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ABSTRACT  

Winter road maintenance activities are crucial for maintaining the accessibility and traffic safety 
of the road network during winters. Common winter road maintenance activities include plowing 
and the use of de-icing agents (e.g. NaCl) to avoid freezing. Effective winter road maintenance 
strives towards keeping the roads free from snow and ice while reducing negative side effects of 
winter road maintenance, such as ground water contamination from road salt. Since the weather 
is decisive for when there is an increased risk of slipperiness, the understanding and continuous 
observation and forecasts of the road weather are of highest importance. Sensors are commonly 
installed along roads to measure road weather conditions to support the road maintenance per-
sonnel in taking appropriate actions. Different types of errors and uncertainties related to sensors 
used for frost warnings along roads have been investigated by using a regional scale dataset from 
south-western Sweden. The results from this study indicate that various types of uncertainties 
originate from both measurements and models which have a significant impact on the winter 
road maintenance efficiency. To provide better information about the road surface conditions, a 
new method for detecting ice formation on roads is presented. Infrared sensors were used to 
detect temperature patterns which may occur when ice formation take place on a road surface. 
The investigations demonstrate the potential to improve winter road maintenance by introducing 
new methods to better describe the road surface conditions. 

Key words: Winter road maintenance; Sensors; Infrared thermometry; Energy efficiency; 
De-icing salt 
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SAMMANFATTNING  

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 visar att skador på grundvatten och skog kan 
uppstå på grund av användning av vägsalt. En effektivare vinterdrift kan stärka vinterväghåll-
ningens positiva effekter medan de negativa effekterna begränsas. Effektiviseringen kan till ex-
empel ske genom att man undviker onödiga åtgärder men också genom att fler eller bättre åtgär-
der genomförs då det finns ett verkligt behov. 

Vägväderinformationssystem (VViS) används i flera länder som ett hjälpmedel för att effektivise-
ra vinterdriften och hjälpa driftansvariga att avgöra när och var vägarna behöver plogas, sandas 
eller saltas. Systemen baseras på meteorologiska mätningar vid vägväder-stationer som är place-
rade strategiskt utefter vägarna. Stationerna mäter variabler som lufttemperatur, vägtemperatur, 
vind och nederbörd men saknar ofta mätningar av det egentliga väglaget eller koncentration salt 
på vägen. Eftersom stationerna står placerade vid vägar där de utsätts för stänk och nedsmuts-
ning påverkas mätnoggrannheten negativt. I denna licentiatavhandling diskuteras hur osäkerheter 
vid mätningarna vid vägväder-stationer kan få konsekvenser för effektiviteten i vinterväghåll-
ningen samt hur nya typer av sensorer som mäter förhållanden på vägytan som exempelvis vä-
gens fryspunktstemperatur kan hjälpa driftansvariga att effektivisera vinterdriften. 

Resultaten indikerar att de olika typer av mätfel som finns i data från vägväderstationer kan få 
stora negativa konsekvenser för effektiviteten inom vinterväghållningen. Möjligheterna till för-
bättringar av vinterväghållningen genom nya metoder samt nya mätsystem är således stora. Be-
hoven av direkta mätningar av t.ex. frostbildning och saltkoncentration har tydliggjorts inom 
denna studie. En ny teknik för detektion av isbildning på vägar presenteras tillsammans med en 
diskussion om hur tekniken kan vidareutvecklas till att även mäta vägytans fryspunktstemperatur. 
Sådan information om vägytans fryspunktstemperatur kan användas av driftpersonal för att 
avgöra när och var en ny saltåtgärd är nödvändig och därmed effektivisera vinterdriften. 
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INTRODUCTION  

Transportation of goods and humans are one 
of the foundations of our society.  Regardless 
if the transports are performed over land, 
water or in the air, the influence from weath-
er is always present.  For transportation over 
land, such as on roads, winter conditions 
have always been an important factor to 
overcome in the northern countries. The 
increasing demand for fast, efficient and 
reliable transportation has led to winter road 
maintenance to become an important task 
for road and transport administrations. Fur-
ther understanding of the relations between 
winter road weather, transportation and the 
society can increase the resilience of our 
communities even during the harshest of 
winters. The aim of his work is to suggest 
and investigate new methods and technology 
to improve present descriptions and deter-
minations of road weather conditions. The 
methods are intended to enhance the nu-
merous positive impacts of good winter road 
maintenance while decreasing the negative. 

