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ABSTRACT 

In the recent decades, there have been frequent conflicts between groundwater water 
resources and environmentally hazardous activities. New methodologies for aiding 
decision-making in groundwater impact assessment and protection are needed and in 
which issues of increased awareness, better understanding of the groundwater resources 
processes, and validation of predictive mathematical models are addressed.  
A framework for decision–aid, based on predictive simulations that a) predicts the 
environmental impacts b) provides the total economical value c) visualises the impacts 
and the groundwater properties and d) describes the uncertainties in the results is 
proposed herein. The framework can be applied in environmental impact assessments, 
strategic environmental assessments and protection and management of water resources. 
The results of the model are used as feedback for determining new scenarios, depending 
on the required uncertainties, and if the planned activity is sustainable, and/or fulfils the 
legislative and policy measures. This framework is applied to a particular case study, 
Nybroåsen, in the south-eastern part of Sweden, where the highway E22 is constructed 
through the important glaciofluvial esker aquifer, passing the protection zone of the water 
supply for the Kalmar municipality. 
The impacts from the new highway and the existing road have been predicted by two-
dimensional physically based time-variant flow and solute groundwater modelling. The 
results, breakthrough curves of contaminant concentration in wells and maps of 
concentration distributions, as well as travel times, flow paths, and capture zones for 
wells determined by particle tracking have been presented.  
The hydraulic conductivity has been calibrated by comparing observed and simulated 
groundwater levels for 15 observation wells for ten years of measurements. The model 
has been evaluated both graphically and numerically and the calibration target was 
fulfilled for 13 of the 15 observation wells. The model work includes investigations of 
the catchment information, a water balance study, simulation of the groundwater 
recharge, consideration of the unsaturated zone by a numerical column simulation, and 
sensitivity analysis. 
From the sensitivity analysis of the flow and transport parameters, it has been shown that 
the uncertainties are mainly due to the hydraulic conductivity. Comparison of the derived 
conductivity from the steady-state automatic calibration and the time-variant calibration 
showed that there are major differences in the derived parameters, which illustrates the 
importance of a time dependent calibration over both wet and dry periods and in more 
than one point in the area of interest of the model predictions. 
In addition, a multi-criteria decision analysis has been carried out for four road 
alternatives and the existing road in the case study concerned. The multi-criteria decision 
aid is only applied as an illustration of how it can be used in environmental management.  
 
 
 
 
Keywords: Physically-based groundwater modelling, contamination, flow and solute 
transport, glaciofluvial deposits, Nybroåsen, Sweden, and multi -criteria decision-aid. 
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GLOSSARY 

Actor: one who participates in a process for decision-making. 

Alternative: an alternative system or solution that is considered less damaging or more 
effective than the old one. 

Contamination: the presence of substances in the groundwater at levels greater than 
background values (Andersson, 1987). 

Criterion: a standard, which is established so that the judgement or decision, especially 
scientific one, can be evaluated. 

Decision-maker: one who has authority over the resources being allocated. 

Environmental Impact Assessment (EIA): an activity designed to identify and predict 
the impacts of an action on the biogeophysical environment and on her/his health and 
wellbeing, and to interpret and communicate information about the impacts (Munn, 
1975). 

Groundwater protection: to avoid negative impacts on groundwater by prevention.  

Highway: broad main road that joins one town to another. 

Impact Assessment: a process where one makes an evaluation about the predicted 
impacts based on environmental sound methods. 

Interest group: a group of persons working on behalf of/or strongly support a particular 
cause, for protecting their own particular rights, advantages etc.  

Pollution: pollution of groundwater is said to occur when contaminants are present in the 
groundwater to a degree that is judged to be harmful (Andersson, 1987). 

Prediction:  identification of the possibilities for impacts on the environment; can be 
elucidated by tools as numerical models and geographical information systems. 

Scenario: a situation that can possibly happen, but has not happened. 

Strategic Environmental Assessment (SEA): a formalised, systematic, and 
comprehensive process of evaluating the environmental impacts of a policy, plan or 
programme, and its alternatives, including the preparation of a written report on the 
findings of that evaluation, and using the findings in publicly accountable decision-
making (Therivel et al., 1992). 
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1 INTRODUCTION 

1.1 Motives and problems  

Groundwater is an important source for drinking water, and it plays an important role in 
the ecological functions performed by various ecosystems. However, groundwater 
resources are under increasing pressure due to contamination from environmentally 
hazardous activities. Globally, there is a continuous degradation of groundwater quality 
and depletion of groundwater quantity, in some regions and during some periods, due to 
land-use activities and unsustainable use of water resources. However, the scale of the 
problem differs in Europe and in some developing countries, where in the latter case the 
threat of unavailability of good quality drinking water is a life threatening problem. 

Groundwater is a safer source of drinking water than surface water, and moreover it 
contains essential substances, which are not provided in surface water. When 
precipitation infiltrates through the soil zone and the unsaturated zone the water is 
cleaned through physical, chemical, and biological processes. Moreover, the percolating 
water makes the soil matrix undergo weathering where these substances are added to the 
water. The higher quality implies the use of less chemicals during treatment for the 
production for drinking water and thereby leading to lower costs. The aquifers also act as 
protected storage of water, which serve as a buffer against variation in demand and/or 
supply i.e. precipitation or surface water for artificial recharge. Other services in addition 
to drinking water, which are provided from groundwater are, for industrial purposes, 
irrigation for agriculture, and ecological services through discharge into streams and 
wetlands. 

Environmental hazardous activities are often in conflict with water resources and the 
potential impacts are shown in Table 1.1.1 There are several examples of developments 
of infrastructure, which have had an impact or are threats to important groundwater 
resources. Major threats are also due to agriculture, contamination from fertilisers and 
pesticides and overexploitation of aquifers. But, changes in the landscape can also have 
major impacts on the hydrology.  

1.2 Protection of water: legislation and methodologies 

Generally, when decisions are taken with regard to the groundwater, its value is not 
usually fully recognised due to several reasons. The main reasons being that the 
groundwater has historically been seen as a free resource and that it is a non-market 
good, which makes it difficult to value its importance. However, when taking decisions 
regarding groundwater resources it is important to show the costs in accordance with the 
environmental impacts. If the water becomes contaminated, the costs for re-mediation as 
well as for alternative water supply plants may be considerable and cleanup might not be 
possible, nor feasible.  

The fact that groundwater is non-visible and the subsurface processes are poorly 
understood in the society is another reason. Pollutants can accumulate over years in the 
groundwater and suddenly become mobilised due to an excess in the adsorption capacity 
or a change in chemistry, due to land-use or climate, for example. 

The fact that there is no standard methodology i.e. inadequate legislation and regulation 
with respect to groundwater resources makes it more difficult to protect. Often there are 



 2 

conflicting interests i.e. economical, biodiversity, cultural values, which are of higher 
importance or are better protected by legislation i.e. resources of natural interests (in 
Sweden) than the water resources. Also, impacts from land-use policies can have adverse 
effect on the water resources. Moreover, the decision-makers often have specific interests 
and therefore view the issue of water resources from different perspectives. This 
communication barrier between different professions i.e. the natural science and socio-
economic approach are not sufficiently integrated.  

Table 1.1.1 A framework for assessing degradation types and impacts (Eliasson et al., 1999, 
revised from Calow, 1997). 

Degradation Type Physical attributes Some potential impacts 

Groundwater 
depletion 

Where abstraction exceeds recharge, 
the groundwater head will fall until 
aquifer exhaustion occurs. 

→ increased abstraction costs 
→ scarcity and value increase 
→ source abandonment 
→ physical shortages/rationing 
→ reduced stocks for future needs  
→ need for high cost replacement 
→ reduced biodiversity 

Groundwater 
contamination 

Decline in water quality through 
human activities and waste production. 

→ reduced usage option 
→ reduced crop yields 
→ health risks 
→ higher treatment costs 
→ source abandonment 
→ reduced stocks for future needs  
→ need for high cost replacement 
→ reduced biodiversity 

Induced problems Associated with depletion: 
• Saline intrusion and  
• Land subsidence 
 

Associated with rise: 
• drainage/waterlogging 
• soil salinity 

→ as above, plus possible 
infrastructural damage or damage 
prevention costs 

 

There is an increasing need for environmentally sound methods for aiding decision 
making in groundwater impact assessment and protection. So far the approach has been 
to act in case of impact, instead of undertaking a more precautionary action.  

The need for more environmentally sound methods has been recognised and is an 
objective within many frameworks. Since the Brundtland report (1987) from the World 
Commission on Environment and Development, the objective, a sustainable development 
has been a guideline. The European Union promotes policy making towards the 
environment and states in "The fifth action programme" that there is a need for increased 
quality of the decision making processes and better understanding of problems by 
information, training, and awareness-raising. 
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Moreover, the proposed EU Water Framework Directive (Com (97) 49), which takes into 
consideration the cost of services provided from overall water uses by economic sectors 
divided into households, industry, and agriculture, is a positive action for protecting our 
water resources. On the global level an integrated approach for the water resources have 
been taken with AGENDA 21 (United Nations, 1993). In chapter 18, of AGENDA 21 it is 
stated that "water is needed for all aspects of life. The general objective is to make 
certain that adequate supplies of water of good quality are maintained for the entire 
population of this planet while preserving the hydrological, biological and chemical 
functions of ecosystems".  

Issues that need to be addressed are, increased awareness and better understanding of the 
groundwater processes, validation of predictive mathematical models, integration of the 
planning of land use and water use, improved legislation, policies and land use 
regulations, increased understanding between the natural and socio-economical sciences, 
and the participation of stake-holders as well as interest groups in the decision-making 
process (FRN, 1998 and SWS, 1998).  

Decisions about environmentally hazardous activities in conflict with water resources are 
of economical, natural resource, social, cultural values, and legislative concerns. The 
information is often incomplete, uncertain, and complex to handle. Therefore, the use of 
hydrological models together with auxiliary tools i.e. geographical information systems 
and decision aid tools provide powerful analysis. 

For predicting the impacts of environmental hazardous activities, there is a variety of 
methods ranging from analytical methods to numerical models. The type of approach 
depends on the study under consideration, accepted uncertainty, and complexity of the 
hydrogeology. An important component is also the concept of risk for contamination and 
its consequences.  

Today the use of modelling in groundwater studies has become an important tool in water 
projects because of the predictive value that model simulations can provide for decision-
making (Reefsgaard and Abbott, 1996 and Nukuric and Hall, 1998). 

1.3 Water resources in Sweden 

The Swedish municipal water use is 1000 million m3/year of which 50 percent is 
groundwater. Major groundwater resources are in relatively small sand and gravel 
deposits, which are used for artificial recharge (infiltration of surface water) to increase 
the abstraction amounts and to treat the surface water in an easy way. As much as 50 
percent of the abstracted water are due to artificial recharge. A minor part of the 
groundwater resources is in sedimentary rock i.e. Skåne, southern Sweden. The 
municipal water supply is often of very good drinking quality. However, the resources 
are very vulnerable due to very permeable materials, which are easily contaminated in 
comparison with less permeable materials. These resources are often well investigated, 
with generally good access to hydrogeological data.  

Although, the groundwater resources are valued in Sweden, there are several examples of 
infrastructural developments that are in conflict with groundwater resources e.g. highway 
E22 at Kalmar and Sölvesborg, railway Mälarbanan at Västerås, highway E4 at Uppsala 
and Sundsval, the airport in Karlstad and the third runway at the Arlanda airport, 
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Stockholm. Unfortunately the awareness of the importance of protecting and monitoring 
groundwater has been raised from a) contamination scandals e.g.  the railway tunnel at 
Hallnadsås, southwest of Sweden, where a chemical toxic compound (akrylamid), which 
was used for tightening the cracks, contaminated the water and b) flooding and landslides 
events, e.g.  areas along the rivers in the middle north of Sweden, were flooded and 
effected by landslides due to extremely high groundwater levels and unusually high 
precipitation amounts. Generally, Sweden does not have a good record in groundwater 
protection because it is fortunate enough to have good groundwater resources in 
comparison to other countries world-wide.  

