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ABSTRACT 

Roads and traffic are a major non-point source of pollutants and may have severe impacts on 
surface water, groundwater, soil and vegetation. In cold climates, de-icing salt is one such pollut-
ant that may cause increased chloride concentrations and induce other effects on the environ-
ment. Monitoring and quantifying environmental effects are crucial for governing decisions to-
wards more suitable use of de-icing salt in order to achieve and maintain good environmental 
status around roads. This thesis presents an operational modelling tool for monitoring the trans-
port and fate of de-icing salt in the roadside environment in order to quantify changes in the 
environment at various spatial and temporal scales, using salt application data, meteorological 
data, geology and generic descriptions of hydrogeological environments as main inputs. A com-
bination of modelling and various independent field measurements provided an efficient means 
for evaluating and describing the spread of de-icing salt from the road to the surroundings, the 
deposition of salt and ploughed snow in the roadside, and the corresponding increase in chloride 
concentration in soil and groundwater. Both the spatial and seasonal variation in soil chloride 
concentration were significantly affected by de-icing salt application. The importance of type of 
soil, vegetation type, groundwater conditions and distance from the road was clearly demon-
strated for modelling the transport and fate of de-icing salt in the roadside environment. Salt 
emissions from the road by surface runoff were estimated at 50-80% of applied salt and transport 
by snow ploughing and air emissions at 20-50%. The uncertainty in the spatial distribution of 
snow and salt deposition close to the road was high and a previous proposed exponential decline 
in salt deposition with distance from the road could not be justified within a couple of metres 
from the road. Future monitoring should include both modelling and systematic data collection 
in order to reduce the uncertainty in predictions of the environmental impact of de-icing salt. 
Modelling of chloride concentration, soil water content and soil temperature and measurements 
of electrical resistivity may be a cost-effective solution for quantifying changes in the roadside 
environment.  
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SAMMANFATTNING 

Vägar och vägtrafik utgör en stor källa för föroreningar som kan påverka ytvatten, grundvatten, 
mark och vegetation i vägens omgivning. Vägsalt som används i kallt klimat är en sådan förore-
ning som kan orsaka förhöjda kloridkoncentrationer och andra miljöeffekter. Genom att överva-
ka och kvantifiera förändringar i miljön kan saltinsatserna styras så att en god miljöstatus kan 
uppnås och bibehållas nära vägar, utan att trafiksäkerheten och framkomligheten äventyras vin-
tertid.  
Denna avhandling presenterar ett operativt modelleringsverktyg för övervakning av transport av 
vägsalt i den vägnära miljön för att kunna kvantifiera förändringar i kloridhalter i mark och 
grundvatten. Modellen inkluderar både vägen och dess omgivning och baseras på fyra olika delar 
som omfattar: 1) vägsaltsapplikation och salttransport från vägen, 2) deposition i vägens sidoom-
råde, 3) transport och koncentrationsförändring i marken, 4) transport och koncentrationsföränd-
ring i grundvattnet. De huvudsakliga indata som modellen bygger på är saltanvändning, meteoro-
logiska data, geologi och generella beskrivningar av olika hydrogeologiska miljöer som kan 
förekomma längs landets vägar. Flödesbanor i grundvattnet beräknas från topografi eller uppmät-
ta grundvattennivåer med hjälp av ett geografiskt informationssystem (GIS).  
Modellsimuleringar kombinerades med olika typer av oberoende fältmätningar för att utvärdera 
och beskriva transport av vägsalt från vägen till omgivande mark och grundvatten. Avståndet från 
vägen visade sig ha stor betydelse för förändringarna av de naturliga kloridhalterna i marken. 
Även betydelsen av jordart, vegetationstyp och grundvattenförhållanden visades tydligt vid simu-
lering av transport av vägsalt i den vägnära miljön och den medförda ökningen av kloridkoncent-
rationen i mark och grundvatten. Såväl den rumsliga som den säsongsmässiga variationen av 
kloridkoncentration i marken påverkades av vägsalt. 
Saltet kan spridas från vägen genom avrinning, via luften eller snöplogning. Kunskap om fördel-
ningen mellan dessa olika spridningssätt är av stor vikt för att kunna bedöma var miljöpåverkan 
uppkommer. I denna studie beräknades spridning genom avrinning till 50-80% av det salt som 
nyttjats på vägen och transport via plogning och luftburen spridning till 20-50%. Depositionen i 
vägens sidoområde följde en exponentiell avklingning med avståndet från vägen, i enlighet med 
en tidigare föreslagen depositionsfunktion. Denna exponentiella avklingning kunde dock inte 
bekräftas närmast vägen på grund av stora osäkerheter i den rumsliga fördelningen av snö- och 
saltdeposition.  
Framtida övervakning av vägsalt och dess miljöeffekter bör baseras på en kombination av simule-
ringar och systematisk datainsamling för att minska osäkerheten i bedömningarna av miljöpåver-
kan av vägsalt. Simulering av kloridkoncentration, vattenhalt och marktemperatur tillsammans 
med upprepade mätningar av elektrisk resistivitet i mark och grundvatten kan utgöra en kost-
nadseffektiv kombination för att kvantifiera förändringar i den vägnära miljön. 
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INTRODUCTION 

The need for protection of the environment 
from pollutants derived from human activi-
ties is currently a question of high impor-
tance. Degradation of water quality as a result 
of human activities is attracting increasing 
attention. The EU Water Framework Direc-
tive (WFD) recognizes the need for protect-
ing the quality and quantity of water re-
sources (EU, 2000). The impact of human 
activities on the quality of surface water and 
groundwater within a catchment area has to 
be considered in order to prevent and reduce 
the spread of pollutants and to achieve high 
water status. The protection of groundwater 
and need for monitoring has strengthened 
further with the new EU directive on the 
protection of groundwater against pollution 
and deterioration (EU, 2006).  
The WFD has been partly incorporated into 
Swedish legislation. According to the Swed-
ish Environmental Code (SFS 1998:808, Ch. 
2), everyone who pursues an activity or im-
plements a measure is required to possess the 
necessary knowledge of the environmental 
impact of the activity or measure, and to 
implement protective measures in order to 
prevent impacts on human health and the 
environment. To promote an ecologically 
sustainable development, the Swedish Par-
liament has adopted 16 environmental quality 
objectives. The WFD is the major tool in 
achieving the national environmental objec-
tives related to water. One of these objec-
tives: ‘Good-quality groundwater’, states that 
‘groundwater must provide a safe and sus-
tainable supply of drinking water and con-
tribute to viable habitats for flora and fauna 
in lakes and watercourses’. Other objectives 
cover other parts of the ecosystem, such as 
surface water, wetlands and vegetation.  
A system of indicators has been developed as 
guidelines for Swedish environmental work 
(SGU, 2003). One of the major non-point 
sources of pollutants within a catchment area 
is roads and highways. Road-related pollut-
ants include heavy metals, organic com-
pounds and, in cold regions, de-icing salt 
applied on roads to maintain traffic flow and 
to improve traffic safety throughout winter. 

The amount of de-icing salt used during 
winter and the influence of chloride on 
groundwater supplies are proposed indicators 
to monitor the effects on groundwater quality 
along roads (Ojala & Mellqvist, 2004).  
In Sweden, the most frequently used de-icing 
salt is sodium chloride (NaCl). Both compo-
nents (chloride and sodium) may cause im-
pacts on the roadside environment. Sodium 
takes part in chemical processes in the soil to 
a larger extent than chloride, which may 
induce a range of environmental effects, such 
as acidification of receiving waters (Rhodes et 
al., 2001), changes in ammonification and 
nitrification in roadside soils (Green et al., 
2007), and increased mobilisation of heavy 
metals (Amrhein et al., 1992; Löfgren, 2001; 
Norrström & Bergstedt, 2001; Bäckström et 
al., 2004; Norrström, 2005). Since chloride is 
a good tracer, increased chloride concentra-
tion in groundwater or surface waters due to 
de-icing salt application is the first observable 
change in water quality and indicates that 
there is a hydraulic connection between the 
road and the water body. Such an increase in 
salt concentration has been detected in both 
groundwater (Howard, 1998; Knutsson et al., 
1998; Nystén, 1998; Foos, 2003; Thunqvist, 
2003) and surface water (Mason et al., 1999; 
Howard & Livingstone, 2000; Koryak et al., 
2001; Löfgren 2001; Godwin et al., 2003; 
Thunqvist, 2004). The high mobility of chlo-
ride can lead to a high potential for ground-
water contamination irrespective of the pre-
treatment, infiltration or percolation practices 
used to manage runoff water from the road 
(Pitt et al., 1999). At places where a hydraulic 
connection has been established, there is also 
long-term risk of water quality being affected 
by other harmful road-related pollutants 
transported via the same route. De-icing salt 
may also be considered a potential constraint 
on urban growth if the quality of groundwa-
ter deteriorates to such a degree that it can no 
longer be used as a source of drinking water 
(Howard & Maier, 2007). It is therefore im-
portant to include groundwater protection 
and aquifer management at an early stage in 
decision-making processes concerning the 
development of urban infrastructure. 
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One of the current major concerns resulting 
from winter maintenance is thus the deterio-
ration of groundwater quality in wells and 
water supplies close to roads due to de-icing 
salt application. Furthermore, it has been 
reported that roadside vegetation can be 
affected by salt deposited on needles or 
leaves or by high salt concentrations in soil 
(Pedersen et al., 2000; Viskari & Kärenlampi, 
2000; Blomqvist, 2001; Kayama et al., 2003, 
Bernhardt-Römermann et al., 2006). Apart 
from the visual effect, the impact on vegeta-
tion may lead to decreased regrowth along 
roads, which may have economic conse-
quences (Blomqvist, 2001).  
The Swedish Road Administration (SRA) 
uses about 200-300 thousand tonnes of NaCl 
on roads and highways every year and this 
salt is ultimately released into the environ-
ment. The application rate is on average 5-
15 tonnes per km de-iced road, but varies 
from season to season, between different 
regions and between different stretches of 
road. De-icing salt application may contribute 
to the majority of the total chloride load 
within a catchment area (Thunqvist, 2003). 
About 40% of all the major groundwater 
resources in Sweden are located in the vicin-
ity of the de-iced road network (SGU, 2005). 
High salt concentrations in municipal and 
private water supplies are an increasing prob-
lem in many areas of Sweden, placing particu-
lar focus on demands on SRA to reduce and 
prevent the impacts of de-icing salt.  
Knowledge on where and when these differ-
ent effects on the environment occur is re-
quired in order to make efficient reductions 
and take preventive measures. There is con-
sequently a need to continuously monitor and 
evaluate salt application, its spread to the 
surroundings and the corresponding effects 
on the roadside environment. If the pathways 
and fate of salt following its application on 
the road are monitored and quantified, deci-
sions could be directed towards more effec-
tive and suitable use of de-icing salt, in order 
to achieve and maintain good environmental 
status close to de-iced roads.  
Monitoring can be conducted by means of 
both modelling and field measurements, with 
different resolutions in both time and space 

