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ABSTRACT 
There is a large risk of road icing and slipperiness when rain or sleet falls on a frozen road 
surface. Traffic can be severely affected with, for example, a higher frequency of road 
accidents. These conditions usually occur during warm front passages when cold weather and 
low road surface temperatures are replaced by warmer air and precipitation. Two case 
studies from southern Sweden show the spatial and temporal distribution of rain or sleet on a 
frozen road surface. The influence of regional-scale characteristics is demonstrated. 
Preceding weather is also very important for the resulting slipperiness variations. The 
methodology presented in this paper can be used to increase knowledge of the spatial and 
temporal patterns of road slipperiness in an area. As a result, forecasts and maintenance 
activities can be improved and there is a better understanding of the coupling between 
synoptic events and road slipperiness. A geographical information system (GIS) is used for 
presentation and analysis. 
 
 
INTRODUCTION 
Precipitation in some form is crucial for the formation of slipperiness on roads, since it 
decreases the friction between tyres and the road surface. The risk of road accidents is 
increased during precipitation. The most dangerous road conditions occur when the risk is not 
obvious to drivers. Norrman et al. (2000) found that the situation with highest accident risk in 
a part of southern Sweden was when air temperature is above freezing and there is 
precipitation falli ng on a frozen road surface. This situation commonly occurs when warm 
fronts pass southern Sweden wintertime. Usually there has been a period of cold and stable 
weather that results in low road temperatures. When warmer air advects, the air reacts faster 
than road temperatures. This can lead to road icing when precipitation starts to fall as either 
rain or wet snow.  
 
Previous studies dealing with road climate during weather changes usually discuss 
meteorological parameters separately, for example road surface temperature (Wood & Clark, 
1999 and Postgård & Lindqvist, 2001). It is important to understand individual processes as 
well as how they interact to create a specific road condition. Variations in local topography 
and other factors lead to spatial and temporal variations in formation of road slipperiness.  
Road authorities, especially maintenance personnel, need to be familiar with slipperiness 
patterns in the area of their responsibilit y. Only then can proper actions against potential 
hazards be taken. A road weather information system (RWIS) with suff icient resolution 
(spatially and temporally) makes it possible to follow the development of road slipperiness 
during a weather change and make forecasts that are more accurate. 
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High-resolution data from the Swedish RWIS is used in this study to show the distribution of 
rain or sleet on a frozen road surface. Two case studies are used to visualise differences and 
similarities in the pattern during front passages, one in December 1998 and one in February 
1999.  
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Elevations in southern Sweden 
and the 265 road weather stations used 
for data analysis. The map window is 355 
by 445 kilometres. 

 
 
METHOD 
Map sequences of road weather stations registering rain or sleet on a frozen road surface are 
created to show the advance of fronts in an area (Figure 1). The continuous formation of road 
slipperiness can then be monitored. RWIS stations are classified as either having no 
prerequisites for road icing or as having a risk of road icing (RRI). The RRI patterns are then 
analysed to explain why slipperiness is formed in some areas and not in others. Temporal 
resolution of the data is originally 30 minutes but images for every two hours are presented 
here. 
 
Classification criteria 

·  Precipitation > 0 mm 
·  Air temperature > 0°C 
·  Road surface temperature £ 0°C 

Times (30-minute periods) when all three conditions were fulfill ed simultaneously were 
identified. 
 
Seasonal distr ibution of rain or sleet on a frozen road sur face 
The winter season of 1998 to 1999 had several occasions of precipitation on a frozen road 
surface. Figure 2 shows a time series with the number of affected stations each half hour, 
expressed in percent of the total number of stations (265). This type of slipperiness mainly 
occurred from November to March, except for an incident in mid-April . The low number in 
October is a result of the heat stored in the ground resulting in non-freezing road surface 
temperatures. A higher solar energy input in April i ncreases temperatures again, but the 
ground is still cold.  
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At most, just above 50 percent of the stations registered this slipperiness type during the same 
30-minute period. More than 50 stations in this area, i.e. 19 percent, were affected on no less 
than 192 occasions. As might be expected, warm fronts gave the highest spatial extent and 
cold fronts affected fewer stations at the time. Warm fronts are usually associated with higher 
frontal slopes and the precipitation zones thus affect larger areas. Many of the episodes lasted 
about one day, which is about the time it takes for a front system to move across the southern 
part of Sweden. 

 

Figure 2. Percent of the 265 stations affected by rain or sleet on a frozen road surface each half-hour 
during the winter season 1998-99. The episodes studied in detail; 12 December and 15 February are 
marked. 
 
 
 
Case study 
The two passages marked in Figure 2 are 12-13 December 1998 and 15-16 February 1999. 
The difference between the two cases is that the front passage in December was preceded by 
low temperatures (around -5 to -10°C) and a high-pressure ridge (Figure 3). The February 
occasion, on the other hand, was preceded by milder conditions (-5 to 0°C) and not quite so 
stable weather. 

 

 
Figure 3. Schematic synoptic pattern for the 13th of December at 01:00 (left) and 15th of February at 
19:00 (right). Isobars are shown for every 4 hPa and the lowest pressure is found in the north.  
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12 DECEMBER 1998 
Figure 4 shows the distribution of RRI for every two hours in dark grey. The images were 
constructed by assigning all l and to its closest station. This was done purely for display 
purpose and not for site-specific information. However, the method gives a reasonably 
realistic distribution for warm front passages since regional characteristics will be shown to 
govern the spatial pattern for this situation. Some stations are erroneous each half hour (white 
colour). They are not classified since the weather conditions here are unknown. 
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Figure 4. Areas affected by road icing on 12 December are shown in dark grey and malfunctioning 
stations are white. The distribution is shown for every two hours. 
 