Since the introduction of motorized traffic in 
the early 1900’s, winter road maintenance has 
been an important issue in northern coun-
tries. Until the 1940’s, road departments 
relied on plowing and the use of abrasives 
such as sand and gravel to increase traction.  
First in the 1950’s, 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 the 
roads should be snow and ice-free even 
shortly after storms, became customary in 
many countries. As a result the use of road 
salt went from 1 million tons in 1955 to 
around 10 million tons 15 year later in the 
United States (TRB 1974). A similar increase 
in the use of road salt was seen in many 
other countries. One reason for this was that 
society had become more dependent on an 
efficient transportation network. Further-
more, a large part of all road accidents are 
weather related. In the US during the year of 
2001, 22% of all accidents were weather 

related (Goodwin 2003). The important and 
difficult task of winter road maintenance is to 
work for safety and availability of the road 
network by reducing the negative impacts on 
transportation efficiency caused by weather.  
While many weathers such as heavy rain, 
reduced visibility and strong wind gusts, 
which occur in all seasons, seldom leads to a 
total shutdown of road transportation in a 
whole region, winter weather such as heavy 
snowfall, frost, freezing rain and wet cold 
surface often can. Luckily, in contrast to rain 
and wind, winter conditions can be treated 
with efficient winter road maintenance. 
While the cost for winter road maintenance 
amounts to about 10 billion dollars world-
wide each year (Thornes et al 2006) the sav-
ings due to reduction of accidents and main-
tained availability are larger. In UK a study 
was performed which concluded that there is 
an economic benefit of 8£ for every 1£ 
spend on winter road maintenance (Thornes 
2000).  

While the positive effects of winter road 
maintenance are crucial for road transporta-
tion, the maintenance actions also have some 
negative side-effects. During the last two 
decades, increased knowledge about the 
negative effects of the use of road salt has 
caused road administration to become more 
restrictive with the use of road salt. In Swe-
den the use of road salt decreased with 50% 
between 1993 and 1997 by adopting new 
methods and guidelines. Still about 200.000 
tons of salt is used in Sweden every winter 
(Trafikverket 2009). The reasons for adopt-
ing restrictions to road salt are cost, energy 
and environment issues. The road salt im-
pacts road side vegetation (Blomqvist 1998) 
and contaminates ground and surface water 
(Williams el al 2000, Löfgren 2001, Thunq-
vist 2004). The mechanisms of spreading of 
road salt from the road surface to the close 
environment have also been studied (Blomq-
vist 1999, Lundmark & Olofsson 2007, 
Lundmark & Jansson 2008). 

Governments and transport administrations 
which have the responsibility for winter road 
maintenance are constantly striving towards 
improving the efficiency in winter road main-



Mats Riehm  TRITA LWR Lic Thesis 2055 

 

2 

tenance to ensure good availability and safety 
on the roads while limiting the costs and 
negative environmental impacts. This turns 
into a balance act between costs, traffic safe-
ty and environmental issues. The quest for 
efficiency in winter road maintenance has led 
to the development of so called road weather 
information systems, decision support sys-
tems and new methods for salt spreading and 
plowing. Increased knowledge about the 
prevailing road conditions can improve fore-
casting, and preventive actions such as the 
use of deicing chemicals, and warn road 
users and thereby prevent road accidents. 
The road condition can be visually observed 
but also measured with sensors. It is believed 
that more accurate and useful information 
about road surface conditions by using sen-
sors can improve winter road maintenance. 
Improved winter road maintenance could 
lower the financial and environmental costs 
while improving the functionality and safety 
of road networks during winter time. 

