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SUMMARY IN SWEDISH  

Vinterväghållning av vägar syftar till att bevara framkomligheten och 
trafiksäkerheten under vintern. De positiva effekterna av god 
vinterväghållning är värda flera gånger mer än kostnaderna om 
vinterväghållningen utförs på ett effektivt sätt. Miljöpåverkan av 
vinterdriften är kartlagd i flera rapporter och avhandlingar där 
resultaten visat att skador på grundvatten och vegetation kan uppstå 
på grund av användning av vägsalt. En effektivare vinterdrift kan 
stärka vinterväghållningens positiva effekter medan de negativa 
effekterna begränsas. Effektiviseringen kan till exempel ske genom att 
man undviker onödiga åtgärder men också genom att fler eller bättre 
åtgärder genomförs då det finns ett verkligt behov. 
För att styra vinterdriften mäter man vägvädret från mätstationer som 
är utplacerade längs vägarna. Mätningarna informerar dock sällan om 
det rådande väglaget. Istället används mätningarna av vädervariabler 
för att uppskatta risken för halka. För att effektivisera vinterdriften, 
och bättre kunna avgöra när och var man ska göra insatser, efterfrågas 
mer precis och användbar information. I den här avhandlingen 
presenteras flera nya metoder för att mäta vägytans tillstånd. De 
situationer som varit i fokus är isbildning, frost, snö och fukt. Några 
av metoderna använder teknik som infraröda kameror och 
spektroskopi av vilka det pågår utveckling för implementation inom 
vinterväghållning. Även enkla bildbehandlingsmetoder som inte 
kräver någon ny installation av hårdvara på stationerna har utvecklats. 
De olika metoderna har testats på olika skalor från klimatkammare, 
testplatser, längre teststräckor och hela regioner. Implementation och 
vidare forskning kring de presenterade metoderna kan leda till 
effektiviserad vinterväghållning till förmån för miljö och 
trafiksäkerhet. De viktigaste resultaten i avhandlingen kan 
sammanfattas som följer: 

- Infraröd termometri kan användas både för att ge en detaljerad 
beskrivning av vägens temperatur men också för att bestämma väglag. 
En ny metod för att detektera isbildning på vägar med hjälp av en 
infraröd termometer har utvecklats och testats.  

- En genomgång av alla varningar för frost som genererats i Västra 
Götaland under tre vintrar indikerar att de olika typer av mätfel som 
finns i data från vägväderstationer kan få stora negativa konsekvenser 
för effektiviteten inom vinterväghållningen. Förslag på förbättringar 
diskuteras. 

- Snömängder på vägen överskattas ofta då den snömängd som 
uppmäts av nederbördsmätare helt eller delvis smälter när den når 
vägen. En metod som kombinerar bildbehandling med 
nederbördsgivare för att bestämma när snö lägger sig på vägen 
presenteras och testas. 

- Mängd vatten på vägen styr hur mycket vägsaltet kommer spädas ut. 
En sensor som mäter mängden vatten på vägen från driftfordon 
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testades framgångsrikt. Ett föreslaget koncept kan användas för att 
direkt styra doseringen av salt som sprids men också ligga till grund 
till förbättrad prognostisering av väglag. 

- Fuktens variation tvärs över vägen studerades noggrant med hjälp av 
ny sensorteknik. Mätningarna bidrog till att ge en bättre förståelse av 
de processer som reglerar vattenbalansen på vägytan. Trafikens, 
avrinningens och avdunstningens påverkan på olika segment tvärs 
över vägen kunde kvantifieras och kan bli delar av operationella 
modeller för kvantifiering och prognostisering av vägens vattenbalans. 
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ABSTRACT  

Winter road maintenance activities are crucial for maintaining the accessibility and 
traffic safety of the road network at northerly latitudes during winter. Common 
winter road maintenance activities include snow ploughing and the use of anti-
icing agents (e.g. road salt, NaCl). Since the local weather is decisive in creating an 
increased risk of slippery conditions, understanding the link between local weather 
and conditions at the road surface is critically important. Sensors are commonly 
installed along roads to measure road weather conditions and support road 
maintenance personnel in taking appropriate actions. In order to improve winter 
road maintenance, more precise information about road surface conditions is 
essential. In this thesis, different methods for estimation of road weather are 
developed, discussed and tested. The methods use the principles of infrared 
thermometry, image analysis and spectroscopy to describe ice formation, snow 
accumulation and road surface wetness in specific patches or along road sections. 
In practical applications, the methods could be used for better planning of snow 
clearing operations, forecasting of ice formation and spreading of road salt. 
Implementing the proposed methods could lead to lower maintenance costs, 
increased traffic safety and reduced environmental impact. 

 

Key words: winter road maintenance; sensors; infrared thermometry, 
energy efficiency, road salt 

 

1. INTRODUCTION  

1.1 Background to the thesis 
Transportation of goods and humans is one of the foundations of 
modern society. Regardless of whether this transportation takes place 
over land, water or air, the influence of weather is always present. For 
transportation over land, such as on roads, winter conditions are 
important and cause substantial problems, especially in North 
America and Northern Europe. The increasing demand for fast, 
consistent, efficient and reliable transportation has led to winter road 
maintenance becoming an important issue within all means of 
transportation. Further understanding of the relationships between 
winter road weather, transportation and society can increase the 
resilience of communities during even the harshest of winters.  
Governments and transport authorities with responsibility for winter 
road maintenance are constantly striving towards improving their 
efficiency in order to ensure good road availability and safety, while 
limiting the costs and negative environmental impacts. This requires 
creating a balance between costs, traffic safety and the environment. 
The quest for efficiency in winter road maintenance has led to the 
development of so-called road weather information systems (RWIS), 
decision support systems and new methods for salt spreading and 
snow clearing. Increased knowledge about the prevailing road 
conditions can improve forecasting and preventative actions, such as 
the use of anti-icing chemicals, and warn road users in order to 
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decrease the risk of road accidents. The road conditions can be 
observed visually and/or measured with sensors. As the demands for 
safe road conditions and reduced environmental impacts have grown, 
the need for better decision support and measurement data has 
increased.   More accurate and new types of information about road 
surface conditions could improve winter road maintenance. This 
could be achieved by using new methods for making measurements, 
but also by using the information obtained in a more efficient 
manner. Improved winter road maintenance could lower the costs 
and environmental impacts of winter road maintenance, while 
improving the availability and safety of roads. 
Precise and reliable quantification of road surface conditions is a 
challenge for a number of reasons. First, the diversity and range of 
characteristics are very broad and the environment in which the 
measurements have to be made is in most cases very harsh. Second, 
the dynamics and the spatial variability of many variables are complex. 
The measurements thus far have been based on weather stations 
along the roads, which apart from typical meteorological variables 
also measure the road surface temperature. However, during recent 
years advances in measurement technology and wireless 
communication have opened up several opportunities for improving 
road weather measurements. For example, innovative technologies 
for measurement of road conditions at fixed positions, in order to 
determine e.g. the presence of ice and frost, have been developed. 
Unfortunately, these new techniques have not been fully implemented 
worldwide. The same is true for vehicle-based road surface condition 
measurements. Many new techniques have been made available, but 
they have not been fully implemented and tested. The large variety of 
weather situations which can occur, from metres of snowfall to mild 
dewfall, also complicates the picture. Furthermore, the requirements 
for accuracy are very high, since inaccurate measurements might have 
consequences for traffic safety. In efforts to increase the efficiency 
within winter road maintenance, it is important to first determine 
which data and information might be needed and how these data and 
information could be obtained, e.g. through direct measurements or 
by other means. Since the road environment is unique, new methods 
and techniques are often required to provide the appropriate tools 
and means to gather the information needed. The challenge, which to 
a high extent lies in the future, is to find the best possible methods 
and techniques and implement those to get better actual availability 
and safety on the road network, while minimising the costs and 
negative environmental impacts of winter road maintenance. 

1.1.1 Aim and objectives of  the thesis  

The general aim of this thesis was to improve methods for the 
quantification of road weather conditions in order to optimise winter 
road maintenance operations. The approach involved examining 
currently available techniques and devising new techniques for 
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estimation of road weather conditions, and using the results to help 
improve winter road maintenance by strengthening the numerous 
positive impacts of good winter road maintenance while decreasing 
the negative impacts. The specific objectives of Papers I-VI were to: 

- Develop and discuss the feasibility of using infrared thermometers for 
detection of ice formation (Paper I) 

- Investigate how uncertainties in hoar-frost warnings affect the 
efficiency of winter road maintenance (Paper II) 

- Evaluate the possibilities for infrared cameras to be used for 
determining the road surface temperature distribution and road 
conditions (Paper III) 

- Develop a method to estimate snow accumulation at road weather 
stations by combining precipitation sensors with image analysis 
(Paper IV) 

- Assess a method for measuring road surface wetness from 
maintenance vehicles in order to achieve more efficient use of road 
salt (Paper V) 

- Quantify the processes governing road surface wetness on a detailed 
scale across the road (Paper VI). 