1.4 Objectives 

The general objective of the research project is to study how predictive simulation tools 
can be applied to conflict solving between environmentally hazardous activities and 
groundwater resources, and hence to aid decision-making. The objectives of the research 
are therefore to: 

a) develop a methodology based on predictive simulation tools, for aiding 
decision-making, regarding groundwater in conflict with environmentally 
hazardous activities. 

b) apply the methodology to the water supply area of Kalmar, Nybroåsen in the 
south-east of Sweden, where there is a conflict between water resources and 
the development of a new highway.  

c) predict the impact of the new highway and the existing road on the 
groundwater in the important glaciofluvial esker aquifer in Nybroåsen.  

d) illustrate how a multi-criteria decision aid tool could be applied to evaluate 
alternative scenarios for the planning of environmentally hazardous activities 
in the  Nybroåsen study.  

This thesis covers literature in the form of articles, books, and conferences, published 
mainly between 1990 and 2000. A lot of the material has been acquired from 
hydrogeological investigations and measurement s from the study area dating as far back 
as 1950.  
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2 GROUNDWATER PROTECTION 

For the protection of groundwater resources sustainable decisions with respect to land-use and 
water resources are needed. In Sweden the municipalities are adopting detailed plans for the 
future use of land and by doing so they regulate permits for land-use, buildings and 
constructions. However, this will change with the proposed EC Water Framework Directive 
(Com 97 (49)).  

Important aspects of protection of groundwater resources involve the participation of actors in 
the planning process i.e. environmental impact assessment or strategic environmental 
assessment.  

Management of groundwater resources involves the use of groundwater models for predicting 
possible impacts together with other auxiliary tools.  

A measurement of the Total Economic Value (TEV) is an important tool for aiding the 
decision-making by providing insight into how the TEV changes with a policy or a 
management decision. By comparing the cost of the project, the benefits of the project and the 
loss of the TEV by the development, the benefits and costs of the development is provided. 
The TEV consists of use and non-use values for groundwater valuation. 

2.1 Groundwater flow and transport 

Darcy velocity 

The most important law for describing groundwater flow is Darcys’ law, which states that 
“The velocity of flow is proportional to the hydraulic gradient”. The Darcy velocity of 
groundwater flow i.e. volumetric flow rate per unit area of connected pore space, is defined as 
follows: 

 

L

h

n

K
v

e ∂
∂−=  (Equation 2.1.1) 

Where: v = Darcy velocity (m3/s) 
 K = Hydraulic conductivity (m/s) 
 ne = Effective porosity:volume of interconnected pores divided by the total 

volume of the matrix. 

 
L

h

∂
∂  = Hydraulic gradient: change in water level per unit length. 

The Darcy velocity increases with decreasing effective porosity and it assumes a linear 
relationship between the specific discharge and the hydraulic gradient. This is valid for 
laminar flow, which is the case for most porous material. The flow velocity in porous soils 
and rock aquifers varies, from decimetre’s to meters per day. In water supply areas, especially 
where there is artificial recharge, the flow velocity lies in the range 10-25 meters per day and 
in extreme cases rises up to 300 meters per day (Knutsson and Morfeldt, 1993). 

Darcys’ law is valid for the horizontal and vertical flows in the saturated and the unsaturated 
zone. The direction of the flow depends on the formation of the geological units i.e. aquifer 
system, hydraulic properties, topography, recharge and the presence of water supplies. The 
transport of contaminants, whether or not they travel with the groundwater depends on 
physical, chemical, and biological processes.  
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Sources of contamination 

Contamination of groundwater occurs when there is a possibility for transport of the mass, 
through downward percolation to the saturated zone from the source of pollution. The 
contaminants can enter the groundwater (Figure 2.1.1) from the ground surface, shallow 
subsurface sources or by pumping induced movements i.e. contaminants in adjacent areas are 
mobilised. A contaminant is considered as a pollutant if it affects the use of the water i.e. the 
water needs to be purified or treated before it is used. The sources of contamination can be 
classified into three categories: 

• Point sources: waste disposals, leakage from oil and chemical storage tanks and sewage 
constructions. 

• Diffuse source: pesticides, fertilisers, acid rain, airborne contaminants and urban runoff. 

• Line source: salt for de- icing roads (Figure 2.1.2), and petroleum and sewage from 
pipelines. 

 

 

 

Figure 2.1.1. Pathways along which contaminants may reach groundwater (NRC, 1993).  
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Chloride 

De-icing salt is the most common source of groundwater pollution from roads in Sweden 
(Bäckman et al. 1979), but is also a widespread common problem (Howard and Beck, 1992, 
Brod, 1993 Pedersen and Fostad, 1994).  

De-icing salt has been applied in Sweden for decades and has prevented numerous accidents, 
because 90 percent of road accidents occur on roads under either, slush, ice or snow 
conditions (VTI, 1996).  

Resultant environmental impacts include increased salt concentration in the groundwater and 
vegetation damages, due to uptake of salt from the ground and direct deposition on the 
vegetation. High chloride concentrations in the groundwater increase corrosion of pipes and 
changes in the taste that effects the use for drinking water.  

The salt is transported from the road to the surroundings by surface runoff and spray from 
traffic (Figure 2.1.2). There is also transport to the surrounding due to the ploughing of snow. 
Moreover a small amount is also transported with wind as salt-aerosols.  

 

Figure 2.1.2. The transport of de-icing salt from the road (Eliasson, 1996, modified after Brod, 1993).  

Measurements from deposits in snow in the case study concerned show that the amount 
deposited is reduced with increasing distance from the road. Although, traceable amounts 
have been detected out to 40 meters from the road (Eliasson, 1996).  

The average amounts of de- icing salt applied is 15.5 ton/km in the middle of Sweden during 
the period November to April. It has been estimated that around 70 percent of the applied salt 
infiltrates to the ground (Thunqvist, 2000).  

Chloride is a conservative substance i.e. it does not react with other substances and does not 
adsorb on soil-particles, and therefore chloride is often used as a tracer for detecting more 
unhealthy pollutants that has a slower transport e.g. nitrate, heavy metals and non-aqueous 
phase liquids (fuel, oil, or industrial solvents). The salt also contributes to dispersion of humus 
substances and clay colloids in the soil and thus releases heavy metals and hydrocarbons.  

For further discussions about de- icing salt from roads and the impact on groundwater, see 
Thunqvist (2000): and vegetation, see Blomqvist (1999) in Sweden. 
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Nitrate 

The deposition of nitrate is around 0.5 -0.6 g/m2 (atmospheric deposition and combustion of 
nitrate-oxide) per year (Knutsson and Kylefors, 1995). However, the most common source of 
nitrate is from agriculture. 

Nitrate is not subjected to sorption, but is to a high extent taken up by vegetation.  

High concentrations of nitrate nitrogen (>10 mg/l) are dangerous for infants as it reduces the 
oxygen uptake in the blood that leads to slightly grey skin coloration i.e. the blue-baby 
syndrome. 

Zinc  

Zinc is deposited from the road due to the wear of, brake lining, tires, and the road. 
Concentration of zinc in road drainage water in the Nordic countries has shown 
concentrations of 60 to 928 µg/l (Bengtsson, 1998) and from a literature summary the average 
value of 300 mg/l has been found (Larm, 1994). Investigations of heavy metals show that they 
only contribute in very small amounts. Considerable amounts of zinc in the groundwater are 
an indicator that other metals are present and in particular cadmium. At the most cadmium 
amounts to 1/100 of the zinc amounts. 

Zinc is absorbed by the humus substances but is set free at low pH, due to competition from 
hydrogen- and aluminium ions. Field investigations at the highway E20, north-west of 
Göteborg in, south-west Sweden show the high ability of the soil to absorb heavy metals 
(Bengtsson, 1998). In addition, an increased content of de-icing salt in the groundwater has 
been shown to mobilise the heavy metals (Norrström and Bergstedt, 2000). 

Limits for drinking water 

Table 2.1.1 shows the values from the Swedish national food administration (SLV, 1993)  

Table 2.1.1 Background (Aastrup et al., 1995), threshold values (technical and esthetical, SLV, 1993)  

Contaminants Background Technical Aesthetic  
Chloride (mg/l) 10-20 100 300 
Nitrate NO3-N mg/l 0.1-1 5 10 
Zinc (ìg/l) 10-100 300 1000 

 

Properties that effect contamination 

A groundwater system’s vulnerability to pollution is influenced by:  

• Where the contaminant is deposited – Deposition directly to the unsaturated zone e.g. 
leakage from sewage pipes, reduces the distance and travel time to the saturated zone. 
Direct deposition in the groundwater systems implies immediate contamination of the 
groundwater. 

• Properties of the hydrogeology – (See Table 2.1.2).  
• Contaminant characteristics – If it is a liquid or solid and its chemical characteristics, 

which are important for the interaction with processes in the unsaturated and saturated 
zones. 

• Water supply – The abstraction of groundwater for example implies quicker flow 
velocities in the aquifer and thereby also the spreading of the contaminant. 

• Vegetation  – If there is well developed soil horizon the pollutant transport is reduced by 
adsorption and degradation. This process is enhanced by the microbiological activity. 
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Table 2.1.2. Principal hydrogeological features that influence an aquifer’s vulnerability to 
contamination (modified after Johnston, 1986) 

Features determining an 
aquifer’s vulnerability to 

contamination 

Low vulnerability High vulnerability 

Unsaturated zone Thick unsaturated zone, with 
high levels of clay and 
organic material 

Thin unsaturated zone, with 
high levels of sand, gravel, 
limestone, or basalt of high 
permeability. 

Confining unit Thick confining unit of clay 
or shale above aquifer 

No confining unit 

Aquifer properties Silty sandstone or shaley 
limestone of low permeability 

Cavernous limestone, sand and 
gravel, or basalt of high 
permeability. 

Recharge rate Negligible recharge rate, as in 
arid regions 

Large recharge rate, as in 
humid regions. 

Location within flow system i.e. 
proximity to recharge or 
discharge areas. 

Located in deep sluggish 
parts of a regional flow 
system. 

Located within a recharge area 
or within the cone of 
depression of a pumped well. 

 
Contaminant transport  

Often the contaminants travel with the groundwater in solution and are carried with the flow 
of water through advective and hydrodynamic dispersion transport.  

Advective transport refers to when the velocity of the contaminant solution flow is the same as 
the velocity of the groundwater flow. This advective transport is derived from the Darcy 
velocity (Equation 2.1.1), which gives an increase in the contaminant velocity with decreasing 
effective porosity in the matrix. However, if the contaminant is relatively insoluble in water 
e.g. petroleum product, the flow patterns may differ substantially from the water flow and 
thus multiphase flow has to be considered instead. Equally, important is that the density of the 
contaminant solution does not differ too much from that of the groundwater. 

Hydraulic dispersion, refers to when the contaminant is spread further than it would do only 
by advective transport (Figure 2.1.3). Dispersion occurs in porous media because of two 
processes, molecular diffusion and mechanical dispersion, as a result of velocity variations 
(Figure 2.1.4). The molecular diffusion is mixing caused by different concentrations in the 
solute, which is described by Ficks law. Mechanical dispersion is mixing caused by local 
variations of flow. The variability in the direction and rate of transport is caused by non-
idealised conditions with respect to micro-, macro- and mega-scopic heterogeneity. These 
non- idealised conditions create different flow regimes creating mechanical dispersion in both 
the horizontal and vertical directions. Numerous amounts of research studies have been 
carried out with respect to dispersion based on theoretical studies, tracer tests in laboratory 
and field, and measurements from accidental contaminant release.  

