipitation 

intensity; (b) precipitation frequency; (c) precipitation phase; (d) air temperature; (e) 

relative humidity. 
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management (plowing and salting) reflected in an increase in icy and wet roads. This may 

not be representative for real life conditions, which would require more plowing and salting 

to ensure road safety. 

The model showed almost no sensitivity to precipitation intensity (Figure 4.7c). Increasing 

the intensity of rainfall events had a slight mitigating effect on PM10 concentrations, while 

decreasing the intensity was slightly detrimental. More intense precipitation resulted in 

slightly higher rates of dust generation, but also resulted in slightly higher rates of removal 

via drainage and spray. This resulted in slightly lower rates of resuspension. Conversely, less 

intense precipitation resulted in lower rates of dust generation, but also lower rates of 

removal via drainage and spray. Nevertheless, the impacts of these adjustments were 

negligible, with average PM10 concentrations only moving ±6% in even the most extreme 

precipitation intensity changes.  

The effects of temperature appear to be complicated and variable (Figure 4.7d). The results 

show that overall wear drops significantly as temperature drops, as does drainage. 

Suspension generally drops as temperatures decrease, but this was not true between each 

temperature decreasing model run. Even more complicated was the sink term for spray, 

which peaked in the -1°C scenario, and decreased as temperatures either increased or 

decreased from there. Generally, the number of days above the HSL decreased compared to 

the baseline scenario when temperatures decreased, except in the model run when 

temperature was decreased by 5°C, when the number of daily exceedances increased to 21. 

Ultimately, temperature appears to be influencing a number of different processes in the 

model, and fully investigating its impacts on PM pollution may require further study. 

Finally results show that dust generation, as well as removal through drainage and spray, 

increases as the air becomes more humid (Figure 4.2e). Conversely, higher RH resulted in 

lower removal through suspension. The net result is that a 20% reduction in RH resulted in 

a 16% increase in average PM10 concentrations, while a 20% increase in RH resulted in a 

32% decrease in average PM10 concentrations. Additionally, higher RH had a high effect 

with regard to reducing the intensity of the peaks during episodes of high PM10 releases.
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5 Discussion 

The goal of this study was to achieve a better understanding of the influences that relevant 

parameters and processes have on non-exhaust emissions and use this information to find 

the best available mitigation practices that could be implemented to control these emissions. 

5.1 Application of the NORTRIP Model in Iceland 

The NORTRIP model was relatively effective at reproducing non-exhaust emissions in the 

Capital Region, particularly with regard to timing, but overall, the model tends to 

overestimate PM concentrations. Using data that most closely resembled conditions during 

the testing period, the modeled baseline simulation at Kauptún achieved an R2 value of 0.57 

when correlated with observed air quality measurements at GRE (Figure 4.1a). Considering 

the spatial variability between Kauptún and GRE, the model was quite effective at capturing 

the timing and relative magnitude of most PM10 releases, however, concentrations of PM 

were generally overestimated, which was evident in that there were 13 observed HSL 

exceedances compared to 20 modeled ones, and in that modeled average PM10 

concentrations were 22% higher than observed. 

Despite the reasonable performance of the model, uncertainties and limitations exist as to its 

effectiveness in this study. Data availability has been the most significant issue, particularly 

with regard to road wetness. As previously discussed in Section 4.1.2, onsite road wetness 

data was not available for this study, and as a result the surface moisture subroutine had to 

be used. In the Hornsgatan study, simulations indicated that using observed road wetness 

values significantly improved the correlation with observed air quality data (Denby & 

Sundvor, 2012). It is likely that model performance would have been significantly improved 

had it been available for this study. 

Another limitation exists in that the model does not differentiate between different types of 

studded tires. There is a myriad of different types of studded tires available on the market, 

and the stud characteristics can vary widely. Stud weight, material, shape, protrusion, 

distribution on the surface of the tire, and number of studs on the tire can all significantly 

influence their capacity to impose wear on the road surface (Angerinos et al., 1999). Since 

reliable data did not exist on the most common type of studded tire used in Iceland, the 

default setting in the model was used. It is likely that model performance could be improved 

by applying studded tire characteristics that are most common in Iceland. 