The thesis is structured in the following way: A review of the research 
area is given in the remainder of Chapter 1, while Chapter 2 presents 
the materials and methods used in the different studies. Chapter 3 
summarises the most important results, which are further discussed in 
Chapter 4. Finally, the conclusions are presented in Chapter 5. 

1.2 Review of research area 

1.2.1 The importance of  winter road maintenance 

Since the introduction of motorised traffic in the early 1900s, winter 
road maintenance has been an important issue at northerly latitudes. 
A large proportion of all road accidents are weather-related, e.g. in the 
US during 2001, 22% of all accidents were weather-related. 
Furthermore, accidents have been shown to increase sharply during 
snowfall (Edwards, 1996; Andreescu & Frost, 1998; Goodwin, 2003). 
The important and difficult task of winter road maintenance is to 
work for the safety and availability of the road network by reducing 
the negative impacts on transportation efficiency caused by weather. 
While many weather conditions such as intense rainfall, reduced 
visibility and strong wind gusts, which occur in all seasons, seldom 
lead to a total shutdown of road transportation in a whole region, 
winter weather events such as intense snowfall, frost, freezing rain 
and wet cold surfaces can sometimes shut down entire roads. Luckily, 
in contrast to rain and wind, winter conditions can be treated with 
efficient winter road maintenance measures. While the cost of winter 
road maintenance amounts to about 10 billion US dollars worldwide 
each year, the savings due to the reduction of accidents and 
maintained road availability may be even larger. A study performed in 
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the UK concluded that there is an eight-fold return on every one unit 
of currency spent on winter road maintenance (Thornes, 2000). 

1.2.2 Trends in the use of  road salt  

Until the 1940s, road departments relied on ploughing and the use of 
abrasives such as sand and gravel to increase traction. It was not until 
the 1950s that the method of using road salt (NaCl) became more 
commonly used, thus introducing a third method in winter road 
maintenance which is now common in all northern countries (TRB, 
1974). The bare-pavement concept, which means that roads should be 
snow- and ice-free even shortly after storms, has become customary 
in many countries. As a result, the use of road salt in e.g. the US went 
from 1 million tons in 1955 to around 10 million tons 15 years later 
(TRB, 1974). Despite efforts to reduce the use of road salt for 
financial and environmental reasons, the consumption is still 
increasing in the US and now around 20 million tons are used every 
year. A similar increase in the use of road salt has been seen in many 
other countries due to an increased dependency on efficient 
transportation networks. However, some countries such as Sweden 
have managed to reduce their road salt consumption by adopting new 
guidelines, using preventative salt application measures and employing 
road weather information systems to a high extent. As a consequence, 
the use of road salt decreased by 50% in Sweden between 1993 and 
1997. However, about 200 000 tons of road salt are still used in 
Sweden every winter (Trafikverket, 2009).  

Intuitively, the need for winter road maintenance could be expected 
to decrease if there is a change in climate caused by global warming. 
However, research has shown that this would not generally be the 
case. The need for winter road maintenance is dependent not only on 
the absolute temperature and precipitation, but also on the number of 
zero degree passages. While some regions, such as parts of Britain, are 
expected to have a reduced need for winter road maintenance, other 
regions, such as northern Sweden, will experience an increase in the 
number of zero degree passages and thereby also increase in the need 
for winter road maintenance (Andersson & Chapman, 2011; 
Arvidsson et al., 2012). Another important factor is the increasing 
traffic load around many densely populated regions. 

1.2.3 Negative impacts of  winter road maintenance 

While winter road maintenance is crucial for road transportation 
capacity, it is very costly and energy-consuming. Hence, it has a large 
environmental impact. The maintenance actions also have some direct 
negative effects, most of which are related to the use of road salt. 
Over the last two decades, increased knowledge of these negative 
effects has caused the road administration in Sweden to become more 
restrictive in its use of road salt. The road salt is spread from the road 
surface to the surrounding environment, where it can reach the soil 
and groundwater (Labadia & Buttle, 1996; Blomqvist, 1999; 
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Blomqvist & Gustafsson, 2004; Lundmark & Olofsson, 2007; 
Lundmark & Jansson, 2008). Traffic, weather and road properties lead 
to transportation of salt by runoff, ploughing, splash and spray and, 
depending on traffic and weather, this process is more or less 
immediate. Due to the shifts and variability in traffic intensity and 
weather, it is difficult to forecast how long the salt will stay on the 
road surface, but it could be a matter of hours or days. The leaching 
of salt from the road surface to the surroundings is also dependent on 
the form in which the salt is spread. For many years road salt was 
applied as dry grains, but nowadays it is either pre-wetted or dissolved 
in water (brine). Wet salt and brine have a tendency to adhere better 
to the road surface than dry salt. Regardless of the form applied, 
eventually the salt inevitably ends up in the surrounding environment, 
where it affects soil, groundwater and vegetation. The salt also leads 
to corrosion on bridges and vehicles (Vassie, 1984). 

Road salt has varying effects on roadside vegetation such as trees, 
grass and herbs (Liem et al., 1985; Blomqvist, 1998). The effect on 
vegetation is very complex, as it depends on several factors such as 
species, climate and soil. While some plants can benefit from 
increased salinity, the overall consequences for the vegetation are 
negative. The damage to trees such as spruce can be significant and 
can have economic and aesthetic impacts.  

Most of the salt applied to roads eventually reaches the groundwater, 
where it can contaminate groundwater reservoirs used for domestic 
consumption (Williams et al., 2000; Thunqvist, 2004; Novotny et al., 
2008). An increasing number of groundwater reservoirs are likely to 
reach chloride concentrations that exceed the acceptable level for 
domestic use (Howard & Haynes, 1993). The salt affects both soil and 
water chemistry by inducing ion exchange between sodium (Na) and 
primarily magnesium (Mg) and calcium (Ca) (Löfgren, 2001). The 
impact of salt on surface water can be physical, chemical or biological, 
e.g. road salt can increase the concentration of zinc (Zn) and 
cadmium (Cd) in streams (Löfgren, 2001). The salt can also change 
the density gradients in lakes (Bubeck et al., 1971; Diment et al., 1973) 
and thereby affect the circulation and stratification of water, which in 
turn influences the oxygen level at different depths (Judd, 1970). 
Furthermore, road salt causes a shift in aquatic species and lower 
populations have generally been observed as the salt concentration 
increases (Karraker et al., 2008). Water-soluble iron cyanide (Fe(CN)3) 
is widely used as an anti-caking agent in road salt. This creates an 
additional threat to groundwater quality, but it is not known how 
large the environmental impact may be (Paschka et al., 1999). 
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1.2.4 Road weather 

The importance of understanding meteorology and road weather has 
increased since winter maintenance personnel started to request more 
precise information about road weather conditions for planning their 
activities. In order to achieve efficient winter road maintenance, the 
maintenance personnel require information on when and where 
slippery conditions may occur. In best practice, the personnel then 
only need to treat the relevant surfaces with road salt to avoid slippery 
conditions. Road weather information systems started to become a 
concept in the late 1970s after a few decades of road surface 
temperature research (Parrey, 1969; Hay, 1969; Kari, 1976) and a 
stated need for meteorological measurements on roads (Lindqvist & 
Mattsson, 1979). Since then, the RWIS concept has been broadened 
to include not only stations but all data collection, modelling and 
presentation. The availability of meteorological measurement data 
from roads has made it possible to model and forecast the road 
surface temperature and conditions. Several types of modelling 
approaches have been tried, including numerical forecasting (Sass, 
1992), neural networks (Shao, 1998), stretch-wise modelling of 
temperature variations (Bogren et al., 1992, 1999) and modelling based 
on the basic physical processes (Crevier & Delage, 2001; Jansson et al., 
2006). An important issue in modelling road surface temperature and 
conditions has been the large impact of local geographical conditions 
(Gustavsson, 1990; Bogren & Gustavsson, 1991; Karlsson, 2000; 
Bogren et al., 2000; Eriksson, 2001). Some of the factors change over 
time, for example vegetation, while other factors such as the impact 
of bridges and rock cuts on road surface temperatures can be dealt 
with using thermal mapping of a road network and GIS tools 
(Gustavsson & Bogren, 1991; Shao et al., 1996; Shao et al., 1997, 
Gustavsson, 1999). In addition to the physical geography, the 
microclimate of the road surface has to be understood. Road 
microclimatology is a rather small but important research branch 
which states how actual changes in the road surface state develop in 
terms of meteorological processes close to the road surface. A 
number of studies have examined the road surface energy balance, 
temperature distribution and hoar-frost formation and have sought to 
define the road climate ‘room’ (Ashktorab et al., 1989; Chen et al., 
1999; Karlsson, 2000; Bogren et al., 2001; Karlsson, 2001; Knollhoff, 
2003; Almkvist et al., 2005; Jansson et al., 2006).  