depending on the aims. Field measurements 
are usually only practically feasible at some 
few locations. To predict the effects along 
roads, simulation models are generally re-
quired. Modelling and field observations 
should preferably be ongoing processes that 
complement each other (Corwin et al., 1999). 
Models can permit a deeper understanding of 
observations and data from field investiga-
tions are important for evaluating the model 
and the essential processes of the system in 
question. The need for high quality input 
data, which often has limited availability, may 
restrict the wider use of simulation models. 
The roadside environment is usually highly 
variable along a stretch of road, with differ-
ent types of vegetation, soils and groundwa-
ter conditions that influence possible envi-
ronmental impacts. A model that is intended 
for use for more operative purposes cannot 
rely on site-specific measurements, which are 
often not available. Instead, the use of ge-
neric model parameter values obtained from 
available maps and databases or based on 
literature, experience and other applications is 
preferred. Nevertheless, the inherent uncer-
tainty associated with the use of such generic 
values should be recognised.  
Vulnerability assessments and risk analyses 
have traditionally been carried out in order to 
assess the risk for groundwater contamina-
tion (Kivimäki, 1994; Maxe & Johansson, 
1998a; Rosén, 1998; Eliasson, 2001; Gontier 
& Olofsson, 2003; Babiker et al., 2005; Dimit-
riou & Zacharias, 2006). To make quantita-
tive estimations of the impacts with a high 
spatial and temporal resolution, a more 
mechanistic model is required instead. In 
particular, modelling the transport and reten-
tion of pollutants in the vadose zone is in 
many cases a prerequisite for predicting 
changes in groundwater quality (Corwin et al., 
1999). The salt that infiltrates the soil is tem-
porarily retained in the vadose zone between 
the soil surface and the groundwater, and in 
addition to being potentially hazardous to 
plants, also poses a future risk of groundwa-
ter contamination. Chloride can continue to 
leach from the soil and increase the chloride 
concentration in an aquifer decades after 
application of de-icing salt has ceased 
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(Nystén, 1998; Lindström, 2006). The persis-
tence of chloride in streams affected by road 
salt can be attributed to the release of chlo-
ride held in soil, even during non-salting 
periods (Mason et al., 1999). The extent of 
the unsaturated zone is of great importance 
in this regard.  
Modelling the fate and movement of pollut-
ants in roadside soils together with integra-
tion of other important components within 
the road and roadside environment system 
can provide a cost-effective synthesis of the 
current level of knowledge useful for moni-
toring and support decisions regarding envi-
ronmental issues related to this system.  

Objectives 

The overall objective of this thesis was to 
develop and test an operational modelling 
tool for monitoring the transport and fate of 
de-icing salt, following the pathways taken by 
salt from its application on the road to depo-
sition in the roadside environment and fur-
ther transport in roadside soils and ground-
water.  
The focus of the model development was not 
to study the underlying processes and pro-
pose new functions, but rather to adopt an 
integrated approach to the monitored system, 
including both the road and the roadside 
environment, combining as far as possible 
available modules for different processes 
involved in the system that had previously 
been successfully tested and applied in vari-
ous situations.  
This study focused on the more mobile ele-
ment, chloride, because of its simplicity, as it 
is essentially non-reactive and easily soluble 
and transported in soil and groundwater. 
After infiltration, the chloride usually accom-
panies the water as a conservative element 
and moves through the soil at virtually the 
same speed as the displacing solution. The 
different drainage abilities of soils can then 
be assessed. Simulation of the transport and 
fate of chloride is also a prerequisite to stud-
ies of other pollutants related to de-icing salt 
application. 
Specific objectives were to:  

• Test different methods of measure-
ment to describe the deposition pat-
tern and distribution of chloride from 
de-icing salt in soils along a section of 
a major highway in Sweden, repre-
senting different soils and vegetation 
types (Paper I) 

• Assess the utility of an electrical resis-
tivity method to detect changes in 
roadside soils due to de-icing salt ap-
plication (Paper II) 

• Describe the roadside environment in 
a form useful for modelling based on 
the concept of hydrogeological set-
tings (Paper VI), with special empha-
sis on generic soil hydraulic proper-
ties that exhibit different behaviours 
regarding transport and retention of 
water and chloride in the vadose zone 
(Paper III) 

• Estimate the rate and partitioning of 
de-icing salt emissions from the road 
by surface runoff (Paper IV) and by 
airborne spread (Paper I) in relation 
to total amounts of applied salt  

• Test the ability of a dynamic physi-
cally-based model to describe the 
transfer of de-icing salt and ploughed 
snow from the road to the surround-
ings and the corresponding increase 
in chloride concentration in soil (Pa-
per V) 

• Present a spatially distributed simula-
tion tool for monitoring the change 
in chloride concentration in the root 
zone and in groundwater along a 
stretch of de-iced road, integrating a 
physically-based simulation model, 
available maps and databases, a geo-
graphical information system (GIS) 
and dynamic data on meteorological 
factors and salt applications (Paper 
VI).  

The context of the papers included in this 
thesis is illustrated in a conceptual model of 
the monitored system, including the road and 
the roadside environment (Figure 1).  
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Figure 1. Context of the papers in the monitored 
system. 

SCIENTIFIC REVIEW 

The road and roadside environment – the 
monitored system  

The impact of de-icing salt on the environ-
ment depends not only on the total amount 
of salt applied, but also on the further spread 
of this salt to the surroundings, including the 
transport and retention in the vadose zone 
and groundwater as affected by the local 
characteristics of both the road and the road-
side environment. The road and the roadside 
environment and their interactions should be 
recognised as a coherent system in order to 
predict the environmental effects.  

Conditions on the road and spread to the 
surroundings 
Road surface conditions determine when and 
how much salt is needed in order to lower 
the freezing point and avoid slippery roads. 
The spread of salt to the surroundings trans-
fers the salt from where it is useful to the 
roadside environment where it may cause 
non-wanted effects. Increased knowledge on 
this transfer and the amount of residual salt 
on the road would aid appropriate decision-
making on the next application of salt needed 
to maintain non-slippery conditions on the 
road, which might ultimately decrease the 
total amount of salt used. A winter mainte-
nance management system for optimising 
maintenance efforts for road users, road 
administrators and the environment has been 
developed for Swedish conditions (Wallman 
et al., 2006).   
Predicting changes in road surface tempera-
tures is a challenging task but important for 

providing early icy-road warnings and for 
steering decisions towards more effective and 
suitable salt applications (Thornes et al., 
2005). To predict road surface temperatures 
along a road, Chapman & Thornes (2006) 
developed an integrated system that com-
bined modelling of road surface temperature 
and a geographical information system (GIS) 
to account for differences in geographical 
attributes along the road.  
An empirical computer model to calculate the 
decline of residual salt on the roadway was 
developed by Ericsson & Gustavsson (1995). 
The time to reach a minimum level of salt on 
the road depends on the road surface condi-
tions, meteorological factors and traffic in-
tensity. A certain amount of salt is lost almost 
instantly as an initial loss to the surroundings, 
depending on the application method and the 
amount of water on the roadway. De-icing 
salt applied as dry crystals has higher initial 
losses than salt applied as solution so less salt 
is needed with the latter. Improved salt appli-
cation methods and increased use of salt 
solution have decreased the amounts of salt 
applied in Sweden during the past decade 
(SRA, 2007). Heavy precipitation gives a 
faster decline in salt amounts on roadways 
because of more runoff water, which is an 
effective transport mechanism in moving salt 
from the road. Measurements of residual salt 
have shown an exponential decline in the 
amounts of salt present on the road post-
application (Ericsson & Gustavsson, 1995; 
Blomqvist & Gustafsson, 2004).  
Different transport mechanisms contribute 
to different fates of applied salt and deter-
mine to a great extent where environmental 
impacts can appear. A summary of different 
mechanisms transporting salt from the road-
way to the surroundings and the factors 
regulating them can be found in Blomqvist 
(1999). De-icing salt can be transferred into 
the roadside environment either by road 
runoff, ploughing or by airborne spread 
followed by deposition. The amount of road 
runoff depends on the amount and intensity 
of precipitation, evaporation from the road 
surface and the surface storage capacity of 
water. Runoff infiltrates in close proximity to 
the asphalt surface and percolates down 
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through the roadside soil to finally reach the 
groundwater adjacent to the road, or it may 
end up in constructed ditches or drainage 
systems. Airborne spread, which includes 
splash and spray mechanisms, may transport 
the salt to different distances from the road 
before the salt is deposited on the ground or 
vegetation. Splash and spray arise from the 
tyre-road interface, and are hence due to 
vehicles. While splash is generally deposited 
in close proximity to the road, salt spray may 
be transported longer distances by wind. 
Blomqvist (2001) suggested a conceptual 
exponential model to describe airborne depo-
sition of salt that takes into account both 
splash and spray mechanisms. The transport 
distance is influenced by various factors, such 
as: road and traffic characteristics, type and 
amount of precipitation and wind conditions 
(Blomqvist, 1999). Depending on the time 
resolution of interest, these different influ-
encing factors are of more or less impor-
tance. Rutter & Thompson (1986) concluded 
that the differences in amount of spray due 
to differences in time and magnitude of rain-
fall seemed to be evened out over a time 
period of one month. Snow ploughing may 
contribute to enhanced spread of de-icing salt 
to the surroundings, even though salting 
should preferably take place on an already 
ploughed road surface. Snow on the road can 
also increase the amount of splash. Snow 
removal by ploughing moves the snow from 
the road to the roadside, where consequently 
more water may infiltrate during snowmelt. 
High concentrations of salt close to the road 
can thus be diluted.   

The roadside environment 
The roadside environment can be very ho-
mogeneous, but is more often a mosaic, 
heterogeneous landscape. Different types of 
vegetation, soils and groundwater conditions 
are generally found along a stretch of road. 
Furthermore, different constructed drainage 
systems or ditches to cope with road runoff 
can exist and the salt deposition pattern can 
vary between different parts of the landscape. 
To estimate the effects along an entire road, 
the roadside characteristics and their varia-
tion along the road have to be considered.  

Flow and transport of chloride in the vadose 
zone depends on meteorological factors, soil 
hydraulic properties, vegetation, and depth 
and fluctuation of the groundwater level (e.g. 
Looney & Falta, 2000). Detailed information 
on different properties is seldom available for 
a longer road stretch or in a large catchment 
area. Instead, generic data obtained from 
maps and databases or from literature and 
other studies have to be relied on. Environ-
mental models can be useful in managing 
variability in the data, but to enable the use of 
such models there is a need to: 

• Describe the roadside environment in 
terms of soil hydraulic properties, 
vegetation characteristics and 
groundwater conditions in term of 
functional parameter values   

• Determine the salt deposition pattern 
with distance from the road.  