Road weather 

The importance of understanding meteorol-
ogy and road weather has increased since 
winter maintenance personnel started to 
request more precise information about road 
weather conditions for planning their activi-
ties. To achieve efficient winter road main-
tenance the maintenance personnel looks for 
information on when and where slippery 
conditions can occur, in best practice the 
personnel can then treat the surface with 
road salt to avoid slippery conditions. Road 
Weather Information Systems (RWIS) 
started to become a concept in the late 
1970’s after a few decades of road surface 
temperature research (Parrey 1969, Hay 
1969, Kari 1976) and a stated need for me-
teorological measurements on roads (Lindqv-
ist & Mattsson 1979). Since then, the RWIS 
concept has been broadened to include not 
only the stations but data collection, model-
ing and presentation. The availability of 
meteorological measurement data from roads 
made it possible to model and forecast the 
road surface temperature and condition. 
Several types of modeling approaches have 
been tried, including numerical forecasting 

(Sass 1992), neural networks (Shao 1998), 
stretch-wise modeling of temperature varia-
tions (Bogren et al 1992, 1999) and modeling 
based on the basic physical processes (Crevi-
er & Delage 2001, Jansson et al 2006). A 
large issue with modeling of 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 on road 
surface temperatures from bridges, rock cuts 
can be dealt with by using thermal mapping 
of a road network and GIS-tools (Gustavs-
son & 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 impor-
tant research branch which states how actual 
changes in road surface state develop in 
terms of meteorological processes close to 
the road surface. Several studies have been 
conducted in this area to study the energy 
balance, temperature distributions, hoar frost 
formation and 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 2006). For an overview of which 
processes are of highest importance for 
winter road maintenance the road surface 
water balance can be visualized. Water can 
reach the surface as rain, snow or frost and 
leave the surface by numerous meteorologi-
cal and physical processes (Fig. 1). The nu-
merous phase shifts, freezing, melting evapo-
ration etc. affect the road surface condition 
and are thereby process that should be con-
sidered, observed or modeled. 

Recent research has highlighted the problems 
of adapting conventional physical models to 
describe near road surface boundary condi-
tions (Almkvist el al 2005). Almkvist per-
formed thorough measurements of the road 
surface climate room and stated that the 
measurements by meteorological stations 
along the roads, during some circumstances,  
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Fig. 1 A simplified and conceptual overview of the road surface water balance.
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reflected the surroundings rather than the 
road surface as indicated by previous re-
search (Bogren et al 2001). As road surface 
temperature models and forecasting become 
more and more detailed in respect to spatial 
and temporal resolution, the driving data 
from the road weather stations might soon 
become one of the limiting factors. Prob-
lems, like sensor inaccuracy, lack of stations, 
sensors not being installed to represent the 
road surface and the 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 include many weaknesses. In several coun-
tries, maintenance decision support systems 
have been developed with the purpose of 
translating road weather information from 
RWIS to operational recommendations. 
However, it has been considered of great 
importance that the connection between 
recommendations and weather is transparent 
and that the maintenance personnel have a 
deep understanding of road weather 
processes to make the best interpretation of 
the used decision support system. 

Instrumentation 

The requirement of exact, accurate and fast 
information on the road surface condition is 
the incentive for development of sensors 
especially designed for measurements on and 
around roads. Fast and more accurate infor-
mation, gathered by sensors, will enable road 
maintenance personnel to quickly adapt to 
different situations and take the appropriate 
action. Today, many situations of slippery 
road conditions are not detected by sensors 
but reported in from road users, in worst 
case after an accident has already occurred. 
Direct man made observations from road 
users will always be of importance since, no 
matter how good quality RWIS-stations can 
measure and predict the road surface climate, 
there will always be gaps of information such 
as road stretches with no measurement sta-
tions nearby. Meteorological sensors, which 
are often used in winter road maintenance, 
are also used in various other fields. The 
World Meteorological Organization (WMO) 

is an important forum for meteorology and 
meteorological measurements. Instrumenta-
tion and sensors, specialized for winter road 
maintenance are discussed in different fo-
rums such as in the Standing International 
Road Weather Commission (SIRWEC).  