The road surface energy and water balance are of key importance for 
understanding road weather. For an overview of the meteorological 
and physical processes that are of the highest importance for winter 
road maintenance, the road surface water balance can be visualised 
(Fig. 1). Water can reach the surface through meteorological 
processes, such as rain, snow, dew or frost, and leave the surface by 
numerous meteorological and physical processes. The numerous 
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Fig. 1. A simplified and conceptual overview of the road surface water balance.  
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phase shifts, such as freezing, melting and evaporation, affect the road 
surface conditions and are thereby processes that must be correctly 
forecasted. The water and energy balance are coupled through 
different latent heat fluxes. Slippery conditions arise depending on the 
water and energy balance of the surface, but also on traffic and 
maintenance actions. The traffic can be treated as a component in 
both the energy and water balance, since each vehicle, depending on 
speed and size, gives a heat contribution and splashes water. Vehicles 
may also transport water from wetter areas to dry areas. Hence, the 
traffic does not necessarily always make a negative contribution to the 
water balance. The traffic also gives rise to mechanical effects on the 
road conditions, such as compaction of snow and wearing of ice 
(Schaerer & Ackley, 1970). The maintenance action contributions can 
be simplified to two types, mechanical removal of snow and 
application of salt. The salt balance of the road is also coupled to the 
water and energy balance, traffic and maintenance actions, and can be 
modelled as a variable (Blomqvist & Gustafsson, 2004). The dissolved 
salt will follow run-off water and splash from traffic, but precisely 
how the salt should be modelled in the most efficient way has not yet 
been determined. It is desirable for the salt to stay on the road surface 
for as long as possible in order to reduce the need for new salt 
applications. Anti-icing actions should therefore not only be planned 
according to the weather, but also with the current water balance and 
traffic as important factors.  

Road surface ice can be defined as a hard, slippery ice surface, which 
could have been formed by freezing of water or compaction of snow 
and frost. Preventative salt spreading before snow, hoar-frost or 
falling temperatures on wet surfaces is therefore the most efficient 
method of ensuring that slippery conditions will not occur and that 
no ice will form on the road. Snowfall is of common interest for a 
community and larger snow storms can often be forecast with 
sufficient accuracy for the road maintenance personnel to be ready 
with snow ploughs. Snowfall is also measured at road weather 
stations, which not only measure the amount of precipitation, but also 
the type. However, snow can fall very locally in between road weather 
stations and this can cause slippery conditions locally if not observed 
by the maintenance personnel. Furthermore, the snow that is detected 
by precipitation sensors often melts on the road surface, either 
because the road is sometimes warmer than the air or due to road salt. 
Hence, when the precipitation sensor implies a need for snow 
ploughing, this is not always the case in practice. Hoar-frost is much 
more difficult to predict and strikes smaller stretches of road 
(Hewson & Gait, 1992). Hoar-frost forms when the road surface 
temperature is less than 0°C and goes below the dew-point 
temperature. Since the probability of hoar-frost formation is 
dependent on local climatological variables such as air humidity and 
road surface temperature, it can form very suddenly and locally. 
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Certain spots, such as bridges, are known to be more exposed to 
hoar-frost and ice formation (Tackle, 1990; Karlsson, 2001). Dew can 
sometimes form on a surface that is warmer than 0°C followed by a 
drop in temperature to freezing. These situations are very dangerous, 
since if there was no precipitation there is a risk that the road will be 
assumed to be dry, both by maintenance personnel and road users. 
While these situations are generally modelled by road weather 
systems, there is a high risk that they will not be detected on some 
smaller parts of the road network. It is a difficult task to model a 
whole national road network correctly down to a scale of tens of 
metres based on a limited number of road weather stations.    

Research has highlighted the problems of adapting conventional 
physical models to describe near road surface boundary conditions 
(Almkvist et al., 2005). However, the majority of the research that has 
been performed has not included the traffic. Traffic is an important 
factor for both the energy and water balance of the surface. Wheel 
tracks also cause differences in temperature and surface conditions 
across the road. Therefore, researchers have started to consider the 
temperature patterns not only along roads, but also across roads 
(Chapman & Thornes, 2011). Problems such as sensor inaccuracy, 
lack of stations, sensors not being installed to represent the road 
surface and a lack of sensors that measure road surface conditions 
such as frost or the amount of water and salt on the road could cause 
the final recommendation or presentation to the maintenance 
personnel to be uncertain. In several countries, maintenance decision 
support systems have been developed with the purpose of translating 
road weather information from RWIS to operational 
recommendations (Petty & Mahoney, 2008). However, it has been 
considered highly important that the connection between 
recommendations and weather remains transparent and that the 
maintenance personnel have a deep understanding of road weather 
processes so that they can make the best interpretation of the decision 
support system used. Researchers from the University of Gothenburg 
have suggested that the future development of RWIS should not 
focus on forwarding the maximum amount of data to the right 
maintenance personnel, but should instead deliver the information 
that is really needed for making the maintenance decision 
(Gustavsson & Bogren, 2007). The same researchers have suggested 
that road users should be connected to the RWIS system, both by 
contributing information and by receiving warnings about slippery 
conditions (Bogren & Gustavsson, 2012). 

1.2.5 Measuring road weather 

The concept of road weather stations and RWIS became popular in 
the 1980s. Sweden, Finland and the UK were among the first 
countries to create an infrastructure with national networks of road 
weather stations. Since then, most countries with cold winters have 
established their own systems and several companies have specialised 
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in developing road weather stations and software to support RWIS. 
Pioneers within the area of road weather determination introduced 
local climate surveys and identified the need for gathering detailed 
local data instead of relying on weather forecasts alone (Lindqvist, 
1975a, 1975b). The concept proposed by Lindqvist during the 1970s 
was that road weather stations should be situated in different 
climatological environments. Bridges, screened road stretches and 
different elevations were viewed as especially suitable for placement 
of road weather stations, since cold spots or more extreme local 
climates could help the RWIS to identify the risk of slippery 
conditions at an earlier stage. 

Some limitations of the early road weather stations have been 
resolved with modern technology. For example, today’s stations can 
communicate over wireless networks and can be powered with solar 
panels. Hence, it is possible to be more flexible in choosing where to 
place weather stations. Some limitations still exist, however. The 
stations only measure single points, whereas  information about road 
stretches is needed. Furthermore, the stations only observe the 
current weather and road surface state, which is not sufficient since 
the aim is to use salt in preventative actions. These two constraints 
are today partly dealt with by the use of computer modelling of road 
stretches, as described in the previous section. In the 1980s, the 
processing power of personal computers was a limiting factor, but 
since then the performance of computers has rocketed and the 
limitations of today’s systems are instead lack of stations, lack of 
measurements of certain variables and measurement uncertainties. 

A road weather station consists of a mast with several sensors 
attached to it at different heights. The fundamental variables 
measured are air and surface temperature, humidity, wind 
(speed/direction) and precipitation (type/amount). Some stations are 
also equipped with specialist road weather sensors which can measure 
surface conditions (dry, wet, ice and snow), visibility and the 
concentration of de-icing chemical on the surface. Several types of 
sensors for installation in the road surface exist and more are under 
development (Troiani et al., 2011; Troiano et al., 2012). In order to 
simplify the installation process, non-intrusive sensors have become 
common. The surface state can be measured using non-intrusive 
sensors by the principle of spectroscopy and the surface temperature 
is often measured by non-intrusive infrared thermometers (Pilli-
Sihvola et al., 2006). The stations also have a data logger for storage of 
data and communication to a central RWIS service for periodic 
transfer of data. The air temperature and humidity are often measured 
with a combined sensor for both variables. Both the temperature and 
humidity are crucial for detecting where hoar-frost might occur. The 
air humidity is sometimes problematic to measure, since the 
measurement element has to be in contact with the air and “breathe” 
it. If the humidity sensor becomes covered with dirt it may measure 
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incorrectly or start to lag. Air temperature is less problematic, since 
the sensor element can be encapsulated. Wind can be measured with a 
three-cup anemometer, but in recent years ultrasonic anemometers 
with no moving parts have become popular. Precipitation is not 
commonly measured with conventional meteorological rain gauges, 
since these are not able to determine the type of the precipitation. 
Instead optical, so-called ‘present’ weather sensors are used. These 
sensors contain no moving parts and can determine the type, rate and 
accumulation of the precipitation. In most cases the present weather 
sensors can also measure the visibility range, which is less important 
for planning maintenance actions but very important in terms of 
traffic safety and warnings to road users through active signs. In 
addition to the sensors, road weather stations are often equipped with 
cameras for remote observation of the road surface. Image analysis 
has been presented as a possible method for interpreting the video 
images and using them to determine the road surface state (Kuehnle 
& Burghout, 1998; Conrad & Foedisch, 2003; Li & Feng, 2009; 
Jonsson, 2011a).   