Gelhar et al. (1992) reviewed 106 field measurements from 59 field studies, where they found 
that the longitudinal dispersivity is around 0.01 to 1 times the transport distance i.e. the plume 
length. The transverse dispersivity has a credible range from 0.1 to 1 times the longitudinal 
dispersivity (Freeze and Cherry, 1979). Also, there is a relationship between an increase in 
dispersivity with increasing transport distance (Domenico and Robbins, 1984). However, this 
is a debated issue (Engesgaard et al. 1996, Miralles-Wilhelm and Gelhar, 1996, Rajaram and 
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Gejlhar, 1995, and Torbjarnarson and Mackay 1994) and for further guidance see Domenico 
and Schwartz, 1998). 

 

Figure 2.1.3. The spread of pollution by a) dispersion and advection and b) only advection (modified 
after Bedient et al., 1999). The contamination plume increase in size whereas the 
maximum concentration decrease by dispersion. 

 

 
Figure 2.1.4 Factors causing longitudinal dispersion (Bedient et al., 1999). 

Other processes that effect sorption and degradation are for example oxidation-reduction, 
adsorption-desorption, biotransformation, and microbiological processes. These processes are 
often more active in the unsaturated zone due to the presence of organic material. Moreover, 
they are more complicated due to the presence of both air and water. In Figure 2.1.5 is the 
mobility of different ions in the soil illustrated. The difference is due to the properties of the 
respective ion. 

These natural (physical, chemical and biological) processes provided by the flow in the 
unsaturated and saturated zones are often taken advantage of for water supplies. By 
infiltrating surface water or contaminated groundwater into the ground through basins i.e. 
artificial recharge the water is cleaned. To provide a sufficient artificial recharge the bed of 
the basin is provided with a special matrix, which is exchanged during the year. Artificial 
recharge provides an additional source of groundwater and is of importance where the natural 
recharge is small or where the groundwater needs to be cleaned.  



 11

 

Figure 2.1.5 The mobility of different ions. Chloride is a highly mobile ion and therefore it is often 
used as a tracer (SNV, 1991). 

Non aqueous phase liquids (NAPLs) 

NAPLs are immiscible hydrocarbons  in the subsurface that have different behaviour and 
properties in comparison with those contaminants that are solved in water and therefore they 
are described separately herein. 

Contaminant of petroleum products i.e. NAPLs, involve two or more fluids. An example is 
the consideration of air, water, and organic liquids in the unsaturated zone or organic liquids 
and water in an aquifer.  

The impacts of NAPLs in the groundwater are devastating, very small concentrations (20 
ìg/l) give a bad taste and smell to the drinking water. Even if the petroleum products are 
insoluble there are small parts that do solve with the water. 

The NAPLs are composed of a single chemical or a mixture of several or hundreds of 
chemicals and therefore their behaviour can also vary substantially. The prediction of the 
behaviour of a mixed NAPL is considerable more complex than for a single component 
NAPL.  

NAPLs that have a density greater than water are called, Dense NAPL, DNAPLs, and NAPLs 
that have a density less than water are called, Light NAPLs, LNAPLs. Spills and accidental 
release of petrol, parafine, diesel, and associated condensates are common sources of LNPLs 
to the groundwater. DNAPLs are associated with industrial activities such as, metal stripping, 
chemical manufacturing, pesticide production, coal gasification, and other activities involving 
chlorinate solvents (Bedient et al., 1999). 
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The transported of NAPLs in the unsaturated zone depends on the density, viscosity, and the 
horizontal capillary force. The water phase are surrounding the solid grains due to its 
hydrophilic properties. The NAPL moves in the centre of the pore space due to its 
hydrophobic properties. Nor the water or the NAPL fill out the pore space completely and 
therefore the permeability for each of the  two fluids differs depending on their interference. 
Figure 2.1.6 shows the relative permeability for a two fluid system comprised of water and 
NAPL. The interface between the two fluids reduces the overall permeability.  

 

 
Figure 2.1.6 Relative permeability for NAPL and water against saturation (Schwille, 1988) 

At 100 percent water saturation, the relative permeability for water and NAPL is 100 percent 
and 0 percent respectively (Figure 2.1.6). As the NAPL content in the pore space increases, 
the water content decreases. When the water content decreases the relative permeability for 
water also decreases. When the water content not can be reduced anymore, the point of 
irreversible saturation of water is reached. The relative permeability for water is now 0 
percent. The saturation for NAPL shows a similar relationship, when the point of residual 
saturation of NAPL is reached, the relative permeability is 0 percent and the NAPL not can 
move further. The NAPL can only be removed by solution from water flow or by evaporation. 

The transport of DNAPLs in the unsaturated zone is faster than LNAPLs due to its higher 
density. DNAPLs can sink deep into the saturated zone whereas the LNAPLs will float on the 
groundwater. The NAPLs that dissolve with the flowing groundwater form a plume. The 
chemicals that dissolve in water from petroleum products are for example, benzene, toluene, 
ethyl benzene, and xylene as well as other aromatic hydrocarbons (Domenico and Schwartz, 
1998). LNAPLs have higher contents of soluble compounds and are more frequently observed 
in the subsurface than DNAPLs (Wiedemeier et al., 1999). 
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The maximal depth in the unsaturated zone for which a petroleum product can reach can be 
calculated approximately as follows (SNV, 1990): 

 

ARk
V

D
1000=  (Equation 2.1.2) 

Where: D = Maximum depth that the petroleum can reach in the unsaturated zone (m) 
 V = Volume of infiltrated petroleum (m3) 
 A = Infiltration area (m2) 
 R = Retention capacity (l/m3), see Table 2.1.3 
 k = Parameter that depends of the viscosity of the fluid, with the following 

indication values, 0.5 for petrol, 1.0 for paraffin and diesel etc., and 2.0 for 
light fuel oil. 

 
 
The potential of the unsaturated to trap NAPLs is called the volumetric retention capacity 
(Pastrovich et al., 1979) and depends on the deposits (Table 2.1.3). Generally, the retention 
capacity and the residual sturation of the NAPL increase with decreasing water content 
effective porosity and intrinsic permeability1. Residual saturation in the unsaturated zone 
generally range between 0.1 and 0.2 and 0.1 and 0.5 in the saturated zone (Domenico and 
Schwartz, 1998). 

Table 2.1.3 Retention capacity of petroleum products in different deposits (after Concawe, 1979)  

Deposit Retention capacity (l/m3) 
Stone 5 
Gravel 8 
Coarse sand 15 
Fine sand 25 
Silt 40 

 
 
The maximum spreading of the free floating petroleum product over the groundwater surface 
can be calculated approximately as follows (SNV, 1990): 
 

F
ARdkV

S
)(1000 −=  (Equation 2.1.3) 

Where: S = Maximum spreading of the petroleum product over the groundwater (m2) 
 d = Depth to groundwater surface (m) 
 F = Retention of oil above the groundwater surface (l/m2), with the following 

indication values, 5 for stone, 8 for gravel, 12 for coarse sand, 20 for fine 
sand, and 40 for silt. 

 
 
Recommended further reading about groundwater contamination and the transport in the 
unsaturated and saturated zone see Bedient et al., (1999), Domenic and Schwartz (1998). 
Espeby and Gustafsson (1997) have made a good summary of the water flow and mass 
transport in the unsaturated zone in Swedish. 

                                                                 
1 Ability of a medium to transmit only fluid, irrespectively of the nature of the fluid or flow conditions. 
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2.2 Groundwater models 

Important aspects of management and protection of groundwater resources involve comparing 
complex alternatives, which can be achieved by applying groundwater models. Today the use 
of modelling in groundwater studies has become the standard professional tool in some 
regions, because of the predictive value that model simulations can provide for important 
information in decision-making (Reefsgaard and Abbott, 1996 and Nukuric and Hall, 1998). 
A groundwater model is a simplified representation of the field situation (Figure 2.2.1) and 
can be either conceptual or mathematical. 

There are several types of groundwater models and normally the fewer assumptions that are 
made in the study, the more complex is the problem, and thus a more sophisticated model is 
applied. In the discussion herein, a model is referred to as either a numerical mathematical 
model, described below, or a system that integrates several technologies (Chapter 2.3). 
Mathematical models are used for translating the conceptual model into a mathematical form. 
The construction of the conceptual model, which describes components and processes of the 
system, is the most important step in mathematical modelling.  

 
Figure 2.2.1. Illustration of processes and components of the catchment system and how it is 

conceptualised into a deterministic distributed catchment model, such as the Mike She 
modelling system (Mike She, 2000). 
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There are two ways of realising a mathematical models, analytical and numerical, where the 
former is usually used for homogenous aquifers and the latter for heterogeneous aquifers. The 
numerical model, also called the computer model, is the most common one applied in 
hydrogeology. The numerical models are used to solve the continuous equations describing 
hydrologiocal processes by approximating them with a set of equations that are discrete in 
space and time. These models can be either time varying and/or steady state, confined or 
unconfined, and may consider one, two, or three dimensions. 

Application areas 

Mathematical models are most often applied for the purpose of predicting impacts of a 
proposed action, but are also put into practice for interpretative and generic modelling studies 
(Andersson and Woessner, 1992). Predictive modelling studies for aiding management of 
water resources involve questions like (a) What is the capture area for a well field? (b) What 
is the impact on the water flow by the location of a new water supply area (c) What is the 
impact of a change in an adjacent stream stage connected to the aquifer? (d) What is the travel 
time from the artificial recharge basins to the well field? (e) Which is the pathway of 
contaminants if there is an accident on a nearby road? (f) How much water can be abstracted  
in a coastal area without risking the intrusion of salt waters and (g) How long does it take 
before the so far small increase of nutrients from the nearby agricultural land becomes a 
problem for the quality of the abstracted water?  

Models are often applied within a decision-making context together with other auxiliary tools, 
which are discussed further in Chapters 2.3. Important to point out is that predictive models 
have to be tested through calibration and validation, because otherwise they lack credibility. 
Interpretative modelling studies are carried out for gaining insight into controlling parameters 
of a system i.e. sensitivity analysis. This can for example involve questions like what is the 
impact of the surface runoff if the vegetation cover in the studied area is reduced by 50 
percent? Moreover, it can serve as a framework for acquiring and organising field data. 
Generic modelling studies are applied for analysing flow in hypothetical hydrogeological 
settings. e.g. simulation of groundwater flow in consolidated bedrock for storage of 
radioactive waste. These types of studies are important because they provide insight into how 
a system works, by analysing the response from a change and from this more refined theories 
can be developed and applied. This can serve as grounds for formulating regulatory guidelines 
and as screening tools to identify regions that are suitable or unsuitable for some proposed 
action (Hensel et al, 1990).  

Types of models 

Mathematical models can be deterministic or probabilistic, lumped or distributed, and time-
invariant or time-variant (Figure 2.2.2). There are several ways of classifying groundwater 
models and for a discussion regarding the classification of models, see Ponce (1989), Huggett 
(1993) and Baird and Wilby (1999).  Which type of model that is applied depends on whether 
the study under consideration should account for:  

(a) Randomness - If the random variation is large, then a probabilistic model is more suitable. 
All hydrogeological variables have some randomness. When the variability of the 
resulting output is small in comparison with the variability of the known input variables, a 
deterministic model is more appropriate. Therefore, prediction of daily precipitation is 
often derived from probabilistic modelling whereas, forecasting of evaporation is derived 
from deterministic modelling. 

(b) Spatial variation – If the study applies to the geographical variation of the physical 
processes e.g. groundwater flow, a distributed model is applied. If the processes e.g. 
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unsaturated flow are independent of the geographical distribution a lumped model is 
sufficient. For probabilistic models, the spatial variation is classified as either space- 
independent or space-correlated. 