Finally, the different sources of data have to 
be organised in a logistically rational way in 
order to allow efficient generation and ma-
nipulation of the information needed for 
executing computer models and processing 
the output from these models. 
A common simplification when modelling at 
field or catchment scale is to regard the soil 
as homogeneous, although it is well known 
that heterogeneity is intrinsic to most vadose 
zone soils. Natural soil formations are nor-
mally heterogeneous, which affects the 
movement of water and solutes. It is impor-
tant to understand the effects of heterogene-
ity at different scales on flow and transport 
processes, but these could be difficult to 
represent in modelling. French et al. (1999) 
studied differences in gravity-dominated 
unsaturated flow and concluded that soil 
heterogeneity was the most important factor 
to characterize in order to obtain accurate 
predictions of solute displacement.  
Hansen et al. (2007) demonstrated the impor-
tance of including spatial heterogeneity of 
soil physical parameters, variability of crop 
growth and groundwater level in discharge 
modelling for an agricultural catchment. The 
variation in depth to the groundwater for 
simulating root zone processes at catchment 
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scale was also shown to be an important 
factor by Christiansen et al. (2004).  
Hence, the whole hydrogeological environ-
ment at different positions in the landscape, 
comprising soil hydraulic properties, vegeta-
tion properties, drainage conditions and 
groundwater level, including their variability, 
should therefore be considered in the model 
framework. 
Hydrogeological settings are generic catego-
ries of geological, hydrological and geo-
graphical attributes, based on basic data from 
available maps and databases, which can be 
used to simplify and manage spatially distrib-
uted information (Maxe & Johansson, 1998a; 
1998b; Stejmar Eklund, 2002). Lindström 
(2005) outlined a framework for a database 
that could be used to retrieve generic data for 
flow and transport modelling, based on hy-
drogeological environments. Different set-
tings and differences in stratigraphy and 
hydraulic properties within a setting can 
occur depending on the position in the land-
scape and the region. The uncertainty associ-
ated with the use of such generic descriptions 
should be recognised, as the high spatial 
accuracy often required for modelling is 
generally not clear from the information 
available.  

Environmental monitoring – the use of 
models 

Development and use of simulation models 
play an important role in current environ-
mental research and management. Models are 
simplified representations of real systems in 
nature that are too intricate to formulate in 
complete detail. The models can be applied 
to investigate and understand the behaviour 
of these systems, which can be used to fur-
ther improve the model formulation. A 
model can also serve as a surrogate for the 
real system in order to make real-time simula-
tions and predictions. Computer simulations 
provide a rapid and cheap method to obtain 
monitoring data compared with field investi-
gations and are therefore frequently used for 
both research and management purposes. 
However, the need for data for improving 
and evaluating models should be recognised. 
Silberstein (2006) argued that the manage-

ment of our environment and water re-
sources could not be improved without im-
proved data collection in conjunction with 
the modelling.   
The most commonly used models for 
groundwater vulnerability assessment are 
either index/overlay models or physically-
based models (Lindström, 2005). The main 
difference is that index and overlay methods 
are qualitative, while physically-based models 
provide quantitative results that are uniquely 
definable. Index and overlay models are 
based on few controlling parameters and 
generate qualitative results that can be pre-
sented as maps showing the relative differ-
ence in vulnerability, divided into different 
indices, ranks or classes. One commonly 
applied index/overlay model is DRASTIC 
(Aller et al., 1987), which uses a system based 
on scores calculated for different hydro-
geological type settings. Each letter in the 
name corresponds to one input parameter. 
Hence, the DRASTIC model is based on 
seven controlling parameters. Kivimäki 
(1994) presented a risk assessment model 
based on 11 factors to characterise the poten-
tial of an aquifer to become polluted by road 
salt. Gontier & Olofsson (2003) developed a 
risk-variable model to assess the vulnerability 
of groundwater along de-iced roads in Swe-
den. Seven factors were identified as being 
important in obtaining a vulnerability value 
for an area. These factors were based on the 
local position in relation to the road, topog-
raphy, geology and land use. The distance 
from the road was one of the most important 
factors. A method for general assessment of 
groundwater vulnerability was developed in 
Maxe & Johansson (1998a). This method was 
based on the concept of hydrogeological 
settings, travel times in the unsaturated zone 
and specific soil particle surface available for 
retention of pollutants in the unsaturated 
zone.  
Gogu et al. (2003) argued that future vulner-
ability mapping techniques must be more 
consistent with the physics of flow and con-
taminant transport. The potential of physi-
cally-based models for groundwater vulner-
ability assessment was demonstrated in 
Lindström (2005).  
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Physically-based models can be applied to 
simulate daily flow and transport dynamics of 
water and solutes. Modelling the transport 
and fate of pollutants in the vadose zone is in 
many cases a prerequisite for predicting 
groundwater contamination. Examples of 
physically-based models of the unsaturated 
zone are CoupModel (Jansson & Moon, 
2001), DAISY (Abrahamsen & Hansen, 
2000), HYDRUS (Simunek et al., 1998) and 
MACRO (Jarvis, 1991). Such physically-based 
models have mainly been developed for, and 
applied at, point scale. When upscaling to 
field or catchment scale, the spatial variability 
within that area has to be considered 
(Refsgaard et al, 1999). The possibility of 
upscaling physically-based models has been 
discussed in many studies (e.g. Beven, 1989; 
Baveye & Boast, 1999). 
The influence of de-icing salt on groundwater 
has been investigated through numerical 
modelling by e.g. Granlund & Nystén (1998), 
Niemi (1998), Eliasson (2001), Thunqvist 
(2003), Bester et al. (2006) and Lindström 
(2006). Examples of model predictions of salt 
loading to groundwater from agricultural 
catchments can be found in Beverly et al. 
(1999) and Corwin et al. (1999).  
From the wide range of models available, the 
choice of that most appropriate for a specific 
task may be difficult. It should be pointed 
out that it is not the model itself that is im-
portant, but the modules and processes that 
build up the model. The purpose of the 
modelling should determine which types of 
modules and processes to develop or to 
choose. The word ‘model’ is often used also 
to refer to the incorporated modules and 
functions. This double meaning of the word 
is also used in this thesis.  
The limitation of physically-based models is 
often the large requirement for data and 
computational time, which may restrict their 
practical use. However, the wider availability 
of distributed data in digital form has facili-
tated the extraction of information needed 
for modelling, providing that this informa-
tion can easily be transformed to a form that 
allows for efficient use by the models. 

Uncertainty in environmental modelling 

Uncertainty plays an increasing role in envi-
ronmental modelling (e.g. Brown & Heu-
velink, 2005). Modelling uncertainty should 
not only be analysed in the research phase, 
but also incorporated into decision-making 
processes (Pappenberger & Beven, 2006). 
Uncertainty in modelling is inherent, as mod-
els can only represent a simplification of 
reality and are based on a large number of 
assumptions and more or less complex inter-
actions. Different sources of error contribute 
to the overall uncertainty in modelling 
(Beven & Freer, 2001; Walker et al., 2003, 
Refsgaard et al., 2007). The success of model-
ling is strongly dependent on the reliability of 
the model to realistically reproduce processes 
taking place in nature, the reliability of model 
parameters, model structure, context and 
framing, i.e. the boundaries of the system to 
be modelled, external driving forces, and the 
reliability of observation data against which 
the model has been evaluated. Observations 
that capture the variability in both space and 
time are essential for diminishing uncertainty 
in simulations (Corwin et al., 1999). The scale 
of measurements of hydraulic parameters 
could be considered non-compatible with 
their use in hydrological models (Grayson et 
al., 1992), which gives rise to additional un-
certainty depending on the scale of model-
ling. 
Uncertainty is not explicitly mentioned in the 
EU Water Framework Directive (WFD), but 
it is stated that an ‘adequate level of confi-
dence and precision’ is required for establish-
ing reference conditions and for monitoring 
the ecological and chemical status of surface 
waters and for identifying trends in ground-
water pollution (Newig et al., 2005). The 
WFD can thus be seen as a movement in the 
right direction for making uncertainties in 
data and modelling transparent (Brown & 
Heuvelink, 2005). Concepts and tools for 
handling uncertainty in data and modelling 
have been developed to support implementa-
tion of the WFD (Refsgaard et al., 2005). 
Uncertainty analysis allows the uncertainty in 
the model response due to different sources 
of errors to be assessed. Monte Carlo tech-
niques are commonly used for evaluating 
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model output uncertainty. The Monte Carlo 
approach is based on performing multiple 
evaluations of the model with randomly 
selected model input. Simulations based on 
Monte Carlo approaches can be applied with 
or without observation data available. An 
example of the latter can be found in 
Crosetto et al. (2000), who described and 
applied uncertainty analysis and sensitivity 
analysis for spatial modelling based on a 
geographical information system (GIS). 
Brown & Heuvelink (2007) developed a 
software tool for assessing uncertainties in 
environmental data (considering both spatial 
data and time series) and for generating reali-
sations of uncertain data for use in Monte 
Carlo simulations. 
Many different methods have been suggested 
within the field of environmental modelling 
for estimating the uncertainty with data avail-
able to evaluate the model performance and 
to carry out inverse estimation of model 
parameter values. Beven & Binley (1992) 
proposed the GLUE methodology to ac-
count for the fact that many parameter sets 
within a model may give similar model re-
sponses due to the complex interactions of 
the model parameters. This is the concept of 
the equifinality problem, explored in more 
detail in Beven (2006). Thiemann et al. (2001) 
developed a Bayesian recursive estimation 
approach for simultaneous parameter estima-
tion and prediction. Vrugt et al. (2003) pro-
posed a shuffled complex evolution method 
within the Bayesian framework to account 
for the uncertainty. The Bayesian method 
generates a probability distribution for the 
model parameters, based on a likelihood 
function that describes the statistical proper-
ties of the simulation errors. Within the 
GLUE approach, no assumptions on the 
properties of the errors are required. The 
Bayesian methodology gives the likelihood of 
the observations given the model and error 
structure. The GLUE approach focuses 
instead on the likelihood of the model as a 
simulator of a specific system, given the input 
data and observations (Beven & Freer, 2001). 
The different philosophies of the GLUE and 
Bayesian approach and their respective 
strengths and shortcomings are discussed in 

for example Beven (2006), Mantovan & 
Todini (2006) and Todini (2007). 

FIELD INVESTIGATIONS 

In the present study, field measurements 
were conducted at two different sites along 
the E4 motorway, one of the main 
thoroughfares in Sweden (Figure 2). At the 
Bergaåsen site (56o57’N, 14o00’E), situated 
approx. 10 km north of Ljungby in southern 
Sweden, continuous measurements of water 
flow and electrical conductivity in highway 
runoff were carried out from January to May 
2006. The electrical conductivity was 
converted to chloride concentration in order 
to quantify the transport of de-icing salt by 
runoff.  
The other site, Kista (59o24’N, 17o57’E), is 
located about 10 km north of Stockholm in 
central Sweden. At this site, different 
methods of measurements were applied to 
describe the salt deposition and distribution 
pattern in the roadside environment along an 
800-m section of the motorway. 
 
 

Bergaåsen

Kista

Stråtjära

N

 
Figure 2. Location of the study sites in Sweden. 
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This stretch of road comprises three different 
hydrogeological environments: glacial till with 
sparse mixed forest, wave-washed sand with 
sparse coniferous forest, and clay soil with 
open grass field. The depth to groundwater is 
approx. 1.5 m in the sand area. The field 
investigations were conducted in association 
with the winter seasons 2003/04 - 2005/06 
and the data were obtained during different 
time periods and comprised different time 
and spatial resolutions. The following data 
were collected:  

• Measurements of chloride content in 
the topsoil, based on soil sampling 
and extraction; soil samples were 
taken in November 2003 and April 
2004 at different distances from the 
road, in order to compare the 
chloride content before and after the 
salting period 

• Accumulated data on airborne 
deposition in containers, including 
splash, spray and snow ploughing 
from the road, measured at different 
distances from the road during the 
period December 2003 - April 2004 
in order to reflect the total load of 
salt on the surroundings from the 
major part of the salting season 

• Direct current (DC) resistivity 
measurements in June 2004 and 
approx. monthly measurements from 
March 2005 to April 2006, with 
additional measurements in June and 
November 2006, carried out in order 
to reflect the distribution of de-icing 
salt in roadside soils as a function of 
time, depth and distance from the 
road  

• Hourly measurements of unfrozen 
soil water content, bulk electrical 
conductivity and temperature in the 
topsoil at various distances from the 
road during the period December 
2005 - April 2006, using time domain 
reflectometry (TDR) and thermo-
couples. 