The requirement for fast, accurate information on road surface 
conditions has prompted the development of sensors specially 
designed for measurements on and around roads. Readily available 
and more accurate information, gathered by road weather stations, 
would enable road maintenance personnel to quickly adapt to 
different situations and take the appropriate action. Development 
work on sensors for RWIS over the past decade has focused on non-
intrusive sensors for road conditions and temperature. Modern road 
surface condition sensors based on the principle of spectroscopy emit 
light towards the road surface in one or several different wavelengths, 
typically in the near infrared spectrum. Depending on the road surface 
status, the light is reflected back to a detector in the sensor and 
thereafter analysed in order to determine whether the surface is dry, 
wet or icy (Pilli-Sihvola et al., 2006; Jonsson, 2011b). Another 
technique uses the fact that light of different wavelengths is absorbed 
differently by dry asphalt, water and snow. To measure this effect, a 
system of laser emitters, photodetectors and signal processing is 
needed (Casselgren et al., 2007). A third method uses a different 
technique where the albedo, the ratio of incoming to reflected light, is 
measured with two pyranometers. This ratio is modulated by 
changing road conditions, making it possible to predict the road 
conditions (Ogura et al., 2002).  A final example of a measurement 
technique for determining the road surface state is image processing, 
where pictures of the road are analysed in order to decide whether the 
road surface is wet or dry (Yamada et al., 2003). Other more 
conventional methods for detecting the road surface state include 
measuring the electrical conductivity to decide whether the surface is 
wet (high conductivity) or dry (low conductivity). 
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Infrared thermometers can be used at road weather stations to 
measure road surface temperature, but can also be mounted on 
vehicles for performing climatological studies, thermal mapping or 
monitoring of salt spreaders on maintenance vehicles (Lindqvist, 
1987; Gustavsson & Bogren, 1990; Gustavsson, 1999). The main 
advantage of using infrared thermometers at road weather stations is 
to make installation and maintenance more convenient and safe. 
Another advantage is that infrared thermometers measure the skin 
surface temperature rather than the temperature a few millimetres 
under the surface, as is the case for in situ sensors. The skin surface 
temperature and the temperature at a few millimetres depth can differ 
significantly, especially during freezing events. However, infrared 
thermometers also have some limitations that road-embedded sensors 
do not have. For example, the atmosphere and sunlight can disturb 
the infrared measurements and if there is traffic congestion the sensor 
may measure vehicle temperature rather than road temperature.  

Today, many cases of slippery road conditions are not detected by the 
RWIS but are reported in by road users, in the worst case after an 
accident has already occurred. Direct observations from road users 
will always be important since no matter how accurately RWIS 
stations can measure the road surface climate, there will always be 
gaps in information, e.g. regarding road stretches with no 
measurement stations nearby. One way of using observations from 
moving platforms in RWIS would be to equip vehicles with sensors 
and communication devices to transmit information about the road 
and traffic to the RWIS. This has been trialled in projects such as 
Slippery Road Information System (SRIS) and IntelliDrive (Mahoney 
et al., 2010; Bogren & Gustavsson, 2012). Tests using sensors on 
vehicles have been conducted in Finland and Sweden (Saarikivi, 2012; 
Casselgren et al., 2012). Another way of using mobile measurements is 
to let maintenance trucks measure the road surface conditions as they 
perform actions. Measurements of e.g. road surface wetness and 
temperature could be used to automatically change the rate of salt 
application, in addition to being communicated to the RWIS. By 
introducing vehicle-based measurements of road surface wetness and 
implementing the measurements into existing RWIS structures, a 
huge information gap could be filled, as measurements are conducted 
in between the existing road weather stations.  
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2. MATERIALS AND METHODS  

2.1. Site descriptions 
The studies reported in Papers I-VI are all based on measurements. 
These measurements were carried out at three types of study sites: a 
climate chamber, field sites and study regions (Fig. 2). The climate 
chamber technique, which was used in Paper I, enables detailed 
studies of freezing processes and measurement principles with as few 
unknown variables as possible. At field sites, the object of study is real 
road surfaces, but processes are studied at a single point. The field 
sites used in this thesis ranged from having no traffic at all (the 
Gothenburg test site used in Paper I), to having optional but sporadic 
traffic (Paper VI) or being in full use (Papers III and IV). The study 
region sites allowed processes to be studied along road stretches or 
whole road networks. This was done in Papers II and V, which used 
the region of Västra Götaland and a smaller region surrounding the 
city of Västerås. 

The winters in the geographical areas covered by Papers I-VI are mild 
considering the high latitudes. The winters are also rather wet due to 
low pressure cyclones frequently coming in over Scandinavia from the 
north Atlantic. Southern Sweden has average temperatures in January 
of between -6 °C and 1 °C, while Denmark has January mean 
temperatures of between -2°C and 4°C. The common zero degree 
passages and precipitation in the form of rain and snow lead to many 
events every year when the roads may freeze. Hoar-frost is also 
common, especially in the autumn and spring.  

2.1.1. Climate chamber 

The climate chamber used in Paper I is a room with dimensions of 
approximately 2 m x 2 m x 3 m. The climate chamber enabled control 
of temperature and cooling rate, which was not possible in the field 
investigation. It allowed the most important variable, the air 
temperature, to be controlled by a cooling aggregate. This made it 
possible to rapidly change the temperature in the room to freezing, as 
well as keeping the temperature stable at different levels. However, it 
was not possible to control air humidity and thereby study all types of 
frost formations that occur on roads. Samples of road surfaces were 
placed on the floor of the chamber and measurements were made on 
these surfaces. The cooling aggregate made it possible to repeatedly 
form ice on the road surfaces.  

2.1.2. Field site: Gothenburg  

The field test site used in Paper I is located near Gothenburg City 
Airport, 10 km north of the city of Gothenburg. The test site was 
established and is maintained by the Swedish Transport 
Administration and Gothenburg University and has been used in 
previous studies of road meteorology (e.g. Almkvist et al., 2005). The 
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Fig. 2. The different sites and regions used in 
Papers I-VI. 
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test surface is situated next to a road in an open area with high grass 
and low bushes. The dimensions of the asphalt surface are 26 m x 26 
m. The measurement site was built with the same methods and using 
same materials as a normal Swedish road. 

2.1.3. Study area: Region of  Västra Götaland  

In order to investigate the possible consequences of inaccuracies in a 
RWIS system, in Paper II a dataset with 30-minute records was 
retrieved from 166 RWIS stations in south-western Sweden. This is a 
subset of the 770 RWIS stations installed in Sweden. Data for the 
period October to April were retrieved from the selected stations for 
the winters of 2007-08, 2008-09 and 2009-10. The area of south-
western Sweden represents temperature conditions with mean winter 
temperatures between -1 and -4 ºC and annual precipitation of 500-
1000 mm (SMHI, 2010).  

2.1.4. Field site: Myggsjön 

The field site Myggsjön used in Papers III and IV is a road weather 
station located 150 km NW of Stockholm. The test site was made 
available for research purposes by the Swedish Transport 
Administration. The road section at the test site has three lanes and a 
daily traffic flow of approximately 4000 vehicles, according to the 
Swedish Transport Administration.  

2.1.5. Study area: Västerås  

The study area of Västerås was used in Paper V for testing the 
concept of equipping maintenance vehicles with sensors for 

Fig. 3. Road maintenance vehicle spreading brine at the 
field site Bygholm in Denmark. 
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measuring road surface water depth. The sensor-equipped vehicle 
operated in a maintenance district surrounding the city of Västerås, 90 
km west of Stockholm, Sweden. The surrounding topography around 
Västerås is characterised by lowland plains (0-50 m above sea level) 
with a mixture of agricultural land, forested areas and dense urban 
areas. The highway E18 running through the town of Västerås has a 
mean daily traffic density of between 26 000 and 46 000 vehicles. Just 
west of Västerås, the national road RV 66, with a mean daily traffic of 
about 9000 vehicles, runs in a north-westerly direction towards the 
town of Surahammar.  

2.1.6. Field site: Bygholm 

A field site in Denmark was used in Papers V and VI. The field site 
Bygholm, which is near the town of Horsen, is an old airport runway 
for small aircraft. After the first measurement period in January 2012 
and before the second measurement period in May 2012, the runway 
was repaved to represent a typical Danish road. A road weather 
information station was built beside the road and equipped with a 
generous amount of sensors. These sensors were of the brand Vaisala 
and included both in situ and non-intrusive sensors for measuring the 
road conditions. It was possible to strongly influence the amount of 
water on the road surface by letting a maintenance truck spread water 
or brine (Fig. 3). The asphalt was very homogeneous after the road 
was repaved and the vehicles used to simulate traffic followed the 
same wheel tracks.  

2.2. Experimental approaches and description of data 

2.2.1. Detection of  ice formation using infrared thermometry (Paper I) 

The measurement technique of infrared thermometry was used in two 
papers: Infrared thermometers were used in Paper I, while an infrared 
camera was used in Paper III. They are both based on the same 

Fig. 4. Cooling 
element used 
in climate 
chamber 
experiments. 
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principle, with the main difference being that the infrared camera 
measures at several points while the thermometer only has a single 
measurement spot. 

The temperature lapse of the road surface during freezing was 
investigated in the climate chamber and at the field site in 
Gothenburg. An infrared thermometer was installed to measure the 
temperature lapse during freezing. In order to achieve a large number 
of freezing events and to enhance the cooling rate on the asphalt 
surfaces, an aluminium cooling element was built and installed in the 
climate chamber (Fig. 4). This consisted of a 12 V-DC Peltier element 
which could efficiently transport heat energy from its top surface to 
its bottom surface. Beneath the element, an additional heat buffer was 
placed to receive and store the heat produced by the Peltier element. 
The cooling element was positioned under a test piece of asphalt to 
control the temperature of the asphalt surface with very high accuracy 
and rate. The infrared thermometer was used to record the 
temperature of the surface at 10 Hz frequency and with a 
measurement spot size of approximately 5 cm. 