(c) Time variation – If the variation of the groundwater flow with time is analysed a transient 
model is necessary. In addition, if it is assumed that the groundwater flow is constant with 
time a steady state calculation is carried out. For the probabilistic models, this is classified 
as time- independent or time-correlated. 

 

Steady
flow

Time
independent

Steady
flow

Transient Transient Time-
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Time-
correlated

Time-
correlated

Time
variation?
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Deterministic

System
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Input Output

 

Figure 2.2.2. Classification of hydrological models with respect to how they treat randomness and 
space and time variability of hydrologic (modified from Chow et al., 1988). Note that 
the classification is schematic and that many hydrological models does not fit in exactly 
with the given classes. 

A deterministic model describes the processes being modelled mathematically and does not 
consider randomness and therefore a single set of driving variables produces a unique 
outcome. For validating deterministic models it is therefore sound practice to compare the 
model predictions with independent measurements from the field.  

In probabilistic models the variables are random and do not have a fixed value at a particular 
place in space and time. Generally, these random variables are represented by a random field 
i.e. the range of a value of a variable in each point in space and time is described by a 
probability distribution. Probabilistic models can be classified either as statistical or 
stochastical.  

In statistical models the random variables are defined by statistical theory and are often 
defined by their probability density function. Prediction of flood frequency is typically carried 
out by statistical modelling. In stochastical models, the random variables are governed by 
probability laws and a typical example is time-series analysis. Contradictory, the term 
stochastic model is used to describe stochastical analysis in deterministic modelling e.g. 
Monte Carlo simulations. For a review of probability analysis see Gelhar (1986), Freeze et al. 
(1990) and Shahin et al. (1993). For examples of applications of stochastic analysis in 
hydraulics see Tickle et al. (1996).  

An important component in hydrological modelling originating from mining is geostatistics, 
which is associated with a class of techniques used to analyse and predict values of a variable 
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distribution in space and time. Prediction of non-sampled locations are carried out by using 
“Kringing” interpolation or they can be simulated using “conditional simulations”. For further 
references and information related to geostatistics see http://www.ai-geostats.org. 

Mathematical models can be further described with respect to the geographical representation, 
as lumped or distributed. A distributed model is more sophisticated because it consider the 
physical processes on a spatial scale, whereas in a lumped model also called box model, the 
processes and spatial properties are aggregated together. The lumped models require only a 
set of empirical equations and normally the model parameters are estimated from calibration 
and not the field characteristics. Because of this, the data requirements are small, and are 
usually limited to input of time-series of precipitation and corresponding time-series of river 
discharge for calibration.  

Applications of the lumped model often do not require a lot of time in comparison with 
distributed models, which require extensive data preparation. Also, the distributed models 
require calibration, by time-series of groundwater levels, because they are normally applied 
on a scale where the field variables cannot fully be derived from field measurements. In 
addition, the time-scale needed for the calibration of lumped models are longer than for 
distributed models (Refsgaard and Storm, 1996).  

Often the distinction between lumped and distributed models is not clear and one example is 
the Swedish HBV model (Bergström, 1992). The HBV model is a continuous deterministic 
conceptual runoff model, best described as a semi-distributed box model, where the spatial 
variables are represented by dividing the area under consideration into sub-basins. For a more 
detailed review of the terminology for classification of groundwater models, see Reefsgaard 
(1996) 

Deterministic model 

The deterministic distributed groundwater model is often the most reliable groundwater flow 
model applied for groundwater resource management and protection, because it considers the 
variation on the geographical scale and the variations with time, assuming that the field 
variables are known and that calibration and validation is carried out. The deterministic 
groundwater model is generally described by its dimension, time variance, and the 
representation of the spatial grid.  

The models can be one, two, and three-dimensions. Simulation of the flow, gives straight 
lines for the one-dimensional, planar curves for the two-dimensional, and space curves for the 
three-dimensional. A two-dimensional horizontal flow is true for homogenous, isotropic, 
confined aquifers with constant thickness and with fully penetrating wells. The two-
dimensional areal and the three-dimensional quasi model focus on the aquifer viewpoint, 
whereas the two-dimensional profile and three-dimensional model focus on the flow system 
viewpoint.  

For simulation of the advective transport of contaminants a particle tracking code can be used. 
Steady-state refers to constant relations with time, while transient assume that, for example, 
the flow is variable with time.  

The two main grid systems within the models are finite differences and finite elements. In 
finite differences the grid is either block centered (nodes centered in the middle of the grid) or 
mesh-centered (nodes in the intersection of the grid). The finite element grid for two-
dimensions is either triangular or quadrilateral and for three-dimension it is tetrahedron, 
hexahedron or prism (Anderson and Woessner, 1992).  
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Whether to use a finite difference or a finite element grid, depends on the application. In 
general, the finite difference grid needs fewer input data and are easier to understand and 
program compared to the finite element grid. The finite element grid is more flexible, because 
the elements can be irregular. It can also simulate point sources and sinks, seepage faces, and 
moving water tables better than finite difference models (Bear and Verruijt, 1987 and 
Anderson and Woessner, 1991).  

The choice of model depends first on the above discussed factors (randomness, spatial 
variation and time variation) as well as: 

(a) The price of the model and the support. This includes also the cost of the required 
machine (PC or Unix). Earlier memory was often a limited factor, whereas today the cost 
is often the limited factor. 

(b) Included applications of important process defined in the conceptual model either within 
the model itself by subroutines or by the possibilities of linking the model with a desirable 
type of model. This includes often the calculation of groundwater recharge, transport in 
the unsaturated zone, surface runoff, and particle tracking. 

(c) Geographical Information Systems functions within the model for analysing and 
visualising the data and the data exchange interface for the possibility of exchanging files 
between different software’s without too much effort.  

(d) Other applications and options, which can be of importance are for example possibilities 
to customise the grid, interpolation options, statistical analysis of time-series, database 
functions, and the user- friendliness. 

(e) The number of users of the model and if it is recognised and recommended. There are 
different comparisons carried out by various organisation e.g. the World Meteorological 
Organisation. 

 

Table 2.2.1 lists some of the commercial and shareware groundwater models that are 
available. The most well known are described in the table. For further details about the 
compiled models and additional ones, see Maidment (1993), the web sites from International 
groundwater modelling centre, at the Colorado School of Mines, 
http://magma.mines.edu/research/igwmc/ software/ and the company, Scientific software 
group, Washington http://scisoftware.com/. 
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Table 2.2.1 Compilation of some deterministic distributed groundwater flow models. The description 
is adapted from the model deve loper or product vendors themselves. 

GROUNDWATER 
MODEL 

DESCRIPTION 

 
AQUIFEM-N 
Townley and 
Wilson (1980) and 
Townley (1990) 

 
Is a multi-layered quasi-three-dimensional finite element model capable of 
predicting groundwater flow in two or three dimensions and solute transport 
in two dimensions. AQUIFEM-N uses linear triangular finite elements to 
represent the geometry of an aquifer and has very flexible options for 
assigning the spatial distributions of aquifer properties and the spatial and 
temporal distributions of boundary values. AQUIFEM-N can be used to study 
steady and transient groundwater flow and contaminant transport in a single 
aquifer, steady and transient groundwater flow in a system of coupled 
aquifers, and steady flow and steady and transient contaminant transport in a 
two-dimensional vertical section. AQUIFEM-N was developed in 1984-85 as 
a multi-layered extension of AQUIFEM-1. http://www.scisoftware.com 
/products/aquifem-n_overview/aquifem -n_overview.html. 

FEFLOW 
(Diersch, 1998) 

“Finite Element subsurface FLOW system” from WASY, Germany is one of 
the most advanced modelling software packages available. Three or two-
dimensional finite element model for groundwater flow, steady state or 
transient contamination mass and heat transport processes with several 
capabilities. Simulates both saturated and unsaturated zone as well as multi-
layer aquifers. GIS based data exchange interface and three-dimensional 
visualisation. http://www.flowpath. com/Software/FEFLOW/FEFLOW2.html 

FLOWPATH II FLOWPATH II for Windows is the world's most popular model for 
groundwater flow, remediation, and wellhead protection. FLOWPATH II is a 
comprehensive modeling environment specifically designed for simulating 
two-dimensional groundwater flow and contaminant transport in unconfined, 
confined and leaky aquifers with heterogeneous properties, multiple pumping 
wells and complex conditions. Some typical applications of FLOWPATH II 
include: determining remediation well capture zones, delineating wellhead 
protection areas, Designing and optimizing pumping well locations for 
dewatering projects, determining contaminant fate and exposure pathways for 
risk assessment http://www.rockware. com/catalog/pages/flowpath.html 

GFLOW GFLOW is written at Clarkson University and is a complete groundwater and 
surface-water modelling system including digitizer program, data pre-
processor, analytic element model, and a graphics postprocessor. GFLOW 
was specifically designed to make the process of groundwater modelling 
more efficient and is well suited for remedial system design, well head 
protection studies, and more generic local and regional modelling 
investigations. http://www.ground-water-models.com/products/gflow_ 
overview/gflow_overview.html. 

GLEAMS 
Leonard et al. 
(1986) 

“Groundwater Loading Effects of Agricultural Management Systems” is a 
mathematical simulation model developed for field-size areas to evaluate the 
effects of agricultural management systems on the movement of agricultural 
chemicals within and through the plant root zone . It provides daily 
simulation of water balance components, sediment yield from erosion, 
pesticide losses in water and sediment, and plant nutrient losses in water and 
sediment. Input requirement include daily rainfall, temperature, solar 
radiation, wind movement, soil characteristics, pesticide information, 
fertilizer and tillage data. http://dino.wiz.uni-kassel.de/model_db/mdb/ 
gleams.html. 
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GMS 

 

“The Department of Defence Groundwater Modelling System”. It is one of 
the most sophisticated groundwater modelling environment available today 
and is widely used. It is developed by the Environmental Research 
Laboratory of Brigham Young University in co-operation with The 
Department of Defense.GMS is the only system, which supports triangular 
irregular network grid, solids, borehole data, geostatistics, and both finite 
element and finite difference models in two-dimensional and three-
dimensional. Currently supported models include MODFLOW, MODPATH, 
MT3D, RT3D, FEMWATER, and SEEP2D. http://www.ems-i.com/gms/. 

MIKE SHE  

Danish 
Hydrological 
Institute (1993, 
1995) 

MIKE SHE is a unique professional engineering software package for the 
simulation of all major hydrological processes occurring in the land phase of 
the hydrological cycle. It is developed by the Danish Hydrological Institute, 
Water and Environment. It simulates water flow, water quality and transport 
in rural catchments. Finite difference model on the catchment scale. It 
simulates one-dimensional flow and transport for the unsaturated zone and 
rivers, two-dimensional flow and transport on the ground surface and three-
dimensional flow and transport for the saturated zone. MIKE SHE also 
includes modules for geochemical and biodegradation reactions in the 
saturated zone. http://www.dhi.dk/mikeshe/. 

MOC 

Konikow, et al. 
1994) 

“Computer model of two-dimensional Solute Transport and Dispersion in 
Groundwater” from the US Geological Survey.Two or one-dimesional 
block-centered, finite difference solute transport groundwater flow model, 
steady state or transient. Simulates changes in time by convective transport, 
hydrodynamic dispersion, and mixing from fluid sources. 
http://water.usgs.gov/software/moc.html. 

MODFLOW 
(McDonald and 
Harbaugh, 1988) 

 ”A modular Three-dimensional Ground-Water Flow model” from the US 
Geological Survey. It is the most widely used groundwater model in the 
world.Three-dimensional, block centered, finite difference, groundwater flow 
model, steady-state or transient. Simulate flow in confined, unconfined and 
mixed aquifer systems as well as recharge, evapotranspiration, areal recharge, 
flow to wells, flow to drains and streams. It consists of a series of separate 
modules, so the user can select which modules to be used for the system, 
vendoring the model more flexible. http://water.usgs.gov/software/ 
modflow.html. 