Although all required data was acquired, and it is of mostly high quality, the lack of an onsite 

air quality monitoring station was problematic. Onsite air quality data is important for 

validating performance of the model. Although the data correlated reasonably well with the 

concentrations observed at Grensás, this comparison is not entirely appropriate due to the 

spatial variability and physical differences between the sites. Model validation would be of 

higher quality if onsite PM10 and PM2.5 data were available. 
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Nevertheless, the results indicate that non-exhaust PM emissions are the primary factor 

causing PM exceedances in the Icelandic Capital Region. Exhaust emissions were shown to 

be negligible in relation to non-exhaust emissions. Other sources of PM were automatically 

accounted for in background data in the model, and these were shown to also be insignificant. 

The model indicated that all exceedances of the HSL were related to non-exhaust vehicular 

emissions. 

5.2 Reasons for High Particulate Matter Pollution 

Initial modeling of the Kauptún site indicated that non-exhaust emissions are problematic in 

the Icelandic Capital Region, as they accounted for all modeled HSL exceedances. Exhaust 

emissions and background concentrations were found not to be contributing factors in HSL 

exceedances in the modeled results, meaning that all exceedances were a result of non-

exhaust emissions. This is not to say that HSL exceedances do not occur from other sources 

(for example, widespread combustion of fireworks on New Year’s Eve often causes HSL 

exceedances in the Icelandic Capital Region), but rather it is demonstrating that non-exhaust 

traffic emissions are the primary source of PM10 throughout the winter season. 

The model shows that studded tires and asphalt type are the most significant factors 

impacting the generation and suspension of non-exhaust vehicular emissions. The most 

drastic reductions in PM10 concentrations were achieved when studded tire usage was 

reduced, either in the form of reducing the percentage of traffic on studded tires, reducing 

total traffic volume, or both. This included significant reductions in the frequency of HSL 

exceedances and indicated that the widespread use of studded tires is the primary cause for 

HSL exceedances in Iceland. Secondarily, by changing the road surface from its current 

characteristics to significantly more durable asphalt concrete, PM concentrations and HSL 

exceedances fell drastically. The biggest factors influencing the performance of asphalt 

concrete in the model appear to be the NBM value, and the percentage of stones > 4 mm. 

This indicates that the type of asphalt concrete used in Iceland may not be sufficiently 

resistant to wear to prevent high PM pollution.  

The model suggested that traffic speed is a secondary reason for pollution, and may be partly 

responsible for more episodic, less gradual releases of PM. Slower moving traffic will not 

be able to induce as much turbulent force on suspendable dust, however slower moving 

traffic also decreases the amount of dust leaving the road through spray. The net result of 

this is that slower traffic results in PM episodes being somewhat less severe, but the tradeoff 

of this is that dust remains on the road surface for longer into the season. Additionally, unlike 

traffic volume, traffic speed does not have a linked relationship with the percentages of 

studded tires. As such, although speed is a contributing factor to PM pollution, its impacts 

are not as substantial as those of studded tire usage and traffic volume.  

In this study, an attempt was made to test the sensitivity of non-exhaust vehicular emissions 

to meteorological conditions. Of particular interest was whether subpolar, oceanic winter 

climates contribute to particulate matter episodes. This task was difficult as meteorological 

and anthropogenic activities are highly interlinked. For example, the slipperiness of roads is 

dependent on meteorology, and slipperier roads lead to increased studded tire usage and 

more winter maintenance such as salting and plowing. Hence, the results should be taken 
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with some caution, and in this section some mechanisms are highlighted that support the 

notion that subpolar, oceanic winter climates are prone to generating PM episodes.  