At the field site in Gothenburg the test from the climate chamber 
were repeated. However, the cooling element was not used. The 
purpose with repeating the test at the field site was to evaluate of ice 

Fig. 5. Sensor installation layout at test site Myggsjön. The height of the mast is 
approximately 5 m. Air humidity and temperature are typically measured 2 m 
above the road surface. 
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formation could be detected during outdoor conditions with typical 
winter weather.  In addition to an infrared thermometer measuring 
over an area of approximately 1 dm3, a mast with instrumentation was 
situated in the centre of the surface. On the measurement mast, air 
temperature and humidity are measured at heights of 10 cm, 100 cm 
and 200 cm. Wind is measured at 250 cm height on the same mast. 
Road surface temperature was measured with a PT100 embedded 2 
cm below the surface and with two infrared thermometers, both with 
a spectral range of 8-14 µm and a measurement spot size of 
approximately 2-5 cm in diameter. Outgoing and incoming longwave 
and shortwave radiation were measured 1 m above the surface. A 
camera took pictures of the central part of the measurement surface 
every 10 minutes. The surface was illuminated during the night to 
enable analysis of night-time conditions with the camera.  

2.2.2. Road weather station data for warning of  hoar frost (Paper II) 

For the purpose of investigating how uncertainties in meteorological 
measurements for hoar-frost predictions at road weather stations 
affect the efficiency of winter road maintenance, three years of 
regional-scale weather data from 166 road weather stations in the 
region of Västra Götaland were used. These road weather stations 
have the usual equipment according to Swedish standards, with 
sensors for road and air temperature, relative humidity, precipitation 
and wind. Mean values and accumulated precipitation are stored at 
30-minute intervals throughout the entire winter. In addition, each 
station can send warnings if the weather data at the specific station 
indicate a situation which can lead to slippery road conditions. The 
predefined condition for sending frost warnings is when the road 
surface temperature is less than +1 °C and at the same time at least 
0.5 °C lower than the dew-point temperature. These warnings are 
used by road maintenance personnel to decide when and where to use 
preventative salting measures. However, if the warnings are not 
representative of the road conditions, the efficiency and performance 
of winter road maintenance are decreased.   

2.2.3. Infrared thermometry in winter road maintenance (Paper III) 

At field site Myggsjön, an infrared camera was installed to cover the 
whole width of the road with the intention to measure temperature 
differences and patterns over the whole road. The infrared 
temperature measurements were compared with surface temperature 
measurements using surface-mounted Pt 100 temperature probes.  

The infrared camera measurements could be compared to the 
standard RWIS variables including air temperature, relative humidity, 
wind speed, wind direction, precipitation type and amount, and road 
surface temperature (Fig. 5). In addition, images of the road section 
were recorded with a standard colour camera that was capable of 
retrieving black and white night-time images using an IR searchlight. 
The aim was to collect the data as frequently as possible from all the 
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sensors, but when the limitations of the local computer computational 
power and storage space were taken into consideration, the comprise 
that had to be made was that the recording of data from the majority 
of the sensors and the IRcamera had to be at 1-min intervals, the IR 
thermometer at 1-s intervals, and the recording of color camera 
images at 10-min intervals.  

The readings from the IR camera and the IR thermometer were 
compared with the Pt100 ground sensors and the road surface state to 
discover any correlations and connections among the data. The data 
used in this study were collected during the winter period from 
February 2010 to April 2010. 

2.2.4. Image analysis for determination of  road snow accumulation 
(Paper IV) 

The image analysis performed in Paper IV used camera images from 
the Myggsjön field site, located between the cities of Borlänge and 
Ludvika. The camera used was not installed with the purpose of 

 
Fig. 6. Chart describing the method used for determining onset 
of snow accumulation. 
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Table 1. List of conditions for determining onset of snow 
accumulation. The variables avgSTD and avgmean are 
averages of STD and mean values before the onset of 
snowfall 

C1 STD & MEAN increasing  (STD > avgSTD + 8  &  mean > avgmean + 8)  

C2 STD increasing strongly  (STD > avgSTD + 10) 

C3 MEAN increasing strongly (mean > avgmean + 10) 

 

performing image analysis, but was a standard camera with night 
vision to enable supervision of the road surface by maintenance 
personnel. The area is frequently exposed to snowfall and road salt 
application, making it interesting from a research perspective. The 
road has 2+1 lanes, both of which are visible in the camera images. 
The images were cropped in order to exclude the part of the image 
covering the side of the road. In addition to camera images, the 
precipitation was measured with a sensor of brand name OpticEye, 
which is the standard precipitation sensor used at Swedish RWIS 
stations. The OpticEye sensor determines the type of precipitation and, 
in the case of snowfall, reports the output as centimetres of snow 
depth. The images and precipitation data were stored and treated at a 
time resolution of 10 minutes and 30 minutes, respectively. 

A new method was developed in order to determine when snow starts 
to accumulate on a road surface. The method, which is described in 
detail in Paper IV, uses the precipitation sensor and camera image 
information (Fig. 6). The basic principle of the method is an image 
algorithm searching for a change in properties in the image in 
connection with snow fall. Changes in the image properties greyscale 
mean value and greyscale standard deviation are monitored and if 
certain threshold values are exceeded (Table 1), it is concluded that 
snow has started to accumulate on the road surface. The key feature 
of this method is its simple approach, which does not require any 
heavy computation or any other hardware than that already available 
at most road weather stations. 

2.2.5. Road surface wetness variations – landscape scale (Paper V) 

Measurements of road surface wetness were performed on two 
different spatial scales in Papers V and VI. In Paper V, the road 
surface wetness was measured along the road from a maintenance 
vehicle. A non-intrusive sensor using a spectroscopic measurement 
principle was used and the data were time- and GPS-tagged. The 
measurements along roads, which were performed in a maintenance 
district surrounding the city of Västerås, were not always 
representative of the road, since the maintenance vehicle often 
ploughed or salted the hard shoulders or bus stops.  
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The purpose of the measurements was to evaluate a concept for 
maintenance vehicle-based measurements (Fig. 7). In the proposed 
concept the water depth sensor can be used for two purposes. Firstly, 
since the amount of water is decisive for the amount of salt needed to 
reach a specific freezing point, the sensor data can be used to control 
the salt spreader to adjust the salt application rate according to the 
current road surface state. Secondly, the sensor can communicate 
road surface measurements together with GPS coordinates and 
information on maintenance actions performed to the RWIS centre. 
This information can be used for further forecasting, such as deciding 
the time for the next maintenance action.  

2.2.6. Road surface wetness variations – cross-section scale (Paper VI) 

In Paper VI, the road surface measurements were performed across 
the road at the Danish field site (Fig. 8). The same spectroscopic 
instrument was used as in Paper V, but at the Danish field site the 
instrument was installed on a carriage which could be moved across 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Concept for implementation of road condition measurements 
from maintenance vehicles.  
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Fig. 8. The two methods developed for measuring road surface water.  
 

 

the road by one person. In addition, a second method for measuring 
road surface wetness was used. This method was based on absorbing 
the road surface water by pressing circular cotton pods against the 
road surface and measuring the increase in weight corresponding to 
the water surface level (Fig. 8).  

The aim of the measurements was to evaluate the governing factors 
for road surface wetness. These factors are evaporation, run-off and 
traffic induced spray and splash. The measurements from the field site 
in Denmark were used for parameterisation of a physical model for 
road surface wetness which is further described in Paper VI. A 
submodel for traffic was included in order to estimate how much 
water was splashed off the road. The other submodels and the 
conditions for parameterisation of the model are described further in 
Paper VI.  

3. RESULTS  

3.1. Detection of ice formation (Paper I) 
In Paper I, infrared thermometry was used to study the temperature 
lapse as ice formed on road surfaces. During the climate chamber 
experiments, 82 freezing events occurred. They were caused by 
wetting the surface and then cooling it from below with the cooling 
element. In the trials at the Gothenburg field site, only three freezing 
events that could be confirmed by an observer at the site occurred 
during the measurement period. Even though a camera was installed 
at the site, it was difficult to know when the road surface was frozen. 



Measurements for winter road maintenance

 

23 

However, manual observations were made to avoid this problem 
during some cold periods. In general, the temperature measurements 
during the freezing events in both the climate chamber and the field 
followed a specific pattern (Fig. 9 and Fig. 10). The specific pattern 
shown in Fig. 9 was recorded in the chamber. When the cooling 
element was turned on, the temperature started to decrease, but after 
a short period of time a sharp rise occurred. This sudden rise in 
temperature was due to supercooled water freezing, resulting in an 
exothermic reaction equal to 333 J per g water. It is not intuitively 
known that freezing water releases heat, but the reverse endothermic 
reaction of melting is known to everyone who has touched a piece of 
ice. In Fig. 9 the ice melted at 11 minutes and the melting 
counteracted a rise in temperature for two minutes as long as there 
was any ice left. 