The Bergaåsen site has an annual average 
daily traffic volume (ADT) of about 9 000 
vehicles, while the ADT at Kista is 10 times 

higher. The speed limit is 110 km h-1 at both 
sites. The climate does not differ to a great 
extent between the two sites. The long-term 
mean annual precipitation is approx. 650 mm 
and the mean annual air temperature is about 
6 oC. The seasonal salt (NaCl) application 
rate at Kista was on average 16 tonnes km-1 
during the years studied and at Bergaåsen 
approx. 14 tonnes km-1 during the winter 
season 2005/06. The salting season for both 
areas is usually between November and 
March. 
Chloride concentrations in airborne deposi-
tion samples and in the soil samples were 
measured with a Dionex Ion Chromatograph 
(DX 120). DC resistivity measurements were 
carried out in June 2004 with ABEM Lund 
Imaging System together with an ABEM 
Terrameter SAS 4000 and portable elec-
trodes. The monthly measurements were 
conducted with an ABEM Terrameter SAS 
300 with permanently installed electrodes and 
cables. The measurements were conducted 
using a Wenner array with 0.5 m separation 
between electrodes to get a good resolution 
of the upper part of the soil. The apparent 
resistivity was inverted to true resistivity 
using the commercial software Res2Dinv 
(Geotomo Software, 2004). Measurements of 
soil water content and soil bulk electrical 
conductivity were conducted using horizon-
tally installed three-rod TDR probes with a 
length of 25 cm connected to a Tektronix 
1502C cable tester built into a system de-
signed by Campbell Scientific. 

MODELLING APPROACH 

In the modelling approach used here, the 
spread of salt from the road to the surround-
ings and its transport and fate in the roadside 
environment are described by four modules, 
representing different spatial scales and proc-
esses: 

1. Road salt applications and emissions 
of salt from the road to the surround-
ings, including removal of snow by 
ploughing and surface runoff  
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2. Deposition of airborne salt and 
ploughed snow in the roadside envi-
ronment and infiltration or convey-
ance of road runoff  

3. Transport and retention of salt in soil 
in the vadose zone  

4. Transport and retention of salt in 
groundwater.  

The first module, considering road salt appli-
cation and salt emission, was tested and com-
pared with measurements of runoff water 
from a stretch of road in southern Sweden 
during the winter 2005/06 (Paper IV). The 
road salt application and emission module (1) 
was further tested together with the deposi-
tion module (2) and the soil water module (3) 
using data from various field investigations in 
central Sweden conducted in 2003-2006 
(Paper V). Finally, a demonstration combin-
ing all four modules was conducted along a 
stretch of road in southern Norrland, Sweden 
(Paper VI). In this thesis, the modelling ap-
proach is also discussed in relation to a risk-
variable method previously applied to the 
same stretch of road for identification of 
areas with high vulnerability for groundwater 
contamination. Uncertainty analysis was 
carried out using the GLUE methodology in 
Paper IV and Monte Carlo simulations in 
Paper V.  

Modelling tool 

The numerical calculations were made using 
CoupModel (Jansson & Moon, 2001). 
CoupModel is a physically-based ecosystems 
model that considers the interaction between 
soil, plant, snow and atmosphere. A complete 
description of the model is available in Jans-
son & Karlberg (2004). This model (or the 
former versions SOIL and SOILN) has been 
used for various applications and has shown 
potential for representing water balance and 
dynamics in soil (McGechan et al., 1997) and 
for different vegetation types (Christiansen et 
al., 2006), snow dynamics (Gustafsson et al., 
2001), infiltration into frozen soil (Stähli et al., 
2001) and heat balance of a road surface 
(Jansson et al., 2006). Chloride has been de-
scribed as a tracer in Eckersten et al. (1995), 
Thunqvist (2003) and Lindström (2005), but 

also as a component of the soil-plant system 
resulting in different effects of plant growth 
and development (Karlberg et al., 2006). 
In the present study, the model was extended 
to also represent the spread of salt from the 
road and snow removal by ploughing (Paper 
IV), the deposition in the roadside environ-
ment and chloride content and transport in 
roadside soils, including changes in soil elec-
trical conductivity (Paper V). It was also 
applied for spatially distributed modelling 
coupled to a GIS in order to demonstrate the 
potential of a generic modelling approach for 
monitoring the impact of de-icing salt on the 
environment along a road (Paper VI). Spa-
tially distributed modelling was obtained by 
running consecutive connected soil columns 
to represent a quasi 3D system for the chlo-
ride and water transport in the saturated soil 
compartments (Paper VI). The model has 
previously been applied for 2D representa-
tion as demonstrated first by Espeby (1992) 
and later by Stähli et al. (2001).  
Figure 3 shows a conceptual model describ-
ing the system being studied, with the con-
nection between the road and the roadside 
environment and the water and salt move-
ments within and between the two parts. The 
road salt application module represents the 
road surface conditions and uses submodels 
for the heat and moisture conditions on the 
road, together with the application of salt and 
its emission from the road surface. Submod-
els for snow, surface runoff and evaporation 
were also utilised together with the road salt 
application module. Snow removal by 
ploughing and chemically-induced melting of 
snow resulting from salt application on the 
road surface were specific model develop-
ments added to the existing versions of the 
snow models used (Gustafsson et al., 2004).  
The properties of ploughed snow banks 
alongside a road differ from those of natural 
snow covers (Ho & Valeo, 2005). The snow 
routines within CoupModel were originally 
developed for natural snow covers and were 
adapted to roadside conditions by altering the 
density of ploughed snow and the snow 
albedo. 
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Figure 3. Conceptual description of the processes applied in this thesis, considering water flows (white 
arrows) and chloride fluxes (grey arrows) within and between the road (shaded area) and the roadside 
environment. E = evaporation, ET = evapotranspiration from vegetation. 
 
 
Three spread mechanisms of salt from the 
road to the roadside environment were con-
sidered: 1) airborne spread; 2) ploughing; and 
3) runoff, which were assumed to be propor-
tional to the amount of salt on the road and 
to the rate of surface runoff, respectively. 
The partitioning between the different trans-
port mechanisms is of great importance for 
predicting the environmental impacts of de-
icing salt and evaluating different protective 
measures. An attempt to quantify this parti-
tioning was made in Papers I and IV. 
In order to describe the airborne salt deposi-
tion in the roadside environment, an expo-
nential function proposed by Blomqvist 
(2001) was applied in the deposition module 
(2). This deposition function includes two 
components: splash and spray. Splash, which 
was considered to occur mainly under road 
conditions promoting snow ploughing, was 

assumed to end up in close proximity to the 
road, while salt spray was assumed to be 
transported longer distances with wind. 
These two mechanisms were considered by 
adapting different rate coefficients for the 
deposition decline with distance from the 
road. The salt deposition from the road was 
combined with an estimate of the back-
ground deposition to make the total rate of 
salt deposition.  
The salt deposition was firstly stored in the 
snow pack, if snow were present; otherwise it 
was assumed to be dissolved with the soil 
moisture of the uppermost model layer of the 
soil profile. The salt in the snow pack was 
released and infiltrated into soil based on a 
first order rate coefficient in relation to melt-
ing water. The chloride was assumed to ac-
company the water flow as a convective flux 
proportional to the chloride concentration in 
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the soil compartment from which the flux 
originated. 

Model representation of  measured variables 
To facilitate an easy comparison with meas-
urements, soil resistivity was added as an 
auxiliary variable in the model. Soil conduc-
tivity or its inverse, resistivity, measured by 
time domain reflectometry (TDR) and elec-
trical resistivity reflect the soil bulk electrical 
conductivity and is therefore dependent not 
only on the soil solution but also on the 
electrical conductivity of the soil grains. This 
was considered in the model by including the 
empirically-based Archie’s law, which de-
scribes the relationship between bulk resistiv-
ity and soil solution resistivity (Archie, 1942 
cit. Reynolds, 1997). In the model, the soil 
solution electrical conductivity was assumed 
to be related only to the chloride ion. This is 
of course a major simplification, especially in 
soil solutions with low chloride content, 
where other conductive ions can make a 
significant contribution to the measured 
conductivity.  

A soil water and heat model, the core part of 
CoupModel, was used for calculating the 
transport, concentration and content of chlo-
ride in roadside soils (soil water module (3)). 
The model simulates a one-dimensional soil 
profile that interacts with the vegetation and 
snow cover on the soil surface. The vertical 
movement of water in the soil profile is de-
scribed by the Richards equation for unsatu-
rated flow. The hydraulic functions needed 
for solving the Richards equation are the 
water retention function and the unsaturated 
hydraulic conductivity function.  
Soil hydraulic properties of different types of 
soil were described (Papers III and VI). 
Three types of soil (clay, sand and glacial till) 
were described using information on soils in 
a Swedish soil database (Paper III). This soil 
database, which is an integral part of Coup-
Model, contains water retention and hydrau-
lic conductivity measurements from about 
2 200 soil layers representing 260 soil profiles 
from different parts of Sweden. The different 
behaviours regarding transport and retention 
of water and chloride in the vadose zone 
were specifically in focus. The sampling from 
the database and the statistical analysis con-
sidered both the horizontal (between sam-
pling locations) and vertical (with depth) 
heterogeneity of the different soils. The con-
cept of effective parameters was tested in 
order to represent the mean variation in the 
water and chloride characteristics within each 
type of soil (Paper III). 

Spatially distributed modelling 

Modelling of the fate and transport of non-
point source pollutants in the vadose zone 
has a spatial nature well suited for integrating 
the deterministic model with a geographical 
information system (GIS) (Corwin et al., 
1999). A GIS was therefore applied to organ-
ise and generate input data used by Coup-
Model and to visualise and further analyse 
the model simulation results (Paper VI). The 
coupling of GIS to environmental models 
enables large volumes of spatial data and 
different environmental processes for differ-
ent geographical positions to be dealt with. 
Other examples of combined modelling and 
GIS can be found in van Deursen (1995), 
Brodie (1999), He (2003), Facchi et al. (2004) 
and Lindström (2006), but studies also repre-
senting detailed dynamics of winter-related 
processes such as snow and frost both on the 
road and in the soil have not been found in 
the literature. 

Water flows and chloride fluxes out from the 
soil profile were conceptually considered as a 
drainage system, with horizontal outflow 
from a saturated soil layer to drainage pipes 
or ditches (groundwater module (4)).  
Submodels describing snow dynamics, sur-
face runoff, freezing/thawing of soil water, 
and evapotranspiration were also included in 
the modelling approach. A more detailed 
description of the important parts of the 
model that are of relevance for the work 
presented in this thesis can be found in Pa-
pers III, IV, V and VI. 

Figure 4 shows a schematic diagram of the 
integration of a GIS with the physically-based 
model.  
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Figure 4. Schematic representation of integration of the physically-based model with GIS. 
 