PLASM  
(Pricket and 
Lonquist, 1971) 

PLASM is a finite difference model that simulates two-dimensional problems 
in both areal and profile orientation. There are however several variants of 
PLASM with different capabilities (Potter and Gburek, 1987). GWFL3D is a 
quasi three-dimensional modification of PLASM (Walton, 1989) which 
involves several aquifers and confining beds.  

SUTRA-ANE SUTRA-ANE includes SUTRA and a user-friendly interface for SUTRA, 
integrated within the Argus Open Numerical Environments (Argus ONE). 
SUTRA is a two-dimensional ground water saturated-unsaturated transport 
model, a complete intrusion and energy transport model. SUTRA simulates 
fluid movement transport of either energy or dissolved substances in a 
subsurface SUTRA employs a two-dimensional hybrid finite element and 
finite difference method to approximate the governing equations that describe 
two interdependent processes that are simulated: (1) fluid density saturated or 
unsaturated ground water flow and either (2) transport of a solute in the 
ground water, in which the solute may be subject to equilibrium adsorption 
the porous matrix and both first-order and zero-order production or decay, or 
(transport of thermal energy in the ground water and solid matrix of the 
aquifer. http://www.hydromodels.com/astras.htm 
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2.3 Application of computer aided tools 

Computer aided systems have become a main tool for summarising, processing, and 
presenting information in the management and protection of groundwater resources (Nukuric’ 
and Hall, 1998). Since the middle of the 1980’s the evolution of reduced cost and increase in 
speed and data storage capacity of computer hardware have made it possible for the huge 
expansion of computer aided systems. Complex tasks can be organised and different 
alternatives can be evaluated and analysed with scientific methods. Moreover, improvements 
can be achieved particularly within the user friendliness domain. This means that the tools can 
not only be used by researchers, but also by decision-makers. Information that has already 
been collected can be more efficiently used, easily accessible and available for more users. 
Because of these reasons there is a increasing demand for efficient handling of information, 
which have resulted in a growing integration of software into decision support systems. But 
most important, it joins interdisciplinary areas.  

Examples of computer aided systems which are described and exemplified herein include: 

(a) Geographical Information Systems (GIS) 

(b) Mathematical models (described in Chapter 2.1) 

(c) Database Management Systems (DBMS) 

(d) Knowledge Based Systems (KBS) or Expert Systems (ES) 

(e) Decision Support Systems (DSS) or Intelligent Decision Support Systems (IDSS) 

For further discussion of computer aided system with respect to groundwater quality 
management see Nukuric’ and Hall (1998).  

Geographical information systems 

GIS can be described as a technology for handling geographical data in a digital form. It is 
designed to capture, store, manipulate, analyse and display spatial or geo-referenced data. 
There are both geometry data, co-ordinates and topological information, and attribute data i.e. 
information describing the properties of geometrical objects such as points, lines and areas. A 
GIS consists of five major parts (Burrough, 1986), which are; 

(a) Data input and verification - involves data collection in the form of maps, field-work, and 
remote sensing i.e. in digital format. 

(b) Data storage and database management - linking the geometry data with the attributes. 

(c) Data output and presentation - representing the results in the form of maps, tables and 
figures. 

(d) Data transformation - involves data maintenance, analysis and manipulation. 

(e) Interaction with the user - query input. 

A distinction can be made between the two techniques for representing spatial data, vector 
and raster. Vector based data are represented by points, lines, and polygons. Maps are 
normally well represented by vector data, although they consist of many features with 
different shapes. Raster data is represented by cells, in which each cell has an independent 
value of the attribute. An example of raster data is remote sensing. Which data structure to be 
used depends on the application. However, conversion between the two structures is possible. 

A classification of GIS operations and which questions they relate to have been made by 
Rhind (1990), who gives some ideas of what one can achieved with a GIS, (1) location - what 
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is at? (2) condition -where does it occur? (3) trend -what has changed at? (4) routing -what is 
the best way? (5) pattern -what is the pattern? and (6) modeling -What if?. Table 2.3.1 
describes the most well known commercial and shareware GIS. For further details about the 
compiled GIS and additional ones, see Mendico (1996) and the web site of the company 
Arbeitskreis GIS, Berlin, http://www.akgis.de/gis/gis.htm.  

Database management systems 

Often the data has to be stored and accessed in specific ways from a DBMS. Acquisition of 
data and development of a database is often the most time consuming task. However, once a 
database is developed, the scope for extension analysis is huge, particularly if continuous 
updating of data is maintained. Development of a database may not be necessary for a small 
project and fortunately an increasing quantity of input data are now available in digital format. 

There are four main types of DBMS, hierarical, network, relational and object-oriented. 
Today the Relational Database Management System (RDBMS) is the most common used. 
The system manages all data in tables and each table stores information about a subject. The 
advantages about relational databases are that their structure is very flexible, they are easy to 
create, edit, and update. The disadvantage is that when the system holds a large amount of 
data, the time for searching is longer. GIS forms part of a database management. Which type 
of DBMS to apply depends on the application. Access (Viescas 1997) is a RDBMS that is 
fully compatible with other Microsoft products. It has good manuals and online help and it is, 
for example, possible to create a database from an excel table. The disadvantage is the high 
amount of required memory. It is useful for local developments. Another RDBMS is personal 
Oracle (Oracle Inc.), which is designed for the network. An example of an object-oriented 
database with good analysis capabilities is Business Object (Business Object). Herein, the 
terminology database, table and column are replaced by universe, class and object. For further 
information see Dadda (1996).  

Knowledge based systems 

KBS, also known as expert systems, are applied to problems that are narrower and more 
specific than these tackled by a DSS, although they are very expensive to develop. KBS are 
designed mainly for operational questions, compared to DSS, which are used for broader 
questions. If the DSS include some qualitative information (Knowledge) it can also be called 
KBS (Nukuric´and Hall, 1998). An important component in expert systems is Artificial 
Intelligence (AI). With AI the knowledge a person, an expert, has within the area is 
incorporated in the system, and instead of computing the general reasoning principles the 
most likely alternative is given by the expert knowledge (Newell et al. 1990). 
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Table 2.3.1. Compilation of some of the most well known GIS software. The description is adapted 
from the GIS developer or product vendors themselves. 

GIS DESCRIPTION 
ArcInfo 8 
(ESRI) 

ArcInfo 8 system is today's premier GIS software, all relational, open, 
extensible, and the core of an enterprise GIS software. It has capabilities for 
vector data entry, editing, display, analysis, modelling and management. 
Raster modelling as well as other capabilities is available through optional 
extensions. http://www.esri.com/soft-ware/arcinfo/index.html. 

ArcView 
(ESRI) 

ArcView is probably the most widely used GIS. It allows you to create 
dynamic maps using data from virtually any source and across most popular 
computing platforms. ArcView provides the tools to let you work with maps, 
database tables, charts, and graphics all at once. You can also use multimedia 
links to add pictures, sound, and video to your maps. There are several 
extensions including, built-in object-oriented scripting for developing custom 
tools, interfaces, and complete applications, e.g dynamic maps on the web. 
http://www.esri.com /software/arcview/index.html 

ENVI “Environment for Visualising Images” the most interactive, powerful and 
easy-to-use image processing package available for remote sensing data. You 
can import spectral libraries and perform sub-pixel analys is to discover more 
information with ENVI's advanced set of hyperspectral tools. Improve 
identification with ENVI's integrated radar tools by selecting polarisation’s, 
analysing scattering patterns and extracting textural information. Due to 
ENVI's powerful underlying language, IDL, you can also customise part of 
ENVI to suit your individual needs. http://www.ENVI-sw.com/. 

ERDAS IMAGINE 
(Erdas, 1991) 

The ERDAS IMAGINE product suite offers a wide range of functionality, 
from data visualisation, to standard data manipulation algorithms, to 
orthophoto production, to advanced image classification. The system-wide 
graphical user interface shortens learning curves and makes it easy to work 
back and forth between products. The unique integration of the ARC/INFO 
(data model in ERDAS IMAGINE provides ERDAS IMAGINE users with 
the ability to handle both raster and vector data in a single system. 
http://www.erdas.com/. 

GRASS 
(US Army Corps of 
Engineers, 1991) 

GRASS (Geographic Resources Analysis Support System) is a public 
domain package, operating in the UNIX environment through a graphical 
user and shell in X-Windows. It has a large established user base, which 
actually contributes to the code that is incorporated in the new version. It 
works with both raster and vector data and are good for image processing and 
spatial statistical analysis. Polygon operations are however lacking. 
http://www.baylor.edu/~grass/. 

IDRISI 
(Eastman, 1992 and 
1995) 

IDRISI is a raster geographic analysis software package developed, 
distributed and supported by The IDRISI Project, a non-profit organisation 
within the Graduate School of Geography at Clark University in Worcester, 
Massachusetts. It is the most widely used raster GIS in the world. IDRISI is 
designed to be affordable and easy to use, yet provide professional-level 
analytical capability on DOS PC platforms. IDRISI provides an extensive 
suite of tools for image processing, geographic and statistical analysis, spatial 
decision sup-port, time series analysis, data display, and import/export and 
conversion. In addition, as a set of independent program modules linked to a 
broad set of simple data structures, the system is designed such that 
researchers may readily integrate into the system their own modules, written 
in any programming language. http://www. clarklabs.org/. 
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Decision support systems 

A DSS is a class of software, often designed for the decision-makers, the end users, and is 
characterised by its user friendliness. With a DSS the user can learn more about a problem by 
means of trying out different scenarios. The user can explore the system, which will assist 
him/her in their search for a solution of the groundwater resource problem. 

In a DSS, databases and models are integrated in a common software environment via a 
common interface, so that the data and the models are easier to use together (Figure 2.3.1). 
Components of DSS can include, a user interface, mathematical models and programs, GIS, 
digital interactive multimedia and a DBMS (Loucks and Costa, 1991). Spatial Decision 
Support Systems (SDSS) are DSS that are used for spatial dimensions, includes a GIS, and 
not for example some science management (O'Callaghan, 1996). 

An important aspect of DSS is the evaluation of more than one objective, called multi-
objective decision support systems. Within environmental problems this is often the case, 
although the decisions taken need to satisfy several objectives. To meet a specific objective, it 
is common that several criteria will need to be investigated. This is referred to as Multi-
Criteria Analysis (MCA).  

The two main theories in MCA are multi-attribute utility theory and multi-criteria decision aid 
(MCDA). The foremost one is an optimisation approach whereas MCDA tries to help the 
decision-maker to advance towards a compromise solution. With the change of evaluation 
from one specific criterion to multiple-criteria, there has been a shift from the concept, 
optimisation to Pareto-optimality, or efficiency (Jansen and Rietwald, 1990). 

 

GISGIS InterfaceInterface Transport modelsTransport models

Spatial InformationSpatial Information

DisplaysDisplays

SimulationsSimulations

Generic databaseGeneric database

Soil dataSoil data

Hydrogeological dataHydrogeological data

Chemical dataChemical data

Particle TrackingParticle Tracking

DecisionDecision

SupportSupport

SystemSystem

 

Figure 2.3.1. Decision support system for groundwater modelling (Lindström and Scharp, 1995) 

DSS methods for evaluating different alternatives are for example (1) decision analysis-
maximise total utility (2) cost-benefit analysis-maximise the ratio of benefits over costs, and 
(3) ideal point method- minimise the distance to ideal solution. Cost-benefit analysis for 
MODSS priorities the market price or the willingness of individuals to pay, compared to 
MCA were the tradeoffs are prioritised (Jansen, 1992). There are various methods for arriving 
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to the final results. Two common methods are, weighted linear combination, were each factor 
is multiplied by a weight, which is then summarised to a final value and concordance-
discordance analyse, where each alternative is analysed and the outranking depends on 
different criteria (Glasson et al. 1994).  