RWIS-stations have special requirements, for 
sensors. This is due to several reasons. 
Firstly, sensors on RWIS-stations are sup-
posed to indicate slippery conditions on the 
road surface. However, the traffic makes it 
difficult to install and maintain sensors in-
stalled on the surface which has led to the 
development of non-intrusive sensors 
mounted at the side of the road. Secondly, 
the road environment is generally contami-
nated with spray and splash from the traffic 
as well as air emissions from the vehicles. 
This makes it difficult to maintain the sen-
sors. Scheduled cleaning, calibration and 
maintenance will be required to maintain 
sensor accuracy. Traditionally, road surface 
weather conditions have not explicitly been 
measured directly. For example, road frost 
formation has been indicated by measuring 
and relating road surface temperature and air 
humidity rather than being directly detected 
with a sensor measuring the actual deposition 
of frost. Road ice formation has commonly 
been indicated by measuring wet precipita-
tion and observing decreasing road surface 
temperatures without taking the presence of 
road salt into account. Generally, and as in 
the case of the Swedish RWIS, the presence 
of road salt on the surface has not been 
measured which means that it has been very 
difficult to know exactly when and where a 
new salt application is needed.  Models for 
distribution and runoff of road salt has been 
developed but in order for such models to be 
further developed, measurements of salt 
conditions on the road surface has to be 
undertaken by using automatic sensors or 
manual measurements (Blomqvist & Gus-
tafsson 2004). Hence, there is a need for 
such instrumentation techniques to improve 
winter road maintenance and get better input 
data to the models and decision support 
systems. 

Several sources of errors for RWIS station 
sensors measurements are obvious. For the 
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―simple‖ air temperature, which is a funda-
mental variable in meteorology, errors can be 
inherent from the sensor itself but also, and 
even more commonly, from how the sensor 
is used or positioned (situational errors). 
Temperature probes mostly have very good 
measurement accuracy and precision accord-
ing to the datasheet, for example +-0.3 °C 
and with a precision better than 0.1 °C. 
However, that accuracy is under laboratory 
conditions for a recently calibrated sensor. 
Errors inherent from the sensors itself in-
clude non-linearity, drift and lack of repeata-
bility. For temperature probes these errors 
are mostly small. Nevertheless, temperature 
sensors must be sheltered to avoid the risk of 
direct sun radiation on the sensor; the air 
inside the shelter must however be repre-
sentative of the surrounding air which can be 
achieved by aspirating the shelter with a fan. 
According to WMO 2008, a badly designed 
shelter without forced aspiration can lead to 
temperature errors of up to 3 °C. Nearby 
heat sources or sinks may also cause the 
temperature measurements to become non-
representative for the area it is supposed to 
represent. For example, nearby buildings, 
land-water boundaries, hills and vegetation 
will affect the temperature readings. It is 
therefore important to consider the spatial 
representation of the sensor. If the RWIS-
station is placed in a deep valley the mea-
surements will only have a local validity, 
specific for that position.  The same is true 
for placement of road surface temperature 
sensors; the position and depth of the tem-
perature probe in the asphalt will affect the 
representability of the measurements. 

Development of new measurement tech-
niques, which is an important foundation for 
RWIS, is mostly done by private companies. 
However, the demand for new innovative 
equipment from road administrations which 
measure more than just standard meteoro-
logical variables stimulated research and 
development. Recently, new sensors for 
measuring road surface state condition has 
been introduced (Finkele 1997, Meindl et al 
2006, Casselgren et al 2007). Sensors for road 
surface conditions such as detecting moisture 

and ice have also been used to estimate fric-
tion values (Holzwarth & Eichorn 1993). 
Philli-Shivola et al (2006) successfully tested 
a non-intrusive road surface condition sensor 
as well as a non-intrusive road surface tem-
perature sensor.  One of the most important 
variables for improving the efficiency in 
winter road maintenance has been identified 
as the road salt concentration which is close-
ly related to the freezing point temperature. 
Numerous techniques have been introduced 
to try to estimate the road salt concentration 
by using road installed passive conductivity 
sensors, active sensors which try to freeze 
the road surface as well as adding fluores-
cence chemicals to the de-icing agents for 
enabling detection (Hammond et al 2006). 