 
Variations in soil, vegetation and groundwa-
ter level along a stretch of road were ex-
tracted from available maps of the area. In 
addition, five different hydrogeological envi-
ronments were described and applied in the 
spatially distributed modelling: glacial till 
areas, glaciofluvial deposits, clay-covered 
areas, wave-washed deposits and peatlands. 
The description included information on 
expected soil hydraulic properties, groundwa-
ter conditions and vegetation properties.  
Spatially distributed modelling was conducted 
along a road in southern Norrland that passes 
near a municipal water supply, Stråtjära 
(Figure 2), where increased chloride concen-
trations due to de-icing salt applications have 
been detected in groundwater. The 1D soil 
columns represented in CoupModel were 
connected in an interacting chain determined 
by the flow direction and flow accumulation 
calculated in ArcGIS (ESRI, 2005). The flow 
conditions were calculated from interpolated 
groundwater levels, but can optionally be 
calculated from topography or any other 
surface representing the mean flow directions 
in the landscape. An area within 300 m from 
the road, which conceptually could be con-
sidered as part of a catchment area, was 
simulated as a sequential series of connected 
soil profiles, starting from the cells that re-
ceived no water, similar to the situation close 
to a water divide, to the cell that receives 

water from most other cells (highest flow 
accumulation), which naturally should be 
located near streams, lakes or other discharge 
points. No interactions were considered from 
grids of lower positions to grids of upper 
positions. Instead, water and chloride were 
successively transferred from upslope to 
downslope grid cells. The vertical flux distri-
bution was kept from the upstream elements 
when the source flow was defined for a re-
ceiving grid cell having a lower position. The 
lateral discharge from a soil profile was ag-
gregated to a daily mean recharge rate in the 
flow direction. 
Salt deposition and transport and concentra-
tion of chloride in the vadose zone and in 
groundwater were simulated with a grid reso-
lution of 50×50 m (Paper VI). Eight possible 
flow directions from each cell were consid-
ered. A cell can receive water and chloride 
from up to seven directions but has only one 
outflow direction.  

Model forcing data requirements and 
availability 

Meteorological data and salt application data 
are fundamental parts of the modelling stud-
ies conducted. In Sweden, meteorological 
data can be obtained for the entire country 
from the Swedish Meteorological and Hydro-
logical Institute (SMHI) and from the Swed-
ish Road Administration (SRA). The Road 
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Weather Information System (RWIS) from 
SRA is a system of about 700 measurement 
stations placed along roads throughout the 
country. The system was mainly developed to 
give early warnings of icy roads, which is why 
the stations are mostly located in low points 
of the terrain. The stations measure air tem-
perature, road surface temperature, amount 
and type of precipitation, relative humidity, 
wind speed and wind direction (Ljungberg, 
2001). The data are recorded every 30 min-
utes and stored in a national database. As the 
focus of these measurements is to observe 
and predict the road surface conditions dur-
ing winter, most of the stations close down 
during summer (in general from mid-May to 
mid-September). The RWIS stations repre-
sent point measurements. To calculate dis-
tributed climate variables, SMHI carries out a 
mesoscale analysis (MESAN). The analysis is 
made on a grid scale representing the mean 
conditions within a grid cell. MESAN com-
bines all available meteorological observa-
tions within a grid cell, such as SMHI climate 
stations, RWIS stations, observations at air-
ports, manual observations and radar infor-
mation.  
In this thesis, meteorological data were ob-
tained with an hourly resolution through 
SRA. Data on precipitation and wind speed 
were generated from MESAN and data on air 
temperature and humidity came from RWIS 
stations. In addition, data on cloudiness or 
global radiation are needed for the modelling. 
Data on global radiation, direct radiation and 
duration of sunshine were obtained from 
STRÅNG, which is a mesoscale model for 
solar radiation that SMHI runs to produce 
distributed data. In Paper VI, the radiation 
data were distributed spatially with a higher 
resolution along a stretch of road according 
to different geographical attributes, following 
the procedure in Chapman & Thornes 
(2006). 
Salt application data were obtained from the 
local road maintenance stations, SRA Con-
struction and Maintenance Department, as 
de-icing salt loads with varying within-day 
time resolutions. Digital data on salt applica-
tion were available for the study in Paper VI. 
The vehicles used for road salting along this 

road have the salt spreader connected to a 
GPS system, which enabled the extraction of 
salt application data with a high temporal and 
spatial resolution. The other stretches of road 
studied required more or less manual extrac-
tion of data from written salt reports. Hence, 
the uncertainty in reported salt application 
amounts and events for a specific stretch of 
road varied between sites and years. Uncer-
tainties related to the salt application 
amounts and the meteorological data add to 
the overall uncertainty in monitoring the fate 
and quantifying the environmental effects of 
de-icing salt. 

RESULTS AND DISCUSSION 

Road conditions and salt emissions 

The conditions on the road surface were 
modelled to generate salt emissions and 
boundary conditions for the roadside envi-
ronment. From a winter maintenance per-
spective, the road conditions are also of 
crucial importance for predicting when a 
specific measure has to be introduced.  
A spatial variation in road surface tempera-
ture was shown when accounting for geo-
graphical attributes along the road (Paper 
VI). The model performance should be 
evaluated further and compared with that of 
other existing models in order to assess the 
possibility of making road ice predictions that 
could be used for guiding decisions towards 
more effective salt applications. To avoid 
problems with areas subjected to frequent 
freezing conditions on the road, climatologi-
cal factors should be considered when plan-
ning new stretches of road (Gustavsson et al., 
1998). With carefully planned placement of 
the road in the landscape, the need for de-
icing salt applications could potentially be 
reduced.  
Previous studies have shown an exponential 
decrease in residual salt on the road, with the 
rate of decline depending on the traffic vol-
ume (Ericsson & Gustavsson, 1995; Blom-
qvist & Gustafsson, 2004). In this study, the 
rate of decline of residual salt was considered 
to be a function of the total amount of salt 
on the road, the surface runoff and snow 
ploughing. This approach was shown to be 
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useful for describing the partitioning between 
the different pathways taken by salt after its 
application on the road (Papers IV and V). 
The application rate and the number of salt-
ing occasions depend on e.g. weather condi-
tions, road surface conditions and road cate-
gory. High-resolution salt application data in 
both time and space are therefore required in 
order to make predictions of the amounts of 
residual salt.  
The value of combining observations and 
modelling for evaluating the transport of 
water, snow and salt from the road to the 
surroundings was clearly demonstrated (Pa-
per IV). The uncertainty in the simulated 
surface runoff at Bergaåsen was very low in 
spring after snowmelt and the simulated 
runoff agreed well with the measurements 
(Figure 5).  
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Figure 5. Percentage of precipitation and salt 
applied on the road captured in the respective 
observations and simulations. The simulated 
mean values are presented and the error bars 
correspond to the 5th and 95th percentiles. The 
results are presented for four selected time peri-
ods in 2006, of which the last represents the 
entire observation period. 

The runoff coefficient (fraction of total pre-
cipitation) during rainfall events was on aver-
age 0.8, which agrees well with other studies 
(Ragab et al., 2003; Kim et al., 2005). The 
runoff coefficient was considerably lower 
during winter, showing that the majority of 
the snow on the road was ploughed over to 
the roadside. Hence, it was demonstrated that 
the runoff coefficient has a seasonal variation 
depending on the climate.  
Removal of snow by ploughing was assumed 
to occur whenever the snow depth on the 
road exceeded a specified limit. Real-time 
information on snow ploughing timing and 
efficiency could improve the descriptions of 
snow removal from the road, which may 
reduce the simulated uncertainty in both the 
road surface temperature and the amounts of 
residual salt. The build-up of snow banks on 
the asphalt surface was not explicitly consid-
ered in the modelling approach applied at 
Bergasåsen, which is a simplification since 
such snow banks were observed at the site. 
Semadeni-Davies & Bengtsson (2000) 
stressed the importance of considering dif-
ferent snow and energy characteristics within 
an urban basin in order to account for differ-
ent melt rates. Timing errors between model 
and observations of road runoff were there-
fore expected during winter with snow condi-
tions. As a result, the uncertainty in the 
model simulations was higher during snow-
melt events due to the complex conditions 
on the road during winter with ploughed 
snow banks building up on the hard shoul-
der. Nevertheless, the model was successful 
in representing the total runoff volume dur-
ing a melt period including the preceding dry 
or cold period (Figure 5). If a higher tempo-
ral resolution during winter is required, a 
spatially distributed modelling approach that 
separates the snow banks on the road surface 
is needed. Additional data that represent a 
more precise separation of the snow banks 
and the road surface are then needed in order 
to reduce the uncertainty in the model pre-
dictions during winter for similar sites. 
In general, the uncertainty in modelled sur-
face runoff was lower than the uncertainty in 
modelled salt runoff from the road. A de-
crease in the uncertainty related to the salt 
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application, dispersal model and measure-
ments of salt in runoff would improve the 
reliability of simulated salt emissions from 
the road.  

Partitioning between different dispersal path-
ways 
The total amount of airborne spread during a 
major part of the salting season 2003/04 at 
the Kista site was estimated to 35-45% of the 
salt applied on the road (Papers I and V). A 
calculation of the mass balance of salt implies 
that the amount of salt in runoff during the 
measurement period at Kista should be 
around 55-65% of applied salt. This agreed 
quite well with the results obtained from 
modelling the surface runoff at Bergaåsen, 
even if this study comprised another time 
period and another stretch of road. The 
fraction of applied de-icing salt transported 
by road runoff was predicted by the model to 
be 0.65 ±0.15, indicating that airborne spread 
constituted on average about 20-50% during 
the time period observed (January-May 2006) 
(Paper IV). The field observations captured a 
higher fraction (85%) of the de-icing chloride 
during winter. However, airborne salt emis-
sions deposited on snow banks left on the 
road surface probably constituted a substan-
tial fraction of measured runoff, showing the 
difficulty in separating the different transport 
mechanisms in measurements. High chloride 
fluxes measured during melt periods con-
firmed the assumption that salt had been 
temporarily stored in the snow banks during 
the preceding cold period.  
The modelling approach could be extended 
for evaluating the spread of salt to the sur-
roundings and quantifying the runoff emis-
sions during consecutive winter seasons. The 
partitioning between different transport 
mechanisms may vary between different 
years due to the weather conditions. A dry 
winter with small amounts of precipitation 
will most probably change the partitioning 
towards a higher fraction of airborne spread 
and the de-icing salt may then be transported 
further from the road. A dynamic modelling 
approach, such as that presented here, could 
provide an estimate of the differences be-
tween different years and sites, provided that 
the necessary input data are available. Errors 

in model forcing data, such as precipitation 
amounts during snowfall and salt application 
amounts, contributed to the overall uncer-
tainty of the model results and should be 
kept small to decrease the uncertainty in the 
model simulations.  