Subpolar, oceanic climates, as in the Icelandic Capital Region, are characterized as humid 

with frequent, light, year-round precipitation, and a narrow temperature band compared to 

continental climates at similar latitudes. In winter, monthly average temperatures generally 

fluctuate around 0°C, with frequent, but light precipitation (507 mm total water equivalent 

on 57% of days during the winter) and high relative humidity (mean 82%). This is 

considerably different when compared to subpolar continental winter climates at similar 

latitudes, which are characterized by little precipitation (that nearly always falls as snow), 

low relative humidity, and large temperature extremes. 

The NORTRIP model simulations suggest that higher relative humidity overall generates 

more particulate matter, predominantly because PM cannot be removed as easily by 

suspension. Frequent precipitation in the form of rain results in roads often being wet in the 

winter (53% of time). This, combined with air temperatures close to freezing, promotes the 

use of studded tires even though slippery conditions can be managed with plowing and 

salting in urban areas. Road wetness, and to a certain extent road salting, helps bind the dust 

so that it accumulates on the road without being able to become suspended. The model 

predicts  intense, episodic releases of accumulated dust once the road surface dries up. In a 

slightly warmer climate with only rainfall (no snow) and air temperatures above 4°C, 

considerably fewer exceedances of the HSL were predicted, suggesting that winter 

conditions (frost and snow) exacerbate the particulate matter problem. The model was, 

however, not clear on whether a colder, more consistently freezing winter season would 

lower PM. In this scenario, the model suggested that wear retention decreases as the road 

surface is more resistant to wear in frost, but this was partially counteracted by the fact that 

drainage decreases. 

5.3 Road Dust Mitigation Strategies 

There are various strategies that can be applied for mitigating non-exhaust vehicular 

emissions. Mainly these strategies include the reduction of studded tire usage, reduction of 

traffic volume and traffic speed, implementation of road wetting during dry conditions, and 

road resurfacing with more durable asphalt. The effectiveness of these measures can be 

increased by combining them, and specific model runs were completed based on the results 

of the sensitivity analyses (Table 5.1), which is important as the model suggests that no one 

measure can achieve the long-term goal of zero HSL exceedances, with the exception of a 

total ban on studded tire usage.  Combined mitigation strategies can be focused on short-

term reduction of PM10 releases, and long-term reduction of PM10 generation. 
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Table 5.1 – Combined mitigation strategies for non-exhaust vehicular emissions. 

5.3.1 Short-Term Mitigation Strategies 

Since surface moisture is almost entirely dependent on meteorological conditions, surface 

moisture may also be relatively easy to predict with good meteorological forecasts. Periods 

of prolonged road dryness during the winter and spring months are the direct cause of sudden 

and extreme releases of road dust, as the absence of water nearly eliminates the ability of 

dust to remain bound to the road surface. Dry periods are considered high-risk for PM10 

releases. Anticipating dry conditions before they occur may allow authorities to implement 

preemptive mitigating actions in order to stifle the suspension of dust. For example, if no 

precipitation, low relative humidity, and cold conditions are predicted for a multiple day 

period during the winter, it is reasonable to assume that this will lead to dry roads, and 

possibly even a thermal inversion which would keep suspended dust from dispersing. This 

scenario represents conditions when worst-case scenario dust releases could be reasonably 

expected. 

Certain mitigation measures can be implemented when unfavorable meteorological 

conditions are forecasted. Two multi-pronged approaches were tested, one aggressive 

scenario and one moderate scenario (Table 5.1). Temporary reduction and traffic volume 

and speed coupled with the implementation of periodic road wetting resulted in a 35-52% 

reduction in PM10 concentrations during high PM10 episodes, depending on the 

aggressiveness of the measures taken.  