The field trial ran from February to April 2009. During this time, 
three natural events of ice formation due to freezing of road surface 
moisture were detected and confirmed by investigating optical camera 
images and by having an observer at the site touch the surface to 
determine whether it was frozen or not. In order to increase the 
opportunities for observing freezing events, water was occasionally 
applied to the surface to ensure it was wet before cold weather was 
expected.  The temperature pattern during a freezing event on 26 
February is presented in Fig. 10. The rise in temperature was similar 
to that observed in the climate chamber (Fig. 9), but the cooling rate 

Fig. 9. The temperature lapse as water freezes on a cooled road surface. 
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 Fig. 10. The temperature signal as ice formed on the asphalt at the field site on 
26 February.  

before and after freezing was much lower, since only natural cooling 
occurred. The temperature rise during freezing on 26 February was 
1.8 °C. At the time freezing occurred on the road surface, the air 
temperature was 0.9 °C at 2 m, 0.4 °C at 30 cm and 0.3 °C at 10 cm 
height above the road surface. This indicates a temperature inversion 
due to radiative cooling of the road surface. It is common for a road 
to become colder than the surrounding air on clear nights and this 
often leads to formation of black ice or hoar-frost. 

3.2. Effects of input errors for warning of frost formation 
(Paper II) 

Approximately 180 000 hoar-frost warnings issued during 2007-2010 
in the Västra Götaland study area in western Sweden were analysed. It 
was concluded that even small errors in the sensors used for hoar-
frost warnings could result in a large amount of false warnings. 
Depending on whether the errors in dew-point and road surface 
temperature data were positive or negative, the outcome was missed 
warnings or false warnings (Fig. 11). For example, a dew-point error 
of <0 °C meant that the sensor had sent an output that was less than 
the true value. This meant that the sensor indicated that the air was 
drier than it actually was, hence underestimating the risk of frost and 
meaning that a frost situation could have been missed (situations D 
and E in Fig. 11). Errors B and C are false warnings which can 
potentially lead to a road stretch being unnecessarily treated with de-
icing agents if maintenance personnel act on the warning. Since the 
dew-point is often overestimated (i.e. indicates wetter air than is 
actually the case for just above the road surface) according to Baad & 
Broderson (2010), the B and C errors will be more common than D 
and E errors. Consequently, the RWIS will more often send out a 
false warning than it will fail to detect a frost situation. 
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Fig. 11. Consequences due to different type of errors in sensors.  
(DP = Dew-point, RST = Road surface temperature) 
 

If the difference between the dew-point and road surface temperature 
were to be exaggerated by 0.1 °C, this would mean that about 10% of 
the warnings sent in those circumstances could be false. This value 
was calculated by comparing the road surface temperature with the 
dew point temperature during the 180 000 hoar frost warnings for the 
region in question. Most hoar-frost warnings are very marginal, which 
consequently leads to small errors having a large impact on the 
number of warnings. Errors of 0.5 °C in the system could cause 
increased costs of approximately EUR 90 000 per winter season for 
the region of south-western Sweden, along with a waste of energy 
corresponding to the cost.  

3.3. Infrared thermometry in winter road maintenance (Paper III) 
During the field work performed at the Myggsjön field station, a large 
dataset of infrared camera images over the whole road width was 
collected. Using these, it was possible to determine that the road 
surface temperature differed between the wheel tracks and the strips 
between the wheel tracks and the hard shoulder. The differences 
varied depending on the road surface conditions, but temperature 
variations of about 1 °C across the road were observed. These 
variations are large enough for the road surface conditions to vary 
significantly, especially if the temperature is near the road surface 
freezing point temperature. Smaller variations in road surface 
temperature were observed when the road was completely covered 
with snow. During wet or slushy conditions, the variations in 
temperature were larger. 

When comparing the temperatures measured with the infrared camera 
and the in situ road surface temperature sensor, which is a resistance 
thermometer of type Pt-100, the temperatures correlated better 
during dry conditions compared with situations with precipitation or 
weather changes. The in situ sensor also responded more slowly than 
the infrared camera during temperature changes.  
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Fig. 12. In the upper part of the diagram temperature outliers 
corresponding to traffic are represented by ‘+’. In the lower part of the 
diagram, the traffic intensity is integrated over time and expressed as 
vehicles per hour. 

The infrared camera images gave a detailed description of the road 
surface temperature during different road conditions. Certain 
patterns, such as wheel tracks being warmer than the rest of the road, 
only occurred during dry conditions. This information, together with 
the correlation between the in situ thermometer and infrared camera, 
was used to distinguish dry conditions from wet, snow and icy 
conditions. 

There was a clear impact of traffic on road surface temperature 
measurement. It was also noted that traffic intensity could be 
estimated from disturbances in the signals from the infrared sensors 
(Fig. 12). This method for traffic detection would be very easy to 
implement into any infrared thermometer or camera. 

3.4. Image analysis for determination of road snow accumulation 
(Paper IV) 

A method for calculating the onset of snow accumulation using image 
analysis is proposed in Paper IV. The method was tested on a dataset 
from the Myggsjön field site. During the measurement period, 
14 events of snowfall were detected and investigated. It was 
concluded that the snow often melted as it reached the surface, either 
due to salt, heat or a combination of both. In those cases where the 
snow partly or completely melted, there was less need for snow 
ploughing than was indicated by the precipitation sensor and thereby 
also by the RWIS.  

The snow settled on the road surface immediately in only three of the 
14 cases, while in the remaining cases the snow partly or completely 
melted (Table 2). In six of the cases it is likely that information about 
snow accumulation would have been of high interest for road 
maintenance and planning of snow ploughing. The difference in 
measured snow accumulation reported by the precipitation sensor and 
by the proposed method was significant and the new data would 
probably have had an impact on how snow ploughing was planned. 
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Table 2. Comparison of sensor and proposed method 
 Onset of snow 

accumulation 
Accumulated  snow (cm) 

 Sensor Image Analysis Sensor Image Analysis 

3/12 23:00 - 2.1 0 

5/12 12:00 15:00 5.5 3.5 

6/12 17:30 18:40 3.1 1.4 

14/12 15:30 15:40 52.4 50.2 

22/1 02:00 02:30 0.7 0.5 

24/1 04:00 05:30 4.3 1.4 

9/2 01:30 03:30 10.9 6.2 

27/2 17:30 18:20 28.4 26.7 

1/3 23:30 00:10 10.0 8.6 

17/3 01:00 03:00 4.1 0.9 

21/3 07:30 08:10 137.5 137.0 

23/3 03:00 04:10 107.3 104.3 

28/3 22:00 06:30 11.5 0 

29/3 19:30 21:20 23.8 17.5 

 

 
Fig. 13 Exemplifying road surface images from 14 December. The greyscale 
mean and standard deviation increased as the snow started to accumulate. 

 

The image analysis method developed in Paper IV uses the brightness 
in the images as a variable. Hence, sunlight or moonlight might 
interfere with the measurements. Other sources of uncertainties 
include heavy fog and snow on the camera lens. The image covered 
all three road lanes and treated them as one single area (Fig. 13). This 
made the method more uncertain than when only one or two of the 
three lanes were covered. A possible solution would be to divide the 
image into segments, each corresponding to a lane. As with other 
non-intrusive measurements, the method will not work if the surface 
is obstructed with vehicles.  
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Fig. 14. Correlation between measured values and reference values of water level. 

 

3.5. Road surface wetness variations – landscape scale (Paper V) 
The spectroscopic instrument for measuring of water depth was 
compared against reference measurements at the field site in 
Denmark and in the laboratory (Fig. 14). The spectroscopic 
measurements correlated well with the reference methods which are 
further described in Paper V. However, it was noted in that the 
spectroscopic instrument underestimated the wetness, especially at 
very low water levels. 

Three data series were studied in detail, two from the larger highway 
E18 and one from the rural road 66. The water level generally varied 
between 0 and 1.4 mm, with larger variations on road 66 compared 
with E18. The data from E18 showed smaller variations compared 
with road 66 but still some marked differences along the road. The 
data from E18 also suggested that the road is generally drier within 
the city of Västerås, which is probable due to higher traffic intensity 
within the city. However, the local climate conditions also varied 
substantially in the landscape and it should be possible to use the data 
on road wetness from mobile sensors to distinguish between the 
traffic and the local climate as governing processes if the 
measurements are designed in a proper way. 

The concept of using vehicle-based measurements for controlling salt 
spreading would only be viable if variations along the road could be 
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detected. The measurement technology helped determine that there 
are indeed variations and that these are significant. Larger variations 
would make the technology more valuable. Comparing a scenario 
where salt is spread in a fixed way with a scenario where salt 
application rate changes according to three different levels with the 
help of the measurement technology, a saving of between 22 and 42% 
salt could be achieved for the roads studied in Paper V. The saving 
would be highest on road 66, since the variation in wetness was larger 
along that road than along the E18. 