Salt deposition 

The airborne deposition function accurately 
represented the measured decline with dis-
tance from the road (Paper I). Paper V 
showed a successful application of the expo-
nential deposition function at distances >2 m 
from the road, but suggested that other mod-
els could be equally valid close to the road. 
The soil measurements conducted close to 
the road could not justify the airborne depo-
sition pattern within this distance. McBean & 
Al-Nassri (1987) stated that deposition from 
the splash transport mechanism in the region 
close to the road could result in an uneven 
distribution of salt in the roadside environ-
ment. Splash could also to some extent be 
deposited on the hard shoulder and thus 
transported off the road by runoff. The snow 
and salt deposition and distribution close to 
the road are difficult to measure and predict, 
which contributed to high uncertainties 
within a couple of metres from the road 
where large amounts of salt and ploughed 
snow were deposited. 
A comparison of the airborne deposition 
measurements and the assumed background 
deposition in the area indicated that de-icing 
salt applied on the road to some extent influ-
enced the salt deposition at a distance of 
50 m from the road (Paper I). The deposition 
measurements at 100 m conducted in the 
open field indicated that de-icing salt could 
influence the deposition even at this distance, 
as has also been shown by Blomqvist & 
Johansson (1999).  
No significant difference in airborne deposi-
tion was found between the open field and 
the forest site, but the soil measurements 
showed an increased chloride content at 
greater distances from the road in the open 
field compared with the forest sites, indicat-
ing that the forest to some extent prevented 
further spread of salt (Paper I). Hautala et al. 
(1995) showed a clear difference in deposi-
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tion pattern and magnitude between a forest 
and open field by measuring chloride content 
in snow. The decrease in chloride deposition 
with distance from the road was more dra-
matic at the forest site than at the open field 
site. The forest site consisted of Norway 
spruce (Picea abies) with a tree density about 
1400 trees per hectare, while the Kista forest 
site in the present study is dominated by 
Scots pine (Pinus sylvestris) with a tree density 
of about 750 trees per hectare. Hence, the 
deposition pattern in roadside environments 
with dense spruce forests, a common situa-
tion in many parts of Sweden, may be differ-
ent than that predicted at Kista, if the trees 
act as an effective barrier against further 
spread. The impact on vegetation constitut-
ing this tree barrier may then be exacerbated. 
It could be important to consider different 
tree species and tree densities in future use of 
the airborne deposition function. Neverthe-
less, in the modelling studies conducted here, 
the same airborne deposition function and 
rate of decline were applied to both open 
field and forest sites. 

Generic descriptions of the roadside envi-
ronment 

Soil hydraulic properties, vegetation proper-
ties and groundwater conditions of typical 
hydrogeological environments in Sweden 
were identified by a review of literature and 
by using available data (Paper VI). The con-
cept of hydrogeological environments was 
defined as a specific combination of a soil 
profile, expected vegetation cover and depth 
to the groundwater. Five hydrogeological 
environments were described: glacial till 
areas, glaciofluvial deposits, clay-covered 
areas, wave-washed deposits and peatlands, 
based on the hydrogeological type settings 
described in Stejmar Eklund (2002) and Maxe 
& Johansson (1998a; 1998b). Particular em-
phasis was placed on soil hydraulic properties 
for three common types of soil: glacial till, 
clay and sand (Paper III). 
Effective parameters that considered the 
heterogeneity of the soil profiles both with 
depth and between different sampling sites 
were defined to account for the variability of 
water and chloride characteristics within each 

type of soil (Paper III). Two different ap-
proaches to obtain effective parameters were 
applied, using 1) the mean value of parameter 
values obtained from the database (Eff(par)); 
and 2) parameter values fitted to the mean 
soil water contents stored in the database 
(Eff(WRC)). In spatially distributed model-
ling (Paper VI), single effective values of soil 
and vegetation parameters were assumed to 
represent the variation at the grid scale, even 
though this assumption is known to be con-
tradictory to observations reported in the 
literature. The defined effective parameters 
produced reasonable behaviours regarding 
water and chloride dynamics and were suc-
cessful in describing the average of the mod-
elled variations (Figure 6). However, an over-
estimation occurred when using effective 
parameters to simulate the chloride discharge 
in the clay soil and the chloride concentration 
in the sand soil (Paper III). Soils with high 
temporal and spatial variability can thus be 
difficult to represent with effective parame-
ters. 
The generic descriptions of soil hydraulic 
properties and hydrogeological settings such 
as those described in Papers III and VI may 
of course introduce additional uncertainties 
in the model outputs. Nevertheless, they 
provide a means for making an educated 
guess as to which values to expect in differ-
ent environments where only soil maps and 
information on main soil classes are available. 
The concept of generic soil descriptions was 
applied in the simulations at the Kista site in 
Paper V and was shown to be applicable for 
describing water and chloride characteristics 
at this site. However, a few parameters de-
scribing the soil hydraulic properties, and also 
vegetation properties, had to be calibrated. 
Hence, for applications at specific locations, 
predictions with generic properties might be 
inadequate. Parameter calibrations and direct 
measurements may then be required.  
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Figure 6. Simulated time series of chloride con-
centration in the subsoil (2-2.5 m depth) for the 
soils in the database. The black line corresponds 
to the mean of the simulations using all soil 
profiles in the database and grey bars represent 
their range of variation (min and max values for 
the sand and glacial till and 5th and 95th percen-
tiles for the clay). The green and blue lines repre-
sent the simulated values for effective parameters 
using two approaches (Eff(par) and Eff(WRC)). 
 

Soil chloride content 

Chloride distribution in soil with distance 
from the road was studied at the Kista site, 
comprising three different environments: 
glacial till area, clay-covered area and wave-
washed sand deposits, including the specific 
conditions in the roadside verge area. The 
ability of the measurements and modelling of 
soil chloride contents to detect the salt depo-

sition pattern and different responses to 
environmental changes was evaluated.  
The observed differences in soil chloride 
content between the various environments 
were most pronounced in November, before 
the salting season, showing an increased 
chloride content towards fine-grained soils 
(Figure 7 and Paper I). This reflected the 
larger water retention capacity, and thus 
larger ability to retain salt, and the poorer 
drainage ability of fine-grained soils com-
pared with coarse-grained soils. In coarse-
grained soils, the salt can more easily be 
flushed further down the soil profile during 
snowmelt, which could be difficult to capture 
with single measurements unless greater soil 
depths are included. After the salting season, 
the different soil areas showed an overall 
similar chloride distribution pattern with 
distance from the road (Figure 7). A clear 
decrease in the soil chloride content with 
distance from the road was shown, which 
reflected the salt deposition pattern and 
demonstrated the strong influence of de-icing 
salt application.  
The chloride concentrations in roadside soils 
after the salting season were significantly 
higher than the natural chloride concentra-
tion in soil water in the area. The measured 
chloride concentration in April varied be-
tween 150-600 mg L-1 closest to the road to 
40-90 mg L-1 at 50 m distance (Paper I), while 
the natural concentration generally varies 
between 2 and 15 mg L-1 annually, according 
to monitoring data obtained from IVL Swed-
ish Environmental Research Institute.  
In a dynamic system, the specific time of soil 
sampling determines the amount of chloride 
captured and thus the assessment of the 
impact. With a dynamic model, the variation 
with time can be described provided that 
high quality data on model forcing are avail-
able. The maximum values are naturally 
reached at different times for different years, 
depending on the weather situation. Simula-
tions of chloride contents in the topsoil at 
Kista showed the highest values in the middle 
of March for the season 2003/04 and in the 
beginning of April for the season 2005/06 in 
the sand area (Paper V).  
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Figure 7. Simplified geological map of the Kista site and the location of the different measurement points 
(left) and the chloride content in the upper 20 cm soil sampled in November 2003 (middle) and in April 
2004 (right). The chloride content was interpolated by ordinary kriging techniques. The maps show the 
field condition along an 800-m stretch of road up to a distance of 50 m from the road. 
 
The simulated maximum chloride content at 
a distance of 1, 5 and 10 m was about 2000, 
500 and 100 times higher, respectively, than 
would have been expected if only back-
ground deposition had occurred. These 
maximum values were not obtained by the 
soil sampling method. Providing that the 
chloride dynamics were correctly represented 
by the model, this indicates that the soil 
sampling was conducted too late in order to 
capture the highest values. The highest value 
in the soil samples was only 10% of the high-
est value simulated at 1 m distance, and about 
50% at greater distances, showing the impor-
tance of good timing of a sampling campaign.  
Different transport and retention characteris-
tics of chloride and water in the vadose zone 
were also shown for the generic descriptions 
of three types of soil obtained in Paper III. 
The soils sampled from the database showed 
decreasing amounts of chloride transported 
to groundwater and increasing retention of 

chloride and water in the vadose zone to-
wards more fine-grained soils. The impact on 
confined groundwater aquifers underlying a 
clayey soil is therefore delayed but the soil 
should nevertheless be considered to be a 
potential pollution risk in the future, even if 
de-icing salt application decreases or stops. 
Even though intermediate in texture, the 
glacial till showed the highest long-term 
mean chloride concentration. This could be 
explained by a combination of relatively high 
chloride content and modest water contents. 
High chloride concentrations in the root 
zone may influence the vegetation growing 
on these soils. As glacial till is the overall 
most common soil in Sweden (it covers 
about 75% of the country) this could be a 
widespread problem that needs to be taken 
into consideration. However, it should be 
recognised that glacial till is a very heteroge-
neous soil with different textural composi-
tions, layering and compactions. A great 
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variability both within and between different 
sites could therefore be expected. The glacial 
till soils represented in the database were 
mainly sandy-silty, which is the most com-
mon type of till in Sweden.  
The transport dynamics were most pro-
nounced in the sand soil, resulting in large 
seasonal variations in chloride concentrations 
(Figure 6). At specific time points, the con-
centrations were therefore highest in the sand 
soil, even if this high concentration was of 
short duration. These high peaks in the con-
centration could nevertheless be harmful for 
exposed plants and organisms, especially if 
they occur in a period with high biological 
activity. The clay soil showed the highest 
spatial variability, probably due to the pres-
ence of macropores at many sites.  
Temporal variations were also described by 
conducting continuous field measurements. 
Salt infiltration into roadside soils and the 
resulting change in soil chloride content in 
the sand area were monitored by means of 
modelling and continuous measurements 
using time domain reflectometry (TDR) 
during a winter period and the following 
spring snowmelt (Paper V). The change in 
soil water content and electrical conductivity 
(EC) due to meltwater and de-icing salt infil-
tration into roadside soils was clearly shown. 
The measured EC depends not only on the 
chloride ion, but also on other dissolved ions 
present in the soil solution. However, during 
periods with high chloride concentrations, a 
rough estimate can be made by assuming that 
the soil water EC is directly related to the 
chloride content. This assumption was 
shown to be justified during winter and 
spring snowmelt, when the model simula-
tions successfully represented the observed 
changes in EC. The measured electrical resis-
tivity was also rather well captured by the 
model during spring and midwinter melt 
periods, while the model estimated too high 
resistivities during summer and late autumn 
when the chloride concentration was lower 
(Paper V). In this case, the measured resistiv-
ity was instead assumed to reflect the total 
contamination level, including other road-

related pollutants retained in the roadside 
soil. 
The different methods of measurement dem-
onstrated that the highest impact was found 
within about 10 m from the road, which was 
in agreement with several other studies on 
pollutants from the road (Labadia & Buttle, 
1996; Pedersen & Fostad, 1996; Norrström 
& Bergstedt, 2001; Bäckström et al., 2004). As 
the close vicinity of the road is a complex 
environment, the uncertainty in both meas-
urements and modelling was high.  