Although each of these mitigation strategies can be somewhat effective on their own, more 

significant mitigation can be achieved when various strategies are combined. Reducing 

Mitigation 

Scenario 
Goal Possible Measures 

Target 

Traffic 

Volume 

Target 

Speed 

Reduction 

Target 

Studded 

Tire Usage 

Average 

PM10 

Reduction 

Total HSL 

Exceedances 

Aggressive - 

Short Term 

Reduced 
Intensity of 

PM10 Episodes 

- Only odd/even license 

plates may drive 
- Temporary speed limit 

reduction 

- Free public transport 
offered 

- Road wetting during dry 

periods 

50% 
reduction 

during 

predicted 
high-risk 

periods 

15 km/h 

(temporary) 
Unchanged 

52% during 
episodes, 

44% overall 

2 

Moderate - 
Short Term 

Reduced 

Intensity of 

PM10 Episodes 
without great 

effect on 

driving habits 

- Mild, temporary speed 

limit reductions 

- Free public transport 
offered 

- Road wetting during dry 

periods 

10% 

reduction 

during 
precited 

high-risk 

periods 

10 km/h 
(temporary) 

Unchanged 

35% during 

episodes, 

33% overall 

5 

Aggressive - 

Long Term 

Zero traffic 

related PM10 

exceedances by 
2029 

- Improvement of public 

transportation system 

- Ban on studded tire 
usage 

Target 

15% 

reduction 
overall 

Unchanged 
Target 20% 

maximum 
50% overall 0 

Moderate - 
Long Term 

Reduced 
Generation of 

PM10 without 

great effect on 
driving habits 

- Improvement of public 

transportation 

- Permanent speed limit 
reductions 

- Reduction in studded tire 

usage  

Target 

10% 
reduction 

overall 

10 km/h 
(permanent) 

Target 25% 
maximum 

49% overall 2 

Road 

Resurfacing 

with studded 
tire & traffic 

volume 

reductions 

Reduction of 

PM10 

generation 

- Resurfacing of main 

roads using asphalt with 

more wear resistant 
asphalt 

- Reduction in studded tire 

usage  

Target 

10% 
reduction 

overall 

Unchanged 
Target 25% 

maximum 
63% overall 0 
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traffic volume and speed during dry periods will reduce the amount of vehicle induced 

turbulence suspending PM10. Implementing road wetting during dry periods will keep roads 

wet and strongly hinder the ability of dust to become suspended. 

There are various methods that could be used to achieve these measures. For reducing traffic 

volume, mandating that only vehicles with license plates ending in an even or odd number 

can drive on an even or odd numbered day, respectively. Additionally, offering free public 

transportation during high-risk periods may entice people to refrain from driving. Traffic 

speed reduction can be temporarily implemented and enforced by the proper authorities 

during high-risk periods. Coupling these measures with an awareness campaign may be 

useful in garnering public cooperation. Finally, maintaining a contingency plan for road 

watering or dust-binding to be conducted on an as-needed basis during high-risk periods may 

be useful. 

It is important to note that short-term mitigation strategies are focused only on reducing the 

suspension of PM10, not the generation. These measures will result in mild reductions in 

PM10 generation, but their primary objective is to reduce releases. 

5.3.2 Long-Term Mitigation Strategies 

Long-term mitigation strategies are focused on the reduction of PM10 generation and can be 

implemented over a number of months or years (Table 5.1). Overall, the long-term strategy 

needs to be focused on reducing the use of studded tires as much as possible; coupling this 

with a decrease in traffic volume would also decrease the overall number of studded tires 

passing over the road surface. In an aggressive approach, an outright ban on the use of 

studded tires, coupled with gradual reductions in traffic volume resulted in as much as a 79% 

reduction in PM10 concentrations. In a less aggressive approach, studded tire use is 

significantly reduced to 25%, traffic volume is maintained at present levels, and traffic speed 

is permanently reduced; this resulted in a 41% reduction in concentrations. Finally, road 

surfacing with a reduction in studded tires could achieve a 40% reduction in PM10 

concentrations. Like with the short-term strategies, the long-term ones will be somewhat 

effective if implemented on their own, but more substantial mitigation can be achieved when 

a multi-faceted approach is taken.  

The long-term reduction of studded tire usage is decidedly the most significant mitigation 

strategy that can be implemented. According to EFLA, studded tire usage has as recently as 

2013 been as low as 32% during the peak of the season, and these low numbers were 

achieved through public awareness campaigns discouraging the use of studded tires (E. 