Several of the newly suggested techniques 
have not been implemented for operational 
use. In many cases this is because of lack of 
accuracy, high price or lack of redundancy in 
the harsh road weather environment.  Un-
derstanding on how to develop, implement 
and use RWIS-station sensors must be built 
on micro-meteorological principles, under-
standing of local climatology, road construc-
tion and winter road maintenance practice. 
An important question is to find out the 
spatial representation before installations of 
new sensors are made. How can the mea-
surements become used by decision support 
systems or directly by maintenance person-
nel? What kind of information is requested 
to improve the efficiency in winter road 
maintenance? Those are all questions to 
consider when RWIS-stations are reviewed 
for a new generation of sensor development. 

Scope of this thesis 

The overall aim of this research project is to 
find new methods and techniques to contri-
bute to improving the current winter road 
maintenance. Improved winter road main-
tenance will lead to increased traffic safety, 
reduced costs and reduction of the negative 
impacts to the environment. In this thesis, 
new methods, and measuring principles, for 
roads will be presented and discussed. The 
main focus is the detection of frost and ice 
formation. 
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In Paper I the need for accurate road weath-
er station measurements was highlighted. In 
this paper, it was evaluated how reduced 
accuracy in road frost warnings might affect 
the energy consumption. Numerous errors 
and uncertainties related to frost warnings in 
road weather information systems were iden-
tified. The errors in frost warnings can be 
related to a loss in winter road maintenance 
efficiency. Paper I, which is a manuscript 
submitted to Meteorological Applications in 
November, was co-written together with 
Lina Nordin at Gothenburg University who 
performed the energy calculations and spatial 
analyses. 

A new innovative method for direct detec-
tion of ice formation on roads by non-
intrusive temperature measurements was 
presented in Paper II which is a manuscript. 
The further development of the method to 
describe also road surface freezing point 
temperature (road salt) is discussed in this 
thesis.  

 

METHODS AND DATA  

The measurements presented in this thesis 
have three different origins. A field trial was 
conducted at the test site near Gothenburg, 
Sweden, to study ice formation on a road. 
These investigations were compared to well 
controlled measurements in a climatic cham-
ber at Gothenburg University. Large 
amounts of data were collected in these two 
environments. In addition to the measure-
ments of ice formation, a large regional data-
set from the Swedish RWIS was used. This 
dataset represents 3 years of measurements 
from approximately 166 road weather sta-
tions in south-western Sweden. 

Climate chamber 

The climate chamber is a room of approx-
imately 2x2x3 meters in dimensions. The 
climate chamber enabled a control of tem-
perature and cooling rate which was not 
possible in the field investigation. The most 
important variable, the air temperature, could 

 
Fig. 2 Cooling element used in climate 
chamber experiments. 
 

be controlled by a cooling aggregate. This 
made it possible to rapidly change the tem-
perature in the room to freezing as well as 
keeping the temperature stable at different 
levels. However, it was not possible to con-
trol 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 room and measurements were 
conducted on these surfaces. The climate 
chamber made it possible to repeat ice for-
mation on road surfaces.  To enhance to 
cooling rate on the asphalt surfaces an alu-
minum cooling element were build (Fig. 2). 
The cooling element consisted of a 12 V-DC 
Peltier element which could transport heat 
energy from its top-surface to its bottom-
surface efficiently. Beneath the element, an 
additional heat buffer was placed to receive 
the heat produced by the Peltier element. 
The cooling element was positioned under a 
piece of asphalt to control the temperature of 
the asphalt surface with very high accuracy 
and rate. An 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. 