 
Stations parallel to the west coast were the first to register rain or sleet on a frozen road 
surface. They are mostly stations situated in open areas, mostly in flat agricultural land but 
also on bridges. These are locations where air temperatures react quickly to a change in 
weather. The RRI registrations did not occur until several hours after the first precipitation 
was registered in the area. An estimation of the frontal movement is shown in Figure 6, where 
times of the first registered precipitation is marked. The isolines were created through an 
interpolation of the onset times. The front speed and direction do not seem to be affected by 
the rise in topography at the south Swedish highland (c.f. Figure 1). 
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Figure 6. The lines indicate times of the 
first registered precipitation, interpolated 
from the RWIS stations. 
 
 

 
The slipperiness criteria were never fulfill ed on the central highland with elevations above 
200 metres, where air temperature stayed below zero. Road surface temperatures were below 
freezing during this RRI episode, except at the southernmost stations after the front passage. It 
means that the RRI distribution was limited by air temperature variations. The south-eastern 
part of the area had the longest exposure to a risk of slippery conditions during this front 
passage. 
 
 
15 FEBRUARY 1999 
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Figure 7. Areas affected by road icing on 15 February are shown in dark grey and malfunctioning 
stations are white. The distribution is shown for every two hours. 
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The two front passages (Figure 3, right) could be seen in the distribution of recordings with a 
clear minimum in number of affected stations in the middle of the episode. Stations first 
started to register RRI in the central western area and then gradually further to the south-east 
(Figure 7). It can be seen in Figure 8 that the onset of precipitation progresses to the south-
east in the area affected by road icing. The speed of this front, as opposed to the December 
case, seems to be influenced by topography. Isolines are closer in the south central part of the 
area where elevations are considerably higher. 
 
The first registrations of RRI were made at stations situated in forest and road cuts. This is in 
accordance with previous reasoning that sheltered locations will react slower to a general 
warming. In this case, it favours low road surface temperatures and a risk of road icing. The 
air temperature is generally above freezing during this episode, which means that variations in 
road surface temperatures determined the slipperiness distribution. Stations closest to the west 
coast did not register anything this time as opposed to the December episode. This can be a 
result of low elevations or local environments favouring slightly higher road surface 
temperatures. Another differing feature was that the central highland registered RRI very 
frequently. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. The lines indicate times of the 
first registered precipitation, interpolated 
from the RWIS stations. 
 
 

 
 
APPLICATIONS 
This classification of weather conditions can be made with any selection criteria for a larger 
dataset of several winters. It would create a base for a further development towards predicting 
the actual onset of road icing. Neural networks could perhaps be a method used to recognise 
patterns and create a warning system. This would be possible at least for areas inland, since 
stations close to the west coast do not receive any earlier warning of fronts from this 
direction. There will be more time further east to make exact predictions and organise 
maintenance actions to prevent road slipperiness. 
 
A GIS can be used to display the position of the front and calculate the speed to forecast its 
movements. Weather radar is now commonly used by traff ic information centrals to follow 
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front movements. One shortcoming is that they are not good at differentiating between 
precipitation types but they can be used in conjunction with forecasts and RWIS to predict the 
state of the road surface (Symons & Perry, 1997). Geographical data, li ke digital terrain 
models and landuse information can also be incorporated in GIS-models of road conditions 
(Eriksson, 2001). Banfield et al. (2000) emphasise that it would be advantageous to include 
local parameters especially for forecasts and warnings of locally heavier snow and freezing 
precipitation over coastal terrain. 
 
A profile of stations can be used to follow the movement of a front, if it is laid out in the most 
common front direction. When looking at Figures 6 and 8 it is clear that the spatial 
precipitation patterns are not simple. Even though "straight-looking" fronts were selected for 
this case study (Figure 3), the onset of precipitation had a complex pattern. Maps like this can 
be useful when using RWIS stations to forecast road slipperiness. If temperatures are low and 
the starting times of precipitation are plotted every half hour, it is easier to follow the speed 
and position of the front and take preventive actions against road icing at the right places. In 
combination with knowing the regional influence on slipperiness in a specific area, through 
map sequences like the ones previously described, a great deal of information is obtained. A 
GIS provides a useful tool for compili ng this type of information with tables of data linked to 
adaptable spatial displays and analysis functions. 
 
The temperature criteria presented here are very strict and largely determine the distributions, 
especially when temperatures are close to zero. In its present form, the study therefore 
concentrates on regional influences. Accuracy of temperature sensors, properties of the 
roadbed and other micro-meteorological factors would influence analyses of the slipperiness 
distribution on a smaller scale. When studying a larger area, li ke southern Sweden, general 
patterns can be identified. It was shown that previous weather is very important for the 
distribution of road slipperiness during warm air advections, which is in accordance to e.g. 
Gustavsson & Bogren (1990). 
 
This study emphasises the importance of studying the combined effect of meteorological 
parameters on road conditions. High temporal, but mainly high spatial resolution is needed to 
understand variations caused by regional and local environment. With these map sequences, it 
is possible to get an overview of the whole event and thereby improve forecasts and 
slipperiness prevention. 
 
Animated sequences with images every half hour can be downloaded from 
[http://www.gvc.gu.se/ngeo/vklim/rri.htm]. The events discussed here; 12th of December 
1998, 15th of February 1999 and an event starting on the 19th of February 1999 with similar 
conditions to December 12, are demonstrated. 
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