The way different computer aided systems are used for management and protection of 
groundwater resources differs. Below is a review how the different technologies are coupled 
and how they support and complement each other in varying applications. 

To keep up with new information on decision making there is a web site 
http://www.fuqua.duke.edu/faculty/daweb/, maintained by the Decision Analysis Section of 
the Institute for Operational Research and Management Science at Duke University, North 
Carolina.  

How GIS and models assist each other 

GIS provides an efficient data integrator for hydrological modelling and nowadays many of 
the models support the GIS formats and or have an interface, which creates a direct 
communication between the GIS and the model. There are several advantages that can be 
gained by coupling a GIS with hydrological modelling. This is specially true for the 
integration of mathematical models with GIS for groundwater basin data. First, the data in a 
GIS tends to be static, although some of the data is dynamic. The data produced from the 
model is however dynamic. Second, the available spatial data are mostly uneven, some areas 
have a lot of sample points while others have few. Processing of uneven data in the model is 
difficult. Third, the data are normally based on diverse sources in varying co-ordinate systems 
and scales.  

With a GIS, the data can pre- and post-processed, involving interpolation, change of format, 
scale etc. The dynamic output results from the model can be displayed with other features, in 
a normally, user friendlier interface in the GIS. Also, calibration and running of models can 
be done directly within the GIS, by using GIS commands and language to integrate the GIS 
with the model (Nachtnebel et al. 1993 and Gupta et al. 1996). 

There are different levels of integration between GIS and models (Stuart and Stocks, 1993, 
Gupta et al. 1996 and Haan and Storm, 1996). The different levels of integration are herein 
named (a) earlier (b) yesterday (c) today and (d) tomorrow and described and illustrated in 
Figure 2.3.2.  

The advantages of having a loosely coupled system (Figure 2.3.2 b) are a more flexible 
methodology for the developers with the choice of models and, that little software 
modification is required as long as the software is not upgraded with a new internal structure. 
A fully-coupled or integrated system can require a lot of memory and may not therefore be 
feasible on a workstation or PC. Current application for the application of models and GIS is 
the fully-coupled approach. The advantages with a fully coupled or integrated system are: 
easily accessible database, reduces risk of data errors, time saving, sophisticated display 
options, efficient analysing options, user friendly, and standardised data formats (Eliasson, 
1999b). However, there are still some limitations with the merging of GIS and models, the 
handling of temporal data in the GIS and the required memory for a coupled system 
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DATADATA

GIS MODEL

RESULT

 

a) Earlier 
• Using GIS as an aid in developing the 

input data files for the model 
• Requires no modification to the GIS or 

the model 
• Requires effort from the user, in terms 

of programming. 
 

  

DATADATA

GIS MODEL

RESULT

INTERFACE

 

b) Yesterday - loosely coupled 
• An interface program is written to 

communicate between the GIS and 
model. 

• Requires no modifications of the model 
or the GIS. 

• Operations are carried out under the 
control of the interface program. 

• The interface program may serve as a 
control program issuing commands to 
the GIS and the model. 

  

DATADATA

GIS MODEL

RESULT

 

c) Today - fully coupled 
• The GIS and the model allow import 

and export of information from 
different sources. 

• The interface program is incorporated 
in the model. 

• May involve some programming within 
the GIS for converting input and output 
files. 

 

 

 

  

DATA GIS/MODEL

RESULT
 

d) Tomorrow-fully integrated 
• The GIS and the model is an integrated 

unit. 
• GIS tools for analyses (interpolation, 

querying, and display) are incorporated 
• Allows direct import of GIS data 

formats and display of modelling 
results. 

 

Figure 2.3.2. Different levels of integration between the GIS and the model (Eliasson, 1999c). 
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Integration of the different tools is not however an easy task. There are a lot of problems to be 
solved regarding the data, format, structure, scale, dimension and transfer. Regarding the data 
format there have been efforts to standardise the data e.g. the acceptance of spatial data 
transfer standard into federal information processing standard. 

An important aspect that needs to be considered is the uncertainty in the data. By converting 
data from different structures, for example, a loss in accuracy can occur. Also, when 
developing more user-friendly models, displaying erroneous, but very attractive looking 
results can be highly misleading. Therefore it is important to know how a model responds 
under different conditions i.e. sensitivity analysis. 

Applications 

Below is a review of several applications of various computer aided tools for groundwater 
impact assessment and protection. 

The three-dimensional distributed and physically based MIKE SHE modelling system for 
simulation of geohydrological processes was applied for safeguarding the groundwater 
resources in the Kristianstad Plain, south of Sweden (Gustafsson et al. 1997). Simulations 
(calibrated and validated against 50 observation wells) were carried out for predicting, the 
limitations of future abstractions, and the impacts from the long term threats (leakage from 
agricultural land, impact from urban areas and waste disposal sites) on the groundwater 
resources. 

The MIKE SHE model and the semi-distributed PHASE model (Gumbricht, 1996) were 
applied to the Ljungbyån catchment, Sweden, to predict impact assessment of: probable 
decrease or increase in forest area; changes in drainage; as well as the transport of nitrogen 
through the landscape (Kylefors et al., 1999). The PHASE model is a hydrological model that 
incorporates the effects of vegetation and surface topology, and input parameters are derived 
from remotely sensed data and GIS. Both models were calibrated and validated against stream 
discharge in the project. The results showed that a decrease of land drainage had proven to 
reduce the stream discharge to a great extent. Also, illustrated was the reduction of nitrogen 
load due to an increase of wetland area. The PHASE model has also been applied to Cyprus 
and Poland. Its application is discussed and compared with the HBV model in Gumbricht 
(1996). 

Kaiser et al. (1997) applied the MIKE SHE modelling system and carried out water balance 
calculations for developing management schemes to restore the pre-existing wetland functions 
of the Karla watershed, Greece. Several drastic measures were undertaken during 1930’s-
1960’s to reduce the amount of flooding water. These measures included building 
embankments alongside the Pinios river and constructing a drainage tunnel. The combination 
of these measures together with unsustainable groundwater abstraction for agricultural 
activities have led to a dramatic decline in the water table. 

Leemhuise (2000) applied the MODFLOW model, integrated within GMS, to an impacted 
salt march, at the vicinity of the southern Baltic sea in Northeast Germany, for the 
development of restoration scenarios. The model was calibrated, validated and provided 
insight into the essential parameters that control the behaviour of the groundwater table 
spatially and temporally. Also, the software package SHYLOC was applied to assess the 
ability to provide calibration data for hydrological models from remote sense data. The study 
indicate the validation and limitation of the MODFLOW model for monitoring the ecological 
status of wetland sites 
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The MIKE SHE model has also been applied to the North Kent Grazing Marches, UK for 
simulation of wetland restoration management scenarios (Al-Khudhairy et al., 1999). The 
model (calibrated and validated) was shown to serve as an important tool, for providing 
insight into essential parameters that control the hydrological processes in the catchment, and 
to predict the influence of various, hypothetical water management strategies (land use and 
drainage) on pumped discharge and soil moisture storage in the catchment. 

Johansson (1987) has compared six different methods for estimating natural groundwater 
recharge in sandy till in south-eastern Sweden. The methods include (1) The one dimensional 
soil water flow model SOIL (Jansson and Halldin, 1980 and Jansson and Thoma-Hjärpe, 
1986) (2) A soil moisture budget model  (3) Groundwater level fluctuations (4) Chloride 
concentration (5) Spring discharge and (6) The catchment area model PULSE (Carlsson et al., 
1987) predecessor to the HBV model. The different methods vary in space and time and 
which of the methods that is most suitable depends of the objective of the study. For studies 
of recharge processes the SOIL model was found to be the most physically correct method 
and the importance of comparative studies are highlighted. 

Hoffmann and Johnsson (2000) also applied the SOIL and SOIL-N model to estimate the 
effect of several measures to reduce nitrogen leaching from arable land in Southern Sweden. 
The largest reduction in nitrogen leaching was obtained from a combination of the following 
measures, catch crop, spring application of manure and reduction rate of the nitrogen 
fertiliser.  

The influence of the local heterogeneous hydraulic conductivity on the groundwater flow and 
transport and how the conductivity can be represented at an appropriate scale in numerical 
modelling have been investigated by Follin (1992). The generic modelling study is applied to 
fractured hard rock and a two-dimensional stochastical continuum (geostatistical) model is 
presented, as a tool for linking stochastic continuum models to discrete fracture network 
models. 

In 1990, work started on the RIVM National Groundwater Model for the Netherlands for 
studying the impacts of future changes in groundwater abstractions. The system consists of 
the coupling between the finite element groundwater model, AQ-FEM (Kovar, 1992) with the 
GIS, ArcInfo. Eight scenarios of possible future groundwater abstraction changes were made 
for 75% of the Netherlands landsurface within ten model areas. The modelling is based on a 
multi-aquifer system consisting of four aquifers, separated by semi-pervious layers. Water 
flows in the aquifers were modelled in two-dimensions, horizontal flow, and in the semi-
pervious layer in one-dimension, vertical flow. Groundwater heads were calculated from the 
model and further analysed within the GIS. The study showed that it was possible to carry out 
modelling efficiently in large areas, characterised by a large amount of spatial data. 
Conclusions from the work was that the results from the model were more reliable due to the 
data processing within the GIS (Lieste et al. 1993).  

Lobo-Ferreira (1997) has integrated a GIS and the two-dimensional finite difference model, 
Aquifer Simulation Model Code (ASM) (Kinzelbach and Rauch, 1991) for the assessment, 
vulnerability and geographical zoning for groundwater management and protection in 
Portugal, EC-DGXI project. Comparison of methods for geographical zoning for groundwater 
are investigated by using steady state mathematical flow and transport modelling.  

Lindström (1998) has modelled the groundwater contamination from roads due to de- icing 
salts in the esker aquifer Jordbro, in Sweden, which is used for water supply. A GIS is 
coupled with two models, one for the unsaturated zone and one for the saturated zone. 
MACRO (Jarvis, 1994) is a one-dimensional flow and transport model for the unsaturated 
zone. MOC (Konikow and Bredehoeft, 1978) is a two dimensional model for the groundwater 
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zone. The different parts of the system are linked together by a graphical user interface, 
currently under development. The output data from the MACRO model is used as input for 
the MOC model, which calculates groundwater heads and concentration values in the 
groundwater zone. The groundwater model is then linked to a GIS, IDRISI (Eastman, 1992 
and 1995), which is used for storing and processing the data and for displaying the results. 
Simulations were carried out for ten years and give an idea (no calibration or validation were 
carried out) about the chloride concentrations in the aquifer. The simulations showed that the 
chloride concentration varies annually and seasonally both in the unsaturated and saturated 
zone. 

Prommer et al. (2000) have studied the behaviour of contamination scenarios as they migrate 
in groundwater as well as evaluate remediation schemes. Two cases are considered, an acid 
mine drainage, and its remediation by a permeable reactive wall in a one dimensional scenario 
by the multi-component model PHTRAN/PHT3D and the spills or leakage of petroleum 
hydrocarbons in vertical two-dimension scenarios by the PHTRAN model.  

Gumbricht and Thunvik (1996) have developed a GIS with an expert system interface for 
generating three-dimensional hydrogeological data from two-dimensional layer and vertical 
profile data. The expert GIS was applied on the complex esker aquifer Nybroåsen (study site 
in this project). The results showed the importance of good quality data, accuracy and the 
importance of co-operation with local experts, which was illustrated by the problems 
experienced in the study.  

Ackeberg, (2000) has designed a method which gives the accuracy of different groundwater 
observation networks. The method has also been applied on the esker aquifer Nybroåsen 
where the study showed that the monitoring network in the study area could be reduced by 35 
percent , whereas the accuracy i.e. kriging variance would only be decreased by 10 percent. 