Test site 

The test site is located near Säve Airport 10 
km north of Gothenburg. The test site has 
been established and maintained by the Swe-
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dish Transport Administration and Gothen-
burg University and has been used in pre-
vious studies of road meteorology (Almkvist 
et al 2005). The test surface is situated next 
to a two lane road in an open area with high 
grass and low bushes. The dimension of the 
asphalt surface is 26x26m. The measurement 
site was built with the same methods and 
using same materials as a normal Swedish 
road. A mast with instrumentation is situated 
in the center of the surface. In addition to 
this mast a normal road weather station is 
situated just next to the test site at the by-
passing road. On the measurement mast, air 
temperature and humidity were measured at 
heights of 10 cm, 100 cm and 200 cm. Wind 
was measured at 250 cm height in the same 
mast. Road surface temperature was meas-
ured with a PT100 embedded 2 centimeters 
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 long and short wave radiation 
were measured 1 meter above the surface.  A 
camera was taking pictures of the central part 
of the measurement surface every 10 mi-
nutes. The surface was lighted during the 
night to enable analysis of night time condi-
tions with a camera. 

Regional scale data 

For investigating of possible consequences of 
inaccuracies in a RWIS system, a complete 
dataset with 30 minutes records was retrieved 
from 166 RWIS stations in south-western 
Sweden. This is a subset of the 770 RWIS 
stations installed in Sweden. Data between 
the months of October to April was re-
trieved from the stations for the winters of 
2008-08, 2008-09 and 2009-10. The area of 
south-western Sweden represent temperature 
conditions with mean winter temperatures 

between -1 and -4ºC and annual precipitation 
of 500-1000mm (SMHI 2010). The Swedish 
RWIS also adds frost warnings when the 
road surface temperature is at least 0.5 de-
grees below the dew point temperature, 
corresponding to the ambient air humidity at 
the same time as the road surface tempera-
ture is 0.9 °C or below.  These warnings are 

made to provide the maintenance personnel 
with information useful to plan actions due 
to the potentially slippery conditions. 

 

RESULTS  

Effects of sensor errors on winter road 

maintenance (Paper I) 

The effect of different types of errors in 
sensors used for warning of frost formation 
are discussed and estimated in Paper I. The 
three variables measured for estimating the 
risk of frost are air temperature, relative 
humidity and road surface temperature. Dif-
ferent types of errors were identified for 
these variables. Each variable has their typi-
cal errors in the measurements. Ideally, air 
temperature and humidity should be meas-
ured very closely to the road surface to 
represent the surface rather than the sur-
roundings. However, this is difficult since 
humidity sensors are sensitive towards splash 
and spray from traffic.  The different uncer-
tainties in the data from the variables are 
causing correspondent uncertainties in the 
frost warnings. False indications might lead 
to unnecessary use of road salt, while missed 
indications of road frost might lead to main-
tenance personnel and road users being 
unaware of potential slippery conditions 
which might increase the risk of accidents.  

In western Sweden during 2007-2010, there 
were 178547 frost warnings analyzed. It was 
concluded that even small errors in the sen-
sors used for frost warnings could result in 
many false warnings. For example, if the 
difference between the dew point and road 
surface temperature were exaggerated with 
0.1 degree it would mean that 10.3% of the 
warnings sent during those circumstances 
could be false. Errors of 0.5 degree in the 
system could cause increased costs of ap-
proximately 90000 EUR each winter for the 
region of south-western Sweden along with a 
waste of energy corresponding to the cost. 

It was concluded that more accurate dew 
point measurements closer to the actual 
surface combined with more intelligent frost 
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warnings could reduce the amount of unne-
cessary frost warnings and increase the effi-
ciency in winter road maintenance. Road 
weather stations could also be equipped with 
extra humidity sensors installed at a lower 
height than used today to get measurements 
that corresponds better to the surface condi-
tions. Measurements on more than one level 
would also add to a humidity and tempera-
ture profile over the surface which could be 
useful for a more detailed evaluation by 
physical based modeling of the road surface 
climate. 