Sveinbjörnsdóttir & S. Jónsson, personal communication, 13 November 2019). Considering 

that studded tire usage has been as low as 32% in the past and considering EAI’s target of 

achieving zero HSL exceedances by 2029, achieving the modeled target of 20-25% usage 

may be realistic if imposed over a number of years. This could be achieved through the 

implementation of restrictions or taxes on the usage of studded tires, coupled with public 

awareness campaigns, which have been effective in the past. Discouraging drivers from 

buying a new set of studded tires once their current ones are no longer useful, and instead 

buying non-studded winter tires, may also help to achieve this goal over a number of years, 

especially since a set of studded tires tends to conservatively last for a maximum of eight to 

ten years, but more typically only last for three to five. A more aggressive measure to outright 

ban the use of studded tires would alone be a sufficient measure to nearly eliminate HSL 
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exceedances but would likely face significant public backlash (E. Sveinbjörnsdóttir & S. 

Jónsson, personal communication, 13 November 2019). 

It is also important to understand the mechanism behind coupling traffic volume reductions 

and studded tire reductions. As explained in Section 4.2.1, every 5% decrease in traffic 

volume functionally decreases the maximum usage of studded tires relative to the baseline 

scenario by 2.3%. Therefore, a 15% reduction in traffic volume (which approximately 

represents 2016-2017 traffic counts) naturally creates a nearly 7% reduction in studded tire 

usage from current levels, even though the ratio of studded tires to non-studded winter tires 

remains the same. Therefore, coupling traffic volume reductions with reductions in the 

maximum percentage of cars using studded tires would be more effective than implementing 

either of these without the other. Long-term traffic volume reductions could be achieved 

through improvements to the public transportation system, financial incentives for not 

owning a car, carpooling, or most aggressively, restrictions on when certain cars can and 

cannot drive, such as implementing a long-term system of odd/even day driving as described 

in the previous section. 

Road resurfacing would offer significant long-term dust reduction, but its effectiveness 

increases substantially when coupled with reductions in studded tire usage. Road resurfacing 

with the Hornsgatan asphalt resulted in a 40% reduction in emissions; this reduction 

increases to 60% when coupled with aggressive studded tire reduction. The new asphalt in 

use recently by IRCA (with an NBM value of 6.5) was shown in the model to be effective at 

decreasing PM generation and concentrations when compared to the older Icelandic asphalt 

(NBM value of 7.9). The new Icelandic asphalt coupled with a target 25% studded tire usage 

and 10% traffic volume reduction results in a 47% decrease in PM concentrations. 

Ultimately, the more aggressively any of measures can be implemented, especially in 

combination with one another, the more favorable the results will be for dust mitigation. 

Finally, exhaust emissions compose approximately 2.5% of modeled PM10 concentrations. 

While this means that entirely eliminating exhaust emissions through the total conversion of 

the fleet to alternatively powered vehicles would slightly mitigate PM10, the long-term 

effects would be negligible and would not help the Icelandic government meet their goal of 

zero HSL exceedances by 2029.
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6 Conclusions 

Modeling showed that non-exhaust vehicular emissions are the predominant cause of HSL 

exceedances for PM10 in the Icelandic Capital region. Although there exists a myriad of 

processes and variables that impact non-exhaust traffic emissions in cold, maritime urban 

locations, the widespread usage of studded tires is the most significant. Generation and 

suspension of PM is relatively insensitive to most of the parameters tested. Traffic volume 

and speed, road wetting, salting, and cleaning all have some effect, but are negligible 

compared to the impact from studded tires. 

A full moratorium on the use of these tires would likely be an effective means for nearly or 

entirely eliminating the number of exceedances of the HSL in these locations, however, it is 

unlikely that this could be considered a realistic mitigation strategy as such a proposal would 

likely be subject to public backlash. Accounting for this, the results of this study indicate 

that multi-faceted, short and long-term approaches are most appropriate for achieving the 

Icelandic government’s goal of zero HSL exceedances related to non-exhaust vehicular 

emissions by 2029. The most important long-term strategy to pursue is the reduction of the 

usage of studded tires. The utilization of more durable asphalt would likely also be an 

effective long-term strategy. Each of these should be coupled with secondary measures such 

as permanently reduced traffic speed and volume, where possible. Short-term measures 

should include temporary reduction of traffic volume, speed, and the implementation of road 

wetting in anticipation of and during high-risk meteorological conditions.  