Time-lapse resistivity measurements 
Measurements of electrical resistivity did not 
give any explicit information on the chloride 
content in roadside soils, but showed a clear 
pattern of lower resistivity close to the road 
(within about 5 m) and increasing values with 
increasing distance from the road (Papers I 
and II). Monthly resistivity measurements 
were shown to be useful for detecting 
changes in roadside soils and groundwater 
due to infiltration of de-icing salt and addi-
tional snowmelt from ploughed snow during 
winter and spring (Paper II). The decrease in 
resistivity between March and April 2005 was 
up to 70% close to the road (Figure 8). The 
lowest resistivity values were measured close 
to the road in January-March 2006, a period 
during which measurements in a more unaf-
fected area showed the highest annual resis-
tivities. The natural variation in resistivity was 
accounted for and quantified. The decrease in 
logarithmic resistivity values in the upper part 
of the soil close to the road was up to 35% 
higher during winter than more natural 
changes, indicating non-natural sources gen-
erating this decrease, such as de-icing salt 
applications. Hence, during this period the 
measured resistivity was assumed to reflect 
the de-icing salt deposition and distribution 
in soil and groundwater. Measurements with 
a high resolution in both time and space were 
required in order to detect the infiltration and 
percolation of de-icing salt and its migration 
in groundwater, especially in more coarse-
grained soils where the transport in soil can 
be rather rapid and in soils where the flow 
paths are difficult to predict.   
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Figure 8. Time-lapse modelling of resistivity in the sand area at Kista, presented as calculated percentage 
related to the first measurement time series made in March 2005, showing the distribution with depth and 
distance from the road.  
 

Influence of  roadside snow 
The snow conditions usually vary with dis-
tance from the road because of the practice 
of ploughing snow over to the roadside. At 
the Kista site, ploughed snow was deposited 
within a couple of metres from the road, 
while a natural snow cover occurred at longer 
distances. The influence of different snow 
covers was indicated by differences in meas-
ured soil temperature (Paper V). The soil 
temperature was lower and had smaller fluc-
tuations during winter close to the road than 
more distant areas. The different snow prop-
erties resulted in a delayed snowmelt close to 
the road compared with greater distances, 
which was reflected in the soil temperature 
measurements. The simulated soil tempera-
tures showed the best agreement with the 
measurements with only natural snow cover, 
but were also considered acceptable close to 
the road. Measurements of depth and density 
of the ploughed snow banks may have fur-
ther contributed to more detailed under-
standing of the measured temperatures and 

the influence of ploughed snow close to the 
road. On the other hand, such measurements 
are more complicated compared with soil 
temperature measurements, which are easy 
and cheap. 
The roadside snow banks can be considered 
to be a reservoir retaining and storing pollut-
ants during winter (Bartosova & Novotny, 
1999; Buttle & Labadia, 1999; Westerlund, 
2007), but they also contribute to higher 
amounts of water infiltrating the soil during 
snowmelt due to additional snow from snow 
ploughing. This was shown to enhance the 
transport of solutes in the vadose zone, 
which most probably contributed to a rapid 
washout of chloride from the topsoil in 
spring in the sand area (Paper V). Removing 
the roadside snow before snowmelt may lead 
to fewer pollutants entering the soil and may 
thus reduce the effects on the environment. 
Less water infiltrating the soil increases the 
retention time in the unsaturated zone and 
thus the time for degradation, which is an 
advantage for degradable pollutants (French 
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et al., 2001). Chloride was assumed to be 
retained in the liquid portion of the snow-
pack, leading to high concentrations in the 
first portion of the snowmelt. In this case, 
additional water from the ploughed snow was 
necessary to dilute the high concentrations.  
Prediction of snowmelt events is not easy 
without reliable long-term weather forecasts. 
Both the measured water content and bulk 
soil conductivity clearly demonstrated that 
infiltration was not entirely restricted to the 
main release of meltwater during spring but 
also occurred during several midwinter melt 
periods (Paper V). This was also shown by 
Buttle & Labadia (1999) and Stähli et al. 
(2001). The different snowmelt events were 
successfully represented by the model at 
different distances from the road. The change 
in timing of snowmelt events and in the 
amounts of water infiltrating into soil due to 
ploughed snow showed the importance of 
including a snow ploughing and deposition 
routine in the modelling approach.  
The redistribution of chloride in both soil 
and snow is difficult to capture in observa-
tions and modelling in this complex envi-
ronment close to the road. A sensitivity 
analysis confirmed that the amounts of air-
borne deposition and ploughed snow had a 
great influence on the simulated water bal-
ance and salt content in the soil close to the 
road (Paper V). At longer distances, with only 
natural snow cover and smaller variation in 
airborne deposition, soil hydraulic properties 
and vegetation properties became more im-
portant. The fate of ploughed snow and salt 
in the roadside environment should be con-
sidered with high attention in future research, 
as it influences the uncertainty in simulated 
salt concentration in the soil. 

Monitoring the impact along a stretch of 
road  

Paper VI showed the importance of consid-
ering the soil as a system of interacting soil 
columns in order to evaluate the areas that 
receive the highest impact from salt applica-
tion and the areas that show low vulnerabil-
ity. The change in chloride concentrations in 
groundwater due to de-icing salt was highly 
influenced by the lateral flow paths and the 

absence of dilution by fresh water in specific 
areas. This was also shown in the root zone. 
The chloride concentrations in large ground-
water aquifers depend on where the salt is 
applied (Howard, 1998). The concentrations 
are at a minimum at the natural discharge 
point and the steady state concentrations 
closer to the roadway may be an order of 
magnitude higher. Wells close to the road 
may reach steady state stabilised values rela-
tively rapidly, while the contamination plume 
is still migrating in the aquifer, which is im-
portant to consider in modelling and sam-
pling schemes. The impact of de-icing salt on 
groundwater also depends on where the road 
is located in relation to the groundwater flow 
direction and water divides. If the road is 
situated on a water divide, no additional 
dilution of the salt concentrations will occur 
close to the road, as would be the case if the 
water divide were situated further away from 
the road. This implies a flow direction that is 
perpendicular to the road. If the water flow 
follows the direction of the road, an accumu-
lation of the salt will occur in the downslope 
direction, with increasing concentrations as 
result. The ability of the modelling approach 
developed here to describe these types of 
phenomena was demonstrated (Paper VI). 
Varying patterns of chloride concentrations 
with depth and distance from the road along 
the flow direction were obtained. 
The temporal variation in chloride concentra-
tion in groundwater was shown to differ 
along the studied stretch of road, depending 
on the extent of the unsaturated zone. In 
shallow aquifers, especially those with low 
effective porosity such as glacial till areas, the 
salinity in groundwater increased rapidly, 
while in deep aquifers, such as the esker, the 
increase in salinity was relatively slow.  
Periods of shallow horizontal subsurface 
water and chloride flows could be observed 
during snowmelt events when parts of the 
soil were still frozen, but also during spring 
and summer in the more fine-grained soils 
that received high amounts of water inflows 
from other areas. This possibility of horizon-
tal transport of salt in shallow groundwater 
above impermeable soil layers or in small 
aquifers was also suggested by Pedersen & 
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Fostad (1996). This process may lead to 
increased chloride concentrations in the 
upper part of soils at larger distances from 
the road than expected.  
The sensitivity of the modelled chloride 
concentration and discharge to variation in 
salt deposition and different roadside envi-
ronments was evaluated in Paper VI. Salt 
deposition was the overall dominating factor, 
along with the chloride source flow from 
higher elevations. Nevertheless, the impor-
tance of soil and vegetation type was clearly 
shown for the simulations that generated this 
source flow.  
The grid scale and temporal resolution cho-
sen affect how well the variation found in 
nature is represented by the model and influ-
ence the uncertainty in the specific parame-
ters chosen to represent the individual grid 
cells. Extensive field data are mostly not 
available, so the model has to rely on generic 
input data that can be obtained from maps 
and databases. The flexibility of the model to 
represent the spatial and temporal variability 
in climate, soil, hydrogeology and vegetation 
enables applications at different scales de-
pending on the purpose of the modelling and 
the required degree of certainty in the model 
outputs.  

Comparison of  a physically-based simulation 
approach and a risk-variable method 
A comparison was made of a vulnerability 
assessment obtained using the simulation 
tool developed in this thesis and the risk 
variable (RV) method developed by Gontier 
& Olofsson (2003) (Figure 9). A strictly accu-
rate comparison is of course difficult as these 
two methods generate different outcomes. 
The resulting maps are dependent on the 
division into different vulnerability classes, 
which is often a subjective choice. In this 
case, the mean chloride concentration in 
groundwater was divided into four classes, 
the same number of classes as for the RV 
method. The lower limit was set to 10 mg L-1, 
which is well above the natural concentration 
expected in this part of the country (SEPA, 
1999). The upper limit was set to 100 mg L-1, 
which corresponds to the chloride level in 
drinking water prompting a technical warning 

for the risk of corrosion in transport pipes, 
according to directives from the National 
Food Administration (SLV FS 2001:30) and 
the National Board of Health and Welfare 
(SOSFS 2003:17 (M)).  
Both methods resulted in vulnerability maps 
showing the highest impact close to the road 
(Figure 9). The RV method generated a 
somewhat wider band of high impact than 
the physically-based approach. The division 
into four chloride concentration classes re-
sulted in 55% of the grid cells having concen-
trations lower than 10 mg L-1 and 8% having 
mean chloride concentrations above 100 
mg L-1. In the RV method, 45% of the grid 
cells ended up in the class with very small 
vulnerability for groundwater pollution and 
4% in the class with very high vulnerability. 
The influence of the distance from the road 
was thus more pronounced with the physi-
cally-based approach. Implementation of a 
simple exponential distance function may be 
a useful option in order to give more weight 
to this factor in the RV method (Gontier & 
Olofsson, 2003). Both the physically-based 
model and the RV method indicated that 
there are some areas close to the road that 
have low vulnerability to de-icing salt con-
tamination, but the location of these areas 
differed to some extent (Figure 9). The re-
sults from the RV method were influenced 
by the timing of the groundwater sampling, 
which not was a problem with the physically-
based model as no site-specific calibration 
was performed.  
The main benefit of using a physically-based 
simulation approach compared with the more 
simplistic RV method to identify high vulner-
ability areas is the ability of quantifying envi-
ronmental changes both in time and space. 
Physically-based simulation also allows for 
higher flexibility and for a more detailed 
evaluation of different environmental condi-
tions and different salting strategies. How-
ever, to enable dynamic simulations to be 
carried out, time series of model forcing data 
are needed. The quality of these data should 
be kept high in order to decrease the overall 
model uncertainty. 
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Figure 9. Groundwater vulnerability maps of de-icing salt from the road based on a physically-based 
simulation approach showing mean chloride concentrations in groundwater (left) and a risk variable 
method showing a vulnerability assessment (right) (modified from Gontier & Olofsson (2003)). 
 