The importance a quality control of the mea-
surement was emphasized. Error in RWIS 
sensors will propagate through the whole 
system and might in the end cause a sub-
optimal maintenance decision. Frost warn-
ings are uncertain indication of frost since 
they are based on temperature and humidity 
in the air 2 meters above the road surface.  
Even if they are intended for the road sur-
face conditions they may fail since they are 
not a direct measurement of the frost formed 
on the road surface. Likewise problems exists 
for warning of solid ice formation, often 
temperature and precipitation is measured 
but we don’t really know if ice have been 
formed, especially if  road salt have been 
applied to the road. 

 

Detection of road ice formation by 

infrared thermometry (Paper II) 

In paper II infrared thermometer were used 
to study the temperature lapse as ice formed 
on road surfaces. During the climate cham-
ber experiments, 82 freezing events occurred. 
They were caused by wetting the surface and 
then cooling it from below with the cooling 
element. In the field trials at Säve airport 
only 3 freezing events occurred during the 
measurement campaign which could be 
confirmed by an observer at the site. Even 
though a camera was installed at the site, it 
was tricky to know when the road surface 
was frozen. However, manual observations 
were made to avoid this problem during 
some cold periods. In general, the tempera-
ture measurements during the freezing 

events both in the climate chamber and in 
the field followed a specific pattern (Fig. 3).  
The specific pattern in the figure shown was 
recorded from the chamber. When the cool-
ing element is turned on, the temperature 
started to decrease, but after a short period 
of time a sharp rise occurred. The sudden 
rise in temperature is due to super cooled 
water freezing resulting in an exothermic 
reaction equal to 333 J per gram water. It is 
not intuitive that freezing water releases heat 
but the reverse endothermic reaction of 
melting is known to everyone who has 
touched a piece of ice. In this experiment the 
ice melts after 11 minutes. The melting coun-
teracts a rise in temperature during two mi-
nutes as long as there is any ice left. 

The results show that the freezing process of 
water does not always begin when the tem-
perature sinks to its freezing point. Instead, 
the freezing often starts at a temperature 
significantly lower than the freezing point. 
This is referred to as the principle of super-
cooling which is the process when the tem-
perature 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 which ice can form 
around. While pure water normally freezes at 
0 °C it can be cooled down until -42 °C 
without freezing to occur (Debendetti & 
Stanley 2003). A 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. Both in the climate cham-
ber and at the field site dirt and vibrations 
were present to some degree, both factors 
which can cause a seed nucleus to form and 
thereby trigger ice formation. A small expe-
riment carried out after the measurement 
campaigns where water was frozen directly 
on the clean cooling elements aluminum 
surface showed rates of supercooling of up 
to -18 °C. The method could be used to 
detect ice formation on roads, simply by 
pointing an infrared thermometer towards 
the road surface and measuring the tempera-
ture with high frequency. However, super-
cooling will not occur if ice is already partly 
present on the road surface. For instance, if a  
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Fig. 3 The temperature lapse as water freezes on a cooled road surface. 
 

snowfall is followed by warm temperatures, 
partly melting the snow which later refreezes,  

the road surface will never be supercooled 
due to ice nucleis 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 tem-
perature signal. A wet road freezing, with no 
ice crystals present as the freezing process 
begin, is a dangerous but rather uncommon 
situation. In many cases the surface is already 
partly frozen. It would be very challenging to 
turn the methodology into a road ice detec-
tion system due to the rare events of road ice 
formation occurring on roads in practice and 
a very large set of calibrating data would be 
needed to ensure the functionality of the 
system. However, the experimental used in 
the laboratory to use cooling elements to 
cause a wet road surface to freeze could be 
used. The wet road surface would freeze if 
the temperature of the road surface sinks 
below the freezing point temperature and an 
ice nucleus is formed to start the formation. 

The measurement device which combines an 
infrared thermometer and a cooling element 
in the road surface would be a direct mea-
surement of the road surface freezing point 
temperature when freezing the road surface 
while measuring the temperature. 