Gogu and Dassargues (2000) are discussing current trends and future challenges in 
groundwater vulnerability assessment using overlay and index methods. The excising 
methods for groundwater vulnerability assessment, including the GOD rating system (Foster, 
1987), The DRASTIC point count system (Aller et al., 1987), the  SINTAC method (Cevita, 
1994) etc. are reviewed and compared. New research challenges are identified and especially 
the needs for developing dynamic links between mathematical models and overlay and index 
methods are pointed out.  

A vulnerability methodology for estimating groundwater protection values produced with 
help of the GIS, IDRISI have been derived by Scharp et al. (1997). The methodology is based 
on the four parameters, available quantities, groundwater quality, present or planned use and 
sensitivity to changes in groundwater level. The methodology is tested on a case study in 
Mangua, Nicaragua. 

Also, Bengtsson (1996) has developed a methodology for environmental impact assessment 
concerning surface and groundwater based on groundwater vulnerability classification 
techniques. The methodology is developed for carrying out general plans for water resource 
protection. The methodology is applied on the municipal of Lerum, Sweden .  

A framework for hydrogeological decision analysis is presented in four articles’ (Freeze at al., 
(1990), and applied to groundwater contamination (Massman et al.,1991), design of a 
groundwater control system and an open pit mine (Sperling et al., 1992). Moreover, the 
concept of data quality and its use in the development of site investigation strategies are 
dicussed in Freeze et al. (1992). The proposed DSS consists of three separate models, a 
decision model based on a cost-benefit-risk object function, a flow and solute-transport model 
and an uncertainty model.  
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In Fedra et al. (1993) several application examples, within water resources, are given of 
interactive information, DSS and expert systems that have been developed by Advanced 
Computer Applications (ACA), at the International Institute for Applied Systems Analysis 
(IIASA). For the management of hazardous waste and evaluation of groundwater remediation 
measures several models have been integrated within a GIS, an expert system and a database 
(Fedra, 1993). The groundwater models used were basically two-dimensions, based on finite 
difference and finite element structures. The GIS was used for processing background maps 
and the expert system for assisting in the definition of the input variables for the model. The 
integrated model consists of a user -friendly interface. 

In Table 2.3.2 are some DSS described together with their component and applications. 

Table 2.3.2. Description of some DSS their component and application. 

DSS system Description 

DEFENITE 
Jansen (1989 and 
1992) 

 

“DEcisions on a FINITE set of alternatives” is a multi-objective DSS for 
supporting environmental planning problems. The system supports the whole 
decision process, from problem definition to report generation and focuses on 
methods to support the choice made. The system consists of five functions, (1) 
structure the problem and generate alternatives, (2) compare alternatives, (3) 
rank or value the alternatives, (4) support interpretation of the result and (5) 
present results. An integration of GIS and multi-criteria analysis, DEFENITE 
have been done by Jansen and Ritveld (1990) to analyse the intensity and nature 
of conflicts between policy criteria, generating compromise alternatives and 
ranking of alternatives according to their degree of attractiveness. A case study 
were performed for the reallocation of agricultural lands in the Netherlands. 

NAIADE 
(Naiade, 1996) 

”Novel Approach to Imprecise Assessment and Decision Environments” is a 
multi-criteria evaluation method, which performs the comparison of alternatives 
on the basis of a set of a set of criteria. The values assigned to the criteria can be 
either crisp, stochastic, fuzzy numbers or linguistic expressions. Linde, Eliasson, 
and Mazzeo Rinaldi (2000) have applied NAIADE to Nybroåsen and describes 
further guidelines and background information of MCDA as a tool in water 
management. 

NELUP 
(O'Callaghan, 
1996). 

”NERC (Natural Environment Research Council) and ESRC (Economic and 
Social Research Council) Land Use Program” is a DSS, under development for 
the evaluation of policy changes regarding land use in the United Kingdom. The 
objective of the DSS is to see the impacts that different decisions have on the 
environment, specially regarding hydrology and ecology. The DSS consists of a 
database, a GIS and three models (a regional agriculture model of land use, a 
hydrological model and an ecological model). It is designed on the river 
catchment scale and the area used for development is the river Cam and Tyne in 
east England.  

OASIS 
(Newell et al., 
1990) 

OASIS is a DSS for ground water contamination problems currently under 
development by the Rice University Department of Environmental Science and 
Engineering, Houston. The DSS consist of three technologies: a graphical 
interface, hypertext and object oriented programming. The toolbox comprises a 
reference library, databases and models. The reference library consist of related 
information and literature. There are two databases 1) a chemical one, already 
existing, but is being updated on biodegradation and 2) a hydrological one, based 
on the DRASTIC system. Incorporated groundwater models are, a seepage 
velocity calculator, two analytical solute transport models and a numerical 
biodegradation model. It is designed to be an open system where new tools can 
be added. 
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OME  
Reed et al. (1999) 

“Open Modelling Engine” can handle multiple issues across different scales. 
The DSS includes Systems Theory concepts and allows the coupling of different 
models. However, the prototype has so far only been tested on simple (and 
similar) data for catchment nutrient data. 

ODESSEI 
(Todini and 
Bottareli 1997) 

”Open architecture DEcision Support System for Environmental Impact” for the 
planning and management of water resources and environmental impact 
assessment are currently under development. The system consists of 
mathematical models, a database, a GIS and an expert system, which is 
integrated by a user-friendly interface. The system is designed for three different 
levels of use, which corresponds to the sectors, decision making, technical and 
computational. Further more, the system is open to be able to update and 
incorporate new models.  

RAISON 
(Lam and 
Swayne, 1991) 

”Regional Analysis by Intelligent Systems ON microcomputers” is a support 
system that fully integrates database, spreadsheet, graphics, statistics, GIS, 
models and an expert system is used as a toolkit that links internal programming 
functions with external files from popular softwares. 

 

2.4 The total economic value  

Historically, groundwater has been perceived as a free resource and as a non-market good and 
therefore its high and long-term value has not been fully recognised. As a result, there is a 
continuous depletion of groundwater resources world-wide. When a decision is taken with 
respect to groundwater resources it is important to show the associated costs together with the 
environmental impacts, because these costs can be substantial (O’Neil and Raucher, 1994). 
Moreover, because of the difficulties associated with cleaning up contaminated aquifers it is 
better to take preventive measures for groundwater protection. Due to these reasons 
economical considerations are becoming more important in environmental management and 
decision-making. 

A measurement of the Total Economic Value (TEV) is an important tool for aiding decision-
making by providing insight into how the TEV changes with a policy or a management 
decision. By comparing the cost of the project, the benefits of the project and the loss of the 
TEV by the development, the benefits, and costs of the development is provided. The TEV 
consists of use and non-use values for groundwater valuation. This terminology is derived 
from the economic literature. Although other terminology’s exist, there is no agreed 
terminology (Freeman, 1993a). Figure 2.4.1 illustrates different use and non-use values 
together with appropriate techniques for evaluating them.  
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TOTAL ECONOMIC VALUE

Use values Non-use values

Direct use values
(structural values)

Outputs
(in terms of
commercial
commodities or
services etc.)

• market analysis
• TCM
• CVM
• hedonic prices
• IOC
• IS
• replacement costs

Existence
values

CVM

Bequest
values

CVM

Indirect use values
(functional values)

Benefits
(in terms of economical
production support or
protection of economic
production and property)

Option values

CVM

Notes: CVM = Contingent Valuation Method
TCM =  Travel Cost method
IOC = Indirect Opportunity Cost approach
IS = Indirect Substitute approach

• damage costs avoided
• preventive

expenditures
• values of change in

productivity
• relocation costs
• replacement costs

 
Figure 2.4.1. The total economic value divided into use and non-use values of groundwater 

and suitable evaluation techniques (adapted from Barbier, 1989). 

The services provided from groundwater can be divided as follows: 

• Direct use values, water supply for drinking, industry, and for irrigation in agriculture  

• Indirect use values, are the not active use of water by humans but the support and 
protection provided to people, economic activity and property. Services include the 
cleaning of water through artificial recharge, the avoidance of land subsidence, and the 
avoidance of salt intrusion. 

• Option values, refers to the individuals’ uncertainty of the demand of the resource in the 
future or the uncertainty about the future water supply or availability of that resource. 
Even if the individuals do not use the resource, the loss of the resource would reduce their 
option, or that of their descendants, to use it. In Figure 2.2.4, it is refereed as a use value. 
It can also be defined as a non-use value and as indicated, it is not often easy to draw the 
distinction between use and non-use values. 

• Existence values, are derived from the services not derived from the direct or indirect use. 
The groundwater have ecological and landscape services by providing discharge to 
springs, streams, wetlands and lakes. 
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• Bequest values, are the willingness to pay or to preserve the resource for the benefit of 
coming generations. For example the value of saving a glaciofluvial deposit for future 
water supply and not exploit it for gravel abstraction. 

Use values associated with municipal water supply, industry or agricultural use, are easier to 
determine by monetary (empirical, market based) measures and to validate than non-use 
values. Often non-use values are defined by the use that lies behind the use value i.e. 
identification of market goods or services. Techniques for this valuation can be divided into 
market based methods, implicit market methods and contingent valuation methods (Table 
2.4.1). A common methodology is cost-benefit analysis, where the impacts of a action is 
identified, valued and compared with each other (Hodgson et. al 1994).  

Depending on which technique the results for non–use values varies greatly. However, 
because the non-use values have shown to be significant (O’Neil and Raucher, 1990) they are 
important to take into account and the uncertainty can be evaluated. For a comprehensive 
review of advantages and disadvantages with respect to different techniques and applications 
see NRC (1997) and Pearce et al. (1989). Winpenny (1996) also reviews methods for water 
values,  “how to measure and validate non-use values” is described by Freeman (1993b) and a 
description of how to assess the societal value of water in its uses is described by Burrill 
(1997). Moreover, Merett (1997) discusses the economics in water supply and consumption 
and shows how water policy could be adopted to achieve the goal of a sustainable society, 
with interesting case studies around the world. 

Table 2.4.1. Techniques for groundwater valuation divided into market based, indirect market based 
and contingent valuation methods. 

Market based methods 

Preventive expenditures  The willingness to pay for averting adverse effects. 

Indirect substitute  The cost for replacing the service with another source 

Damage cost avoided  The cost for avoiding a damage. 

Market analysis The value of the product, based on the price that people are willing 
to pay rather than the cost of producing it. 

Values of change in 
productivity 

The change in the rate at which goods are produced, and the amount 
produced, compared with the work time, and money needed to 
produce them. 

Relocation costs  The costs for moving the service provided. 

Indirect opportunity cost  A greater use of the resource today diminishes future opportunities 
for use, so the marginal user cost is the present value of these 
foregone opportunities 

Implicit market methods 

Travel cost method  The value citizens pay to visit national parks, including cost of 
getting there, entrance fee and foregone earnings. 

Hedonic pricing  How the price of a market good changes as the result of changing 
amounts of a public good The change of the market good is then 
taken as a surrogate for the value of the public good. 

Contingent valuation 

Willingness to pay or accept 
methods  
 

Economic value of a good or service, derived from individuals i.e. 
interviews or questionnaires, in form of statements of willingness to 
pay or accepted compensation for giving it up for a hypothetical 
good, such as groundwater quality and quality. 
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A framework for valuing the trade-offs that occur when there is a competitive use for the 
groundwater resources is presented by the NRC (1997). The framework shows changes in the 
quantity and quality of the groundwater in the level of services of the groundwater and how 
the society values these changes. 

Hast (2000) has done a social cost-benefit analysis of three scenarios for reducing nitrate 
discharge from agriculture in the esker aquifer, Eldsbergaåsen, Sweden.  