Meteorological conditions are highly variable in Iceland’s subpolar, oceanic climate. This 

high variability exacerbates the problem of PM10 pollution. Predominantly, frequent, but 

intermittent light rainfall keeps dust from becoming resuspended while roads are wet, but 

also slightly increases dust generation. As rainfall episodes in Iceland are quite intermittent, 

periods of drying are frequent as well, which explains the significant buildup and subsequent 

sudden, episodic releases of the non-exhaust traffic emissions to which Reykjavík is prone. 

Surface moisture is prone to sudden changes, and these changes directly impact how much 

dust can become suspended into the air, as well as how much can be removed from the 

system by drainage and spray. A more stable climate characterized by steadier, predictable 

periods of precipitation and drying would likely not be subjected to the same high variability 

in surface moisture that is seen in Iceland, and by extension, not subjected to the same 

extreme dust releases. Higher stability in surface moisture conditions means that releases of 

PM10 are more gradual and continuous, and less extreme and episodic.  

Various limitations existed in this study, including the lack of road wetness data, the lack of 

data on the types of studded tires used in Iceland (and the inability to incorporate these into 

the model), and the lack of an onsite air quality monitoring station. Future modeling in 

NORTRIP of non-exhaust emissions in Iceland should focus on finding a site where both 

road wetness and onsite air quality data are available. Further study on the types of studded 

tires used in Iceland and the different degrees to which they affect road wear is 

recommended.   
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Appendix A – Model Inputs at Kauptún 

Model Input Parameters 

Data available at: https://reiknistofnun-

my.sharepoint.com/:x:/g/personal/thorstur_hi_is/EeHeayWMXwpOnpTgD_Y6r08BVaxE4

eDR52GOJLjwXHZaPg?e=bTRSAu&CID=30396a65-e750-efd3-278c-475f9c111dad 

 
Model Input Data 

Data available at: https://reiknistofnun-

my.sharepoint.com/:x:/g/personal/thorstur_hi_is/ESrU8LVd_WZIlQ3DVQQ_WKYBkGv

Y-WPUOoJe6HO-p5o1Yg?e=52chos 

 

https://reiknistofnun-my.sharepoint.com/:x:/g/personal/thorstur_hi_is/EeHeayWMXwpOnpTgD_Y6r08BVaxE4eDR52GOJLjwXHZaPg?e=bTRSAu&CID=30396a65-e750-efd3-278c-475f9c111dad
https://reiknistofnun-my.sharepoint.com/:x:/g/personal/thorstur_hi_is/EeHeayWMXwpOnpTgD_Y6r08BVaxE4eDR52GOJLjwXHZaPg?e=bTRSAu&CID=30396a65-e750-efd3-278c-475f9c111dad
https://reiknistofnun-my.sharepoint.com/:x:/g/personal/thorstur_hi_is/EeHeayWMXwpOnpTgD_Y6r08BVaxE4eDR52GOJLjwXHZaPg?e=bTRSAu&CID=30396a65-e750-efd3-278c-475f9c111dad
https://reiknistofnun-my.sharepoint.com/:x:/g/personal/thorstur_hi_is/ESrU8LVd_WZIlQ3DVQQ_WKYBkGvY-WPUOoJe6HO-p5o1Yg?e=52chos
https://reiknistofnun-my.sharepoint.com/:x:/g/personal/thorstur_hi_is/ESrU8LVd_WZIlQ3DVQQ_WKYBkGvY-WPUOoJe6HO-p5o1Yg?e=52chos
https://reiknistofnun-my.sharepoint.com/:x:/g/personal/thorstur_hi_is/ESrU8LVd_WZIlQ3DVQQ_WKYBkGvY-WPUOoJe6HO-p5o1Yg?e=52chos