 

DISCUSSION &  CONCLUSIONS  

There is a need for accurate measurement of 
the road surface condition to enable an accu-
rate description of the current state as well as 
for forecasting and planning of maintenance 
actions. Over the last decade, large develop-
ments in presentation, decision support and 
modeling concerning road weather have been 
seen due to the increased use of computers 
and digitalization. More accurate measure-
ments, which also include critical informa-
tion such as the freezing point temperature, 
moisture and presence of ice, will improve 
these models and systems to become even 
more useful. Measurements shouldn’t be 
considered to be something that has to be 
done for the sake of measurement itself. 
Instead measurements should strive to be-
come functional. Measurements should help 
answering crucial questions from the main-
tenance personnel to improve winter road 
maintenance and their daily activities. Thus, 
enable winter road maintenance efficiency to 
take a large step forward. RWIS-sensors 
must be designed for good measurement 
accuracy in an environment which is dirty, 
wet, cold and warm. Neither laboratory 
equipment nor traditional meteorological 
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sensors are suited for this environment. 
Instead, there is the need for robust mea-
surement methods with a functionality which 
is of interest to maintenance personnel. New 
methods of measurements should also trans-
late into products for implementation. 

It has been shown that errors in road frost 
warnings can lead to waste of financial re-
sources and energy. This is a problem which 
could partly be dealt with by improving mea-
surement technique. More accurate dew 
point measurements closer to the actual 
surface combined with more intelligent frost 
warnings could reduce the amount of unne-
cessary frost warnings and increase the effi-
ciency in winter road maintenance. Road 
weather stations could also be equipped with 
extra humidity sensors installed at a lower 
height than used today to get measurements 
that corresponds better to the surface. Mea-
surements on more than one level would also 
add to a humidity and temperature profile 
above the surface which could be useful for 
physical modeling of the road surface cli-
mate. 

More direct measurements of road surface 
conditions which are close to the road sur-
face would help to improve RWIS. Road 
surface sensors which are installed below the 
road surface could be replaced by non-
intrusive infrared thermometers which meas-
ure the outgoing long wave radiation of the 
skin of the road surface and translate it to a 
temperature. However, infrared thermome-
ters have other disadvantages such as the risk 
of slow traffic blocking the field of view. 
Results in this thesis have shown that infra-
red thermometry can be used for further 
measurements than temperature such as 
detection of ice formation.  

FUTURE DIRECTIONS  

The method for detecting freezing of water 
on roads might not be directly implementa-
ble as an operational system for detection of 
ice formation. But if the system is combined 
with a cooling element in the road surface, 
there is a possibility that a system for mea-
surement of surface freezing point could be 

developed. Such a system would be even 
more useful than an ice detection system 
since the fate of the de-icing chemical that is 
applied on the roads could be recorded. It is 
suggested that future research should investi-
gate the possibilities of developing and utiliz-
ing such systems. Initial tests and develop-
ment have already been undertaken. During 
the past work the possibility of using infrared 
cameras which cover a larger part of the road 
have been identified, preliminary ongoing 
investigations has shown that infrared cam-
eras can be combined with a cooling element 
to measure the freezing point temperature 
but more research and development is 
needed for developing software algorithms as 
well as hardware. 

Sensor inaccuracies have been shown to be 
of large importance for winter road mainten-
ance efficiency. Future research should inves-
tigate similar relations between measurement 
accuracies and costs for other types of slip-
periness and maintenance actions. Further-
more, current studies have been focusing on 
inaccuracies in the sensors themselves and 
little on how the generated warnings based 
on these values are relevant. Even if the 
temperature and humidity indicate frost, will 
there be any frost on the road? The differ-
ences between indication of frost by meteo-
rological measurement and actual frost depo-
sition on the road are believed to be 
significant but have not been quantified yet.  

For developing the next generation RWIS, 
future research must continue to combine 
knowledge from many different disciplines 
such as measurement technology, micro 
meteorology, modeling, physical geography, 
maintenance practice and economy.  
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