Use of different measurement techniques 
for monitoring and modelling 

Several different methods of measurements 
were applied (Paper I, II, IV and V). These 
various techniques were proved more or less 
useful for monitoring and for model calibra-
tion and uncertainty assessments, depending 
on the spatial and temporal resolution con-
sidered.  
In Paper IV, measurements of road runoff 
were conducted in order to estimate the 
amount of de-icing salt transported by runoff 
and to assess the performance of the protec-
tive measures constructed at the site. The 
measurements were shown to be useful for 
monitoring water and chloride fluxes and for 
evaluating the model and assessing the uncer-
tainty. Measurements of electrical conductiv-
ity (EC) were used as a substitute to direct 
chloride concentration measurements. An 
established linear relationship between chlo-
ride concentration and EC made the required 
conversion of the measurements possible. 
Continuous measurements of EC and water 

flows provided a simple and relatively cheap 
method to monitor and quantify salt fluxes 
from the road, which should be included in 
follow-up programmes. The information 
content of the observations should always be 
evaluated in order to make accurate predic-
tions. A combination of measurements and 
modelling was shown useful in this regard.   
Simple airborne deposition measurements in 
containers were more useful for assessing the 
deposition pattern with distance from the 
road than soil measurements (Paper V). 
However, soil measurements were valuable 
for evaluating the airborne deposition func-
tion at distances close to the road. Snow 
sampling and analysis has been shown to be 
another useful method for studying pollutant 
load from the road, see for example Hautala 
et al. (1995), Viskari et al. (1997) and Buttle & 
Labadia (1999), but was not evaluated in this 
thesis. The temporal variation in the airborne 
spread and deposition due to weather, traffic, 
road conditions etc. was assumed to be insig-
nificant when cumulative values of the total 
airborne deposition during a longer time 
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period were determined (Paper I). Airborne 
deposition measurements can also be de-
signed to represent high temporal resolution, 
as was shown by Gustafsson & Blomqvist 
(2004), where new measurements were ob-
tained every 30 minutes. This enabled under-
lying processes to be studied.  
The soil sampling approach represented the 
prevailing situation at the time of sampling, 
which is a combined effect of the long-term 
application of de-icing salt and transport to 
groundwater or surface water and uptake in 
vegetation. Soil chloride concentration meas-
urements are therefore useful for predicting 
different responses to environmental changes 
in different roadside environments. However, 
the dynamics in soil can be rather high, mak-
ing it difficult to capture any vast amount of 
chloride in the soil sampling approach, espe-
cially close to the road where additional snow 
from snow ploughing enhances the transport 
of chloride in the vadose zone during snow-
melt. In strongly heterogeneous environ-
ments, a large number of sampling sites is 
necessary in order to obtain a realistic picture 
of the distribution pattern. Interpolation of 
the soil analysis results using kriging tech-
niques was shown to be useful in reducing 
the effect of single point measurements and 
obtaining a picture of the overall chloride 
distribution pattern in soil (Paper I).  
Time domain reflectometry (TDR) measure-
ments have proven to be a promising tech-
nique for monitoring changes in electrical 
conductivity of the soil solution due to water 
and solute dynamics in both frozen and un-
frozen soil (Lundin & Johansson, 1994; Stähli 
& Stadler, 1997; Nyberg et al., 2001). Snow-
melt infiltration into soil during winter and 
spring was observed with the TDR method 
(Paper V). This method produces observa-
tions of both water content and electrical 
conductivity, which are valuable information 
in model calibrations. The measurements at 
Kista were made with a high temporal resolu-
tion, which proved especially useful for the 
model evaluation. The observed decrease in 
bulk electrical conductivity with distance 
from the road clearly reflected the higher salt 
deposition closer to the road during winter. 
Nevertheless, uncertainties in the conversion 

of measured electrical conductivity to solute 
concentrations should be considered. Meas-
urements during summer may reveal impor-
tant information on the drying up of the soil 
as a result of water uptake in vegetation and 
evaporation.  
Electrical resistivity measurements can be 
designed to represent various scales and 
temporal resolutions depending on the pur-
pose of the observations. A good resolution 
of the upper part of the soil made it possible 
to describe the variation in soil resistivity on 
a more detailed scale (Paper I). The meas-
urements detected ditches and drainage sys-
tems as a marked decrease in resistivity val-
ues, as a result of higher water content and 
salinity compared with natural soil layers. In a 
clay-free soil, it is possible to roughly calcu-
late the soil water resistivity using Archie´s 
law (Reynolds, 1997). This requires knowl-
edge of the soil water content, which can be 
obtained by measurements or modelling. The 
dependence of soil electrical conductivity on 
temperature has to be considered, especially 
when measurements are conducted during 
winter. The temperature correction factor 
becomes larger when the soil temperature is 
low (Heimovaara et al., 1995). Modelling of 
soil water content and soil temperature could 
be an efficient means to obtain the required 
information.  
The resistivity method was shown useful for 
studying the influence of de-icing salt on 
both sand and till soils (Papers I and II). The 
intrinsic heterogeneity of the glacial till area 
made it more difficult to detect any influence 
on groundwater, especially as the bedrock 
surface was rather superficial at the site. 
Nevertheless, the heterogeneity of the soil 
detected by the resistivity measurements 
could be useful in guiding future sampling 
schemes. The clay soil has natural low resis-
tivity values, which were shown to exceed 
any impact of increased salinity because of 
de-icing salt deposition. Natural variation in 
resistivity due to varying geological condi-
tions may be as high as 104 ohm m in Swed-
ish terrain (Aaltonen & Olofsson, 2002). 
Hence, the resistivity method could not be 
recommended for use in clay-covered areas 
for detecting salt transport.  
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In Paper II, the spatial and temporal variation 
in resistivity in roadside soils due to de-icing 
salt applications was assessed. With high 
temporal resolution during winter and espe-
cially during snowmelt events, the resistivity 
method using permanently installed elec-
trodes seems well suited for monitoring the 
infiltration of de-icing salt into roadside soils 
and further transport down to groundwater. 
An integrated picture of the whole soil pro-
file could be obtained using this non-invasive 
method. Leroux & Dahlin (2006) showed 
that time-lapse resistivity investigations have 
potential for imaging saltwater transport and 
pathways in complex hydrogeological envi-
ronments. Aaltonen & Olofsson (2002) de-
veloped a system for long-term monitoring 
of chemical changes in the groundwater over 
time using DC resistivity measurements. 
Since the measurements are rather rapid and 
inexpensive, this method could be useful for 
long-term monitoring of the impact of salt 
and road-related pollutants on the roadside 
environment.  

CONCLUSIONS 

The modelling tool presented in this thesis 
was shown to be useful in describing the 
spread of de-icing salt from the road, the 
deposition of salt and ploughed snow in the 
roadside environment and the resulting 
changes in chloride concentration in roadside 
soils. In order to make the model operational, 
it was based on available salt application and 
meteorological data as provided by the Swed-
ish Road Administration, together with ge-
neric descriptions of typical site conditions 
representing the roadside environment. The 
modelling tool also showed the potential for 
spatially distributed modelling of the change 
in chloride concentration in the root zone 
and in groundwater along a stretch of road, 
providing that salt application data and mete-
orological data are combined with informa-
tion on topography, geology and vegetation 
cover. Physically-based modelling combined 
with standard available maps, generic data-
bases and GIS provided a flexible and effi-
cient means for quantifying environmental 
changes both in time and space, which is a 
major benefit compared with using a risk-

variable method to identify high vulnerability 
areas.  
The importance of type of soil, vegetation 
type, groundwater situation and distance 
from the road was clearly demonstrated for 
modelling the transport and fate of de-icing 
salt in the roadside environment. The validity 
of the generic descriptions and the effect of 
their uncertainty may be further evaluated by 
extending the present study to other roadside 
environments and to other events of climate 
variability. Uncertainty analysis is essential in 
future applications to account for the high 
degree of variability generally found in the 
field and to quantify the uncertainty in model 
outcomes. 
Both observations and modelling assump-
tions were associated with a high degree of 
uncertainty due to the complexity of many 
involved processes and the heterogeneous 
conditions on the road and in the roadside 
environment. A major uncertainty related to 
the road conditions during winter with snow 
ploughing and high amounts of salt dispersal 
and deposition. Combining observations and 
modelling enabled a more thorough evalua-
tion of the results.  
The fraction of de-icing salt application 
transported by runoff was estimated to be 
0.65 ±0.15 based on modelling and field 
measurements from one specific site. An-
other field study estimated the fraction trans-
ported by airborne spread to 0.40 ±0.05. This 
partitioning between different dispersal path-
ways revealed that runoff was the major 
pathway but high amounts of airborne spread 
could also be expected, considering the cu-
mulative spread during a major part of the 
salting season.  
The general pattern of salt deposition and 
chloride distribution in roadside soils was 
successfully illustrated by combining field 
measurements and modelling. Sampling in 
the immediate vicinity of the road, where the 
deposition is highest, was difficult due to 
snow ploughing. A complex deposition pat-
tern and redistribution of salt in ploughed 
snow may have affected the measurements. 
The airborne salt deposition close to the road 
was very uncertain and the exponential de-
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cline in salt deposition with distance from the 
road could only be justified at distances 
greater than a couple of metres from the 
road. Hence, the number of sampling sites 
close to the road should preferably be high in 
order to account for the differences in depo-
sition and distribution.  
Different measurement techniques proved 
useful for monitoring and for model calibra-
tion and uncertainty assessments, depending 
on the spatial and temporal resolution con-
sidered. The resistivity method using perma-
nently installed electrodes was useful for 
providing measurements of changes in road-
side soils during winter and snowmelt. A 
combination of modelling and some crucial 
measurement techniques can provide the 
necessary site-specific calibration of the 
model that could be used in future monitor-
ing programmes. A combination of model-
ling of chloride concentration, soil water 
content and soil temperature and measure-
ments of electrical resistivity may be a cost-
effective solution for assessing the impact of 
de-icer chloride in a roadside environment. 

FUTURE PERSPECTIVES 

The modelling tool presented would benefit 
from further evaluation, testing and applica-
tions in various roadside environments and 
for different climatic conditions to improve 
the confidence level. This calls for more field 
data from various environments. More field 
studies comprising other stretches of road 
with different roadside environments are also 
important in order to clarify the variability of 
the monitored system, in view of salt emis-
sions from the road, deposition in the road-
side environment and the resulting impact on 
soil, vegetation and groundwater. This would 
enable a more thorough estimation of the 
accuracy of the model predictions and the 
validity of the concept of hydrogeological 
environments, and how the precision de-
pends on different temporal and spatial 
scales.  
In addition to more field measurements to 
improve the model, future model develop-
ments should include considerations of other 
transport mechanisms of salt in soil and 

groundwater, such as diffusion and disper-
sion, other ways of representing the flow in 
groundwater and a better coupling to surface 
waters. For estimating amounts of residual 
salt on the road and for monitoring the 
spread to the surroundings with a high tem-
poral resolution, a more detailed study of the 
road conditions is needed. Deposition in 
close proximity to the road needs to be stud-
ied further in order to reduce the uncertainty. 
It would also be of interest to investigate the 
validity of the airborne deposition function at 
various forest sites. 
In order to make the model efficient for real-
time monitoring, the physically-based model, 
GIS and model forcing data has to be fully 
integrated. Databases of generic soil hydraulic 
properties and vegetation properties should 
also be further developed to enable operative 
applications. In addition, an operational 
procedure for including uncertainty analysis 
in the modelling framework should be devel-
oped. 
Other future applications of the modelling 
tool could be to predict the environmental 
impact of de-icing salt along new stretches of 
road where de-icing practices have just 
started or are being considered. Different 
future climate change scenarios could also be 
tested in order to predict the long-term im-
pact on the roadside environment and to test 
the performance of different preventive 
measures in a long-term perspective. 
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