3.6. Road surface wetness variations – cross-section scale 
(Paper VI) 

Measurements were conducted during January and May 2012 for 
three consecutive days per month. In January the temperature was 
just above 0 °C, with high relative humidity and several rain events 
(Fig. 15). In May, the temperature was generally between 5 and 20 °C, 
with lower relative humidity but frequent rain (Fig. 15).  

A model was parameterised to describe the road surface water balance 
in a resolution across the road by using the measurements from the 
cotton pods and the spectroscopic instrument. The model 
performance was then described by comparing the coefficient of 
determination (R2) and mean error (bias) for different segments of the 
road (Fig. 16). In January, the R2 values were very high in segments A 
to F across the road. This was partly due to only five measurements 
being performed across the road during that month by using cotton 
pods across the road. The Vaisala sensor measurements were 
performed every 5 minutes during the 3-day measurement period, 
however, these measurement were only performed in a single spot. 
The mean errors in May showed an increasing trend from the road 
shoulder towards the middle of the road, with a tendency for negative 
errors in segment A. This implies that the model would underestimate 
the amount of water in this segment. During the measurements it was 
observed that dirt and particles made it possible for more water to 
adhere to segment A than to the rest of the road, which would explain 
the underestimation of water in the model simulations. At the 
measurements in May, it was observed that the wheel tracks were 
commonly drier than the rest of the road (Fig. 17).  

Six of the nine parameters included in parameterisation of the model 
were selected for presentation (Fig. 18). The most interesting results 
from the parameterisation of different road segments were obtained 
for parameters showing the impact of  traffic and runoff processes. 
The mean values of the traffic parameters in the accepted runs were 
highest in segments C and E. This suggests that traffic is an important 
influencing factor in these segments, but not to the same degree as in 
the other segments of the road. The runoff rate regulating parameter 
“b” showed an increasing trend with larger values towards the middle 
of the road (F), with a significantly higher value in segment F 
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compared with segments A and B. This was explained by the lateral 
outflow of water from the road centre towards the road edge (from F 
to A). Thus, in segment F there was only a single runoff outflow, 
while all other segments had inflow from the segments above them, 
with segments A and B having the highest run off inflow from the 
other segments of the road. The observations and parameterisations 
suggested that the road shoulder should be the wettest part of the 
road due to the lower effect of traffic and to runoff inflow from the 
rest of the road. 

The relative importance of the different transport mechanisms (run-
off, evaporation and traffic-induced splash and spray) varied both 
regarding the different segments (e.g. hard shoulder and wheel track) 
and time period (January and May) (Fig. 19). As expected, the 
evaporation was higher (by 2.5- to 3.5-fold) in May than in January. 
The influence of traffic was larger in the wheel tracks than on the 
hard shoulder, an effect that was especially obvious during the May 
measurement period. Runoff was the most important transport 
mechanism of the three studied in terms of amount of water being 
transported away from the surface.  

 

 
Fig. 15. The climatic situation and accumulated traffic during January 
(left) and May (right). 
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Fig. 16. Performance of accepted model runs in terms of coefficient of 
determination (R2) and mean error (bias) for segment A-F and a measurement 
point for a Vaisala sensor (V).  

 

       
Fig. 17. Wetness measurements with the spectroscopic instrument. The dry-up 
in the wheel tracks is visible in segments C and E. 
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Fig. 18. Distribution of parameters in accepted runs for the May measurements. 
The graphs show min, max and mean. 

 

Fig. 19. The effects of evaporation (the two upper diagrams) and traffic splash 
(the two lower diagrams) on the wetness loss of the road surface. 
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4. DISCUSSION  

4.1. Detection of ice formation (Paper I) 
The results from Paper I show that freezing of water does not always 
begin when the temperature sinks to freezing point. Instead, freezing 
often starts at a temperature significantly lower than the freezing 
point. This is referred to as supercooling, which is the process 
whereby the temperature of a liquid is lowered below its freezing 
point without it becoming a solid. Supercooling is possible when 
there is no presence of a seed crystal around which ice can form. 
While pure water normally freezes at 0 °C, it can be cooled down to -
42 °C without freezing occurring (Debendetti & Stanley, 2003). Very 
deep supercooling can only be achieved by cooling very clean water 
rapidly. However, it has been shown that small degrees of 
supercooling can occur even on road surfaces. In the climate chamber 
and at the field site used in Paper I, dirt and vibrations were present 
to some degree, and both factors can cause a seed nucleus to form 
and thereby trigger ice formation. In a small experiment carried out 
after the main measurement sessions in which where water was 
frozen directly on the clean aluminium surface of the cooling 
elements, supercooling at up to -18 °C was observed.  

The method described in Paper I could be used to detect ice 
formation on roads, simply by pointing an infrared thermometer 
towards the road surface and measuring the temperature with high 
frequency. However, supercooling will not occur if ice is already 
partly present on the road surface. For instance, if a snowfall is 
followed by warm temperatures, partly melting the snow which later 
refreezes, the road surface will never be supercooled due to ice nuclei 
always being present. There will still be an exothermic reaction as the 
water freezes, but it will be much more difficult to detect by just 
studying the temperature signal. A wet road freezing, with no ice 
crystals present as the freezing process begins, is a dangerous but 
rather uncommon situation. In many cases the surface is already 
partly frozen. The experimental setup used in the laboratory, 
including a cooling element to cause a wet road surface to freeze, 
could be used. By analysing the temperature pattern, it would be 
possible to determine the freezing point temperature and thereby the 
salt concentration at the time of freezing. The wet road surface would 
freeze if the temperature of the road surface sank below the freezing 
point temperature and an ice nucleus  started ice formation. The road 
surface freezing point temperature could directly help a road manager 
to decide whether to use de-icing chemicals on a wet road when the 
temperature is falling to below 0 °C. The measurement could be 
performed over an area of about 1 dm2, whereas the currently 
available sensors can only measure in an area of about 1 cm2. 
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4.2. Effects of input errors for warning of frost formation 
(Paper II) 

The measurements for temperature and dew-point, which are 
important for hoar-frost warnings, are often uncertain due to 
measurement errors. Furthermore, the measurements are not 
representative of the road surface, since the air temperature and 
humidity are measured 2 m above the road surface. The humidity can 
be significantly different at the road surface and 2 m above that level 
under some meteorological circumstances (Chen et al., 1999; 
Karlsson, 1999; Almkvist et al., 2005). Research has shown that the 
dew-point can differ by as much as 2 °C between 10 and 250 cm 
height above the road surface (Baad & Brodersen, 2010). Bogren et al. 
(2001) noticed that these differences were larger during changing 
weather and during clear and calm weather than during cloudy and 
windy situations. This could be caused by inversion occurring during 
clear, calm nights, whereby the temperature above the road increases 
with height. The 10 cm dew-point temperatures measured by Baad & 
Brodersen (2010) were generally lower than the 200 cm temperatures, 
which indicates that frost would form at a later time or not at all. 
Other types of errors that can affect the hoar-frost warnings include 
the positioning of road weather stations along the road and 
measurement errors within the sensors themselves. These types of 
errors are further discussed in Paper II, which sought to identify what 
consequences these errors might have for winter road maintenance in 
terms of unnecessary actions and costs. 

Ideally, air temperature and humidity should be measured very close 
to the road surface to represent the surface rather than the 
surroundings. However, this is difficult since humidity sensors are 
sensitive to splash and spray from traffic. The different uncertainties 
in the data from the variables cause corresponding uncertainties in the 
frost warnings. False indications could lead to unnecessary use of road 
salt, while missed indications of road frost could lead to maintenance 
personnel and road users being unaware of potential slippery 
conditions, which could increase the risk of accidents.  

More accurate dew-point measurements closer to the actual surface 
combined with more intelligent frost warnings could reduce the 
amount of unnecessary frost warnings and increase the efficiency in 
winter road maintenance. Road weather stations could potentially also 
be equipped with extra humidity sensors installed at a lower height 
than used today in order to obtain measurements that correspond 
better to the surface conditions. Measurements on more than one 
level would also add detail to the humidity and temperature profile 
over the surface, which could be useful for a more detailed evaluation 
by physically based modelling of the road surface climate. 

The importance of quality control of the measurements should be 
emphasised. Errors in RWIS sensors will propagate through the 
whole system and could ultimately lead to sub-optimal maintenance 
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decisions and forecasts. The warnings are an uncertain indication of 
hoar-frost, since they are based on temperature and humidity in the 
air 2 m above the road surface.  While they are intended to reflect the 
road surface conditions, they are not a direct measurement of the 
frost formed on the road surface. Likewise, problems exist in 
warnings of solid ice formation, as temperature and precipitation are 
often measured but there is no direct information on whether ice has 
formed, especially if salt has been applied to the road. 

4.3. Infrared thermometry in winter road maintenance (Paper  III) 
Infrared thermometry has contributed to understanding the patterns 
of variability in road surface conditions and will continue to do so. 
The temperature distribution across the road is much more 
heterogeneous than has previously been assumed in road surface 
models, in which cross-road temperature variations are generally not 
considered. However, these variations are not only important per se 
but also provide much information about what is happening on the 
road surface, especially during changes in weather and in the traffic 
intensity. Paper III also highlighted the fact that the data provided by 
in situ thermometers differ significantly from skin surface temperature 
measurements and that these differences vary depending on the road 
surface conditions. An infrared thermometer reacts instantaneously to 
a change in road surface temperature, while an in situ thermometer 
always has a certain time lag. This might be important during a 
sudden reaction in road surface temperature that requires an early 
warning of risk of freezing to be sent.  

The method of ice detection on road surfaces described in Paper I 
could not be implemented at the Myggsjön site. The infrared camera 
stored pictures every 10 minutes, hence on too long a timescale to 
follow temperature changes during ice formation in detail. Infrared 
thermometers, which measured at a higher frequency, were used in 
addition to the camera but no freezing event could be identified since 
the road was frequently salted. At this site, slush and snow are 
currently greater problems than ice formation.  

The finding that the temperature pattern on the road surface depends 
on the road surface state raises the possibility of using the infrared 
camera to draw conclusions about the current road surface state. This 
method becomes even more powerful if combined with the other 
weather station sensors, such as the in situ thermometer.  

The proposed method for measuring traffic intensity using infrared 
thermometers could be very useful. The traffic influences both road 
surface energy balance and water balance. Even though it is known 
that the traffic is an important variable, and is used as input in many 
models, measurements of traffic intensity are not currently conducted 
at road weather stations. The reason for this is the cost, owing to the 
fact that conventional traffic measurement methods require 
installations in the road body. By using the principle proposed in 
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Paper III, existing infrared thermometers for winter road maintenance 
could be upgraded to also measure the traffic intensity. Infrared 
thermometers are not much more expensive than in situ thermometers 
but have the major advantage of not requiring the road to be closed 
during installation. This is a great benefit both for road users and for 
the maintenance personnel installing the sensors. 

Several pitfalls and drawbacks were identified during the field studies. 
For example, the temperature signal from an infrared instrument can 
be less reliable during very foggy conditions or during very clear 
conditions with cold sky temperatures. In dense traffic the field of 
view of the sensors would be severely obstructed, which would make 
it difficult or impossible to measure the road surface temperature. 
These situations are very uncommon in the Swedish road network as 
a whole, but could be a problem in densely populated areas. 

4.4. Image analysis for determination of road snow accumulation 
(Paper IV) 

It is important to note that the new proposed method for 
determination of snow accumulation will never report a thicker snow 
depth than the current method where precipitation sensors are used 
alone. However, the method may underestimate the snow depth by 
failing to detect snow accumulation over time. This is a constraint 
when it comes to implementation, since such errors could lead to 
incorrect decision support. However, if the method is further 
developed the inaccuracies could be decreased and the errors reduced 
to an acceptable level. Furthermore, the RWIS should have automatic 
functions for quality control of the data, such as searching for data 
outliers in order for them to be checked manually. The method would 
also fail if the road is already totally covered with snow before new 
snowfall. However, this is seldom the case on roads with regular 
traffic, since the snow is either ploughed or vehicles wear it off in 
wheel tracks.  

The data in Paper IV indicate that information on the time of onset 
of snow accumulation would be useful for planning snow ploughing, 
as input in road condition models and for information on road 
conditions to road users. For example, a variable speed limit system 
could delay lowering the speed limit until the snow started to 
accumulate, instead of at the instant snow starts to fall. That would 
reduce the number of situations where driving speed is unnecessarily 
reduced owing to snowfall.  

Non-intrusive road surface condition sensors could be used instead of 
image analysis, but the data obtained are only representative of small 
points on the road surface and therefore not sufficient for the 
purpose of planning winter road maintenance, where measurements 
over the whole width of the road are desired. The use of camera 
images overcomes the limitation of lack of measurements by directly 
observing the road conditions during snowfall events. On 
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implementing the proposed method, these images could be 
automatically interpreted for use in planning winter road maintenance, 
modelling road surface conditions and applying variable speed limits. 

4.5. Road surface wetness variations (Papers V and VI) 
Measuring road surface wetness is challenging and performing the 
measurements from a moving vehicle even more so. The use of 
spectroscopic instruments seems a suitable approach for controlling 
salt spreading, but much remains to be done in determining the 
accuracy and also the need for accuracy. The need for accuracy is 
dependent on how the data will be used. Not only must the road 
surface wetness measurements be correct, but the salt spreader also 
has to react accordingly and adjust to the correct amount of salt. The 
mechanics will always have a certain time delay. Hence, it will not be 
possible for the equipment to react to very quick changes in road 
surface wetness. It is probably more realistic to assume that the salt 
application rate could be changed every 100 m. In the scenario 
presented in Paper V three crude rates of salt were used, which was 
enough to result in significant savings. This shows that it is 
unnecessary to measure the road surface wetness with very high 
resolution in order to achieve results. The proposed concept is 
promising not only for reducing the amount of salt used in winter 
road maintenance, but also for improving traffic safety. A very wet 
segment of the road would automatically receive a higher salt rate to 
ensure that the salt is not diluted too much. Furthermore, wet 
segments on a generally dry road would be detected and salted 
accordingly. However, the technique can only adjust the salt spread 
according to the current road surface state and is not able to take into 
account possible precipitation or dew formation later on, information 
that has to be supplied by a RWIS today.   

It would have been interesting to know whether the variations 
observed in the data were random or strongly dependent on some 
parameter, for example traffic intensity or type of road surface. The 
measurements, if operational, could be collected by the RWIS to be 
used in road surface modelling and thereby fill the information gap 
that exists between road weather stations. This information would 
probably be very useful, but the downside is that the measurements 
would only be performed when the maintenance vehicle is out in 
action. Systems which use buses or cars to measure the road weather 
would therefore be even more useful for a RWIS if equipped with 
appropriate sensors. It is also important to point out that all countries 
have different regulations, requirements and models for performing 
winter road maintenance. Implementation of the technique would 
therefore be more or less smooth depending on the practices already 
in use. 

The measurements across the road at the field site in Denmark 
showed that variations in wetness are also significant on this scale. 
When measuring across the road, for example by installing an in situ 
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senor in a wheel track or measuring in the wheel track from a 
maintenance truck, the measurement site will influence the results and 
thereby also the maintenance of the road. On the basis of the results 
obtained in Paper VI, it is recommended that the whole cross-section 
of the road is measured.  

Traffic was shown to affect the wetness of the road and should 
therefore be an important part of road surface condition modelling. 
The influence of the traffic differs in the wheel track and the rest of 
the road. The road quality and dimensions, which influence runoff, 
are also very important for how much water can reside on the road 
and how heterogeneously the wetness may be spread. 

5. CONCLUSIONS  

Infrared thermometry is a powerful measurement technique suitable 
both for research and practical use within winter road maintenance. 
Infrared thermometry can be used for efficiently measuring road 
surface temperature and also for detection of road surface conditions 
such as ice formation on a road. Furthermore, infrared thermometry 
can give a more detailed description of the spatial and temporal 
variations in temperature than in situ thermometers. Existing or new 
infrared thermometers or cameras could also be used for measuring 
traffic intensity by a very simple principle. Since infrared thermometry 
still has some limitations from a research and information perspective, 
infrared thermometers would best be used in combination with 
conventional in situ thermometers.   

Measurement errors affecting warnings of frost formation can be very 
costly and lead to inefficient winter road maintenance. More accurate 
dew-point measurements closer to the actual surface, combined with 
more intelligent frost warnings, could reduce the amount of 
unnecessary frost warnings and increase the efficiency of winter road 
maintenance. Conservative estimates show that the costs of winter 
road maintenance could be reduced significantly by adopting new 
measurement principles and guidelines for hoar-frost warnings. 

A method using basic image analysis to determine when snow 
accumulates on the road was developed and tested. The method is 
simple and uses standard equipment potentially available at thousands 
of RWIS sites around the world and is therefore instantly deployable. 

Another new measurement technique was developed to determine 
how the wetness along a road varies. It was shown that measurements 
of variations in wetness can be used to adjust the amount of salt 
spread. The wetness on the road can be modelled using simple input 
of weather data and traffic as regulating factors. The position across 
the road, for example the road shoulder or the wheel track, 
determines the extent of drying because of surface runoff, traffic or 
evaporation. Hence, approaches for modelling or measuring road 
surface wetness can be adjusted to the variability patterns on the road 
surface. The traffic intensity would need to be measured, for example 
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using the technique proposed in Paper III. The two techniques 
(cotton pods and spectroscopy) for measuring road surface wetness 
appear promising for calibrating process-orientated models that can 
be applied to model road networks. 

This thesis presented several different techniques and methods that 
are potentially suitable for practical implementation. However, further 
validation, development and implementation work is needed. In the 
future, RWIS will need better point measurements but it is also clear 
that mobile measurements will play an important role in decision 
support systems for winter road maintenance. Care must be taken to 
use the data and information in the most efficient manner, so that 
maintenance becomes more efficient and the road network becomes 
safer.  
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