Sandström (1998) proposes a methodology, based on a social cost-benefit analysis for 
municipal and regional decision-makers, for valuing the groundwater. This is illustrated by a 
case study from an esker exploited for gravel extractions.  

During the discussion with respect to the cost of the protective measures for a new highway 
i.e. damage cost avoidance, of the esker aquifer in Uppsala, which supplies 250.000 persons. 
Ahlgren (1996) calculated the value of the water supply, by assigning the indirect substitute 
cost. The replacement was in this case a water works for surface water and associated 
treatment and pipelines, which would cost 10500 MEuro. 

Stenger and Willinger (1998) carried out a contingent valuation study for estimating the value 
of good groundwater quality in the study of the Alsatian aquifer, which is the largest aquifer 
in western Europe. It was found that households living in areas of polluted groundwater have 
a greater willingness to pay for the groundwater quality preservation in comparison with those 
how live in areas were there is no pollution of the groundwater.  

 

2.5 EU and Swedish legislation  

Important laws for management and protection of groundwater resources in Sweden are as 
follows: 

• The Swedish Environmental Code (Miljöbalken, 1998:808) 

• The Swedish Plan and Building Act (PBL 1987:10) 

• The EC Directive on Environmental Impact Assessment (EC Directive 85/337) 

• The Groundwater Directive (80/68/EEC)  

• The New Drinking Water Directive (98/83/EC) 

Future important laws that are also described herein include:  

• The Proposed EC Water Framework Directive (Com (97) 49) 

• The amended EC Directive on Environmental Assessment (Com (99/73) 

• The Swedish Environmental Quality Objectives, Bill (1997/98:145) 

The EU laws consist mainly of Regulations and Directives and form part of the Swedish law. 
Regulations are legal in the member states even if they are not necessarily implemented in the 
national legislation. On the other hand, Directives should be implemented in national law. 
However, if a Directive is not implemented in Swedish law, the Directive is legal, either 
directly or indirectly. A Directive that is clear and aims for rights and responsibilities has a 
direct effect i.e. it is legal even if the relevant Swedish legislation was different. However, a 
Directive that is indirect still has a certain legality, because all governmental organisations 
(courts, authorities, municipalities) are obliged to interpret the Swedish rules in the best way 
that agrees with the Directive as stated in the treaty of Rome, included in Swedish law in 
1995. 
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On the first of January 1999, the Swedish Environmental Code entered into force. The 
Environmental Code implies a number of changes compared to previous Swedish 
environmental legislation and is similar to the EU environmental law. The aim of the 
Environmental Code is to promote sustainable development (i.e. the base idea of the 
Bruntland Commission). The Environmental Code includes a number of general rules, for 
example the polluter pays principle, the precautionary principle and the best available 
technology principle. Most of these principles can already be found in former environmental 
legislation, but are now regarded as having a wider application. 

The municipalities (around 285) in Sweden have the main responsibility for the physical 
planning of land and water resources by the Plan and Building Act. The municipalities are 
adopting detailed plans for the future use of land and by doing so they regulate permits for 
land-use, buildings and constructions. So far water resources have had a low priority in the 
physical planning. However, this will change with the proposed EC Water Framework 
Directive, described below. The most important governmental role in environmental control is 
undertaken by the County Administration Board (21 in total) because they supervise decisions 
about nature and give license rights to hazardous establishments. Such as permits for 
discharge of pollutants from industry and supervising decisions of environmental impacts 
from infra-structural establishments. For example Environmental Impact Assessment (EIA) is 
an important tool for physical planning, which is obligatory under the Plan and Building Act. 

EIA plays an important role in the management and protection of groundwater resources. The 
term "environmental assessment" describes a technique and a process by which information 
about the environmental effects of a project is collected, both by the developer and from other 
sources, and taken into account by the planning authority in forming their judgements on 
whether the development should go ahead" (UK DoE, 1989). EIA is a process and a 
document i.e. Environmental Impact Statement (EIS), that examines the environmental 
impacts of a planned development in a systematic, holistic and multidisciplinary way. The 
process involves a number of steps illustrated in Figure 2.5.1. Private organisations, 
authorities and the public should be part of the process to give ideas and to examine the 
proposed EIA, which is carried out by the developer. The EIA documentation includes the 
aim of the project, alternative solutions, and the consequences. Also the "no action" , i.e 
actual situation is described. A handbook for supporting the application of EIA in the road 
sector has been carried out by the Swedish Road Administration Board (Vägverket, 1995).  

The EC Directive on Environmental Impact Assessment lists projects for which EIA is 
required and whose impacts have to be addressed. The Swedish EIA legislation is included in 
several laws, but does not completely fulfil the Directive on Environmental Impact 
Assessment, which it should because it is a direct Directive (Westerlund, Jan 1999).  

Strategic Environmental Assessment is a recent development of EIA for plans and policies. A 
comprehensive investigation on application of EIA on policies and plans with special 
reference to drainage basins in the Netherlands and  Sweden has been carried out by Balfors 
(1994). Future expected legislative measures are the Amended EC proposal for a Directive on 
Environmental Assessment. 

The Groundwater Directive and the new updated Drinking Water Directive, are equally 
important, because groundwater is often used directly as drinking water. The Drinking Water 
Directive includes quality limits for water intended for human consumption. The main 
components of the Groundwater Directive are that no degradation of the quality is accepted 
and it includes a list of substances, which are prohibited from being discharged to 
groundwater.  

 



 36

Project screening - is an EIA needed?

Scoping- which impacts and issues to consider?

Description of the project/development action and
alternatives

Description of environmental baseline

identification of key impacts

Prediction of impacts

Evaluation and assessment of significance of impacts

Identification of mitigation measures

Presentation of findings in an EIS (including a non-technical
summary)

Review of the EIS

Decision making

Post-decision monitoring

Auditing of predictions and of mitigation measures

Public
Consultation

 
 
Figure 2.5.1  Important steps in the EIA process. Note: EIA should be a cyclic with considerable 

interaction between the various steps. For example, public participation can be useful 
during most stages of the process; monitoring systems should relate to parameters 
established in the initial project and baseline descriptions (Glasson et. al 1994). 

 
Groundwater resources will have a more important part in physical planning in the proposed 
EC Water Framework Directive. The aim of the Framework Directive is to protect surface 
water, estuaries, coastal waters as well as some ocean areas, and groundwater in the EU. The 
framework is an integrated approach that takes into consideration the cost of services 
provided from overall water uses by economic sectors divided into households, industry and 
agriculture. Furthermore, water management should be based on river basin districts, with 
access to steering instruments and defined environmental quality and quantity standards. For 
groundwater quality, a precautionary action is proposed, which requires monitoring of 
groundwater bodies to detect chemical changes in composition and to reduce any 
anthropogenic induced upward pollution trend. Moreover, measures for groundwater quantity 
are also taken by allowing a maximum abstraction equal to the groundwater recharge.  



 37

The Swedish National Environmental Protection Agency are now preparing a proposal for the 
Swedish Parliament on how to implement this framework in Swedish legislation (Marklund, 
1999). A new organisation based on river basins is needed. It is not yet foreseen, if this 
organisation will be connected to the County Administration or a stand-alone organisation. 
Gustafsson (1999) is proposing to adapt the French system (model for the Water Framework 
Directive) to separate the river basin organisation from governmental supervising authority 
(County Administration). 

Moreover, comparison of the evalua tion of the groundwater status in the Proposed Water 
Framework Directive with the Swedish evaluation system for groundwater status, 
recommended by the Swedish National Environmental Protection Agency, shows that the 
Swedish system is more detailed (Berntell, 1999). However, this does not necessarily imply 
that the Swedish environmental legislation is more stringent than the Groundwater Directive 
(the latter expires thirteen years after the Water Framework Directive comes into force). A 
comparison of the Swedish and EU laws for groundwater quality was carried out by 
Westerlund (1995) and at that time the EU laws was considered more detailed. For a review 
of all the Swedish constitutions with respect to groundwater resources, see SOU (1995:40).  

the 15 Swedish Quality Objectives are future important legislation, of which one is ”high 
quality groundwater’. The 15 objectives were approved by the Parliament in spring 2000 and 
these quality objectives including goals and targets will be included in the Swedish 
Environmental Code. For a continuously updated information on environmental legislation in 
Sweden see http://www.imir.com, the Institute of Environmental Law, Uppsala, Sweden. 
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3 METHODOLOGY FOR DECISION AID 

3.1 Decision-aid framework 
The proposed methodology for decision-aid regarding environmentally hazardous activities in 
conflict with groundwater resources is presented in Figure 3.1.1. It is designed to serve as a 
tool for aiding conflict-solving between groundwater resources and environmentally 
hazardous activities. The framework can be applied in environmental impact assessments 
(EIA), strategic environmental assessments (SEA) and for protection and management of 
water resources.  

The framework provides the decision-makers with predictions of the environmental impacts, 
the associated costs based on the concept of the total economic value, visualisation of the 
impacts and the groundwater properties, and the uncertainties in the results. A distinction has 
been done between cost, independent of the model results (Pre-costs) and the costs that depend 
on the model results (Post-costs). The results from the model are used as feedback for 
determining new alternative scenarios, depending on the required uncertainties, and associated 
legislation for the study concerned. 

 

 
Figure 3.1.1. A methodology for decision-aid regarding environmentally hazardous activities in 

conflict with groundwater resources (Eliasson et al., 1999). 

Criteria for the evaluation of the model response are based on: 

1. Uncertainties in the predicted results  

The uncertainties are due to input data and methodologies. If the uncertainty is too high 
due to limited amount of information in the study under consideration, then additional 
field studies and acquisition of more data have to be carried out. If the uncertainty is too 
high due to the fact that the chosen methodology only provides rough estimations, a more 
comprehensive approach has to be considered. This can for example be the change from a 
simple to a more complex model e.g. from a lumped to a physically based approach. 
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However, the applied methodology i.e. model approach should be determined from the 
objective of the study. But the case could be that a more simple approach is taken as a 
first step for pre- investigations or due to other limited factors i.e. costs and availability of 
data, after which it is decided among the decision-makers that a more comprehensive 
approach is needed. The uncertainties are explained from the number of assumptions 
made and are shown by a quantitative and qualitative evaluation between the observed 
and simulated hydrological feature i.e. groundwater head or stream flow and a sensitivity 
analysis. 

2.  Does the planned activity satisfy legislation and policy? 

If the planned activity is not sustainable or does not fulfil the legislative and policy 
measures a new scenario has to be developed. This can for example involve the 
generation of alternative solutions, including a change in location and/or protective 
measures for the water resources. 

The derived scientific information from the decision-aid framework can than be included in 
the decision-making process, where the views held by the actors in the study site are 
considered. If the results from the predictive simulations does not satisfy the actors (stake-
holders, representative interest, and pressure groups) with regards to the problem under 
consideration, a new scenario can be developed as a step in the decision-making process. 

Generally, in a decision-making process the family of evaluation criteria has to be defined and 
normally include cost, environment, technical, social or legal criteria. Examples of criteria 
with respect to water resources are, the cost for cleaning the water in case of pollution, risk of 
pollution, quality of water, and loss of future resources. This information should be derived 
from the users in the study site. 

A simple impact evaluation technique is used to construct a multi-criteria impact matrix where 
the evaluation criteria are expressed along one axis and the alternative scenarios along the 
other. By creating a multi-criteria matrix of the family of evaluation criteria, the impacts of 
different alternative scenarios can be viewed, which can be useful for actors participating in 
any decision-making process.  

3.1 Application to Nybroåsen  

3.1.1 Reasons for the highway 

To provide better transport communication for the Kalmar region in the south-east of Sweden, 
and to replace the old accident prone road, an EIA was carried out in 1993 by the Road 
Administration Board (Vägverket, 1993) for the location of the new highway E22. The County 
Administrative Board, the Municipality and the Road Administration have worked jointly for 
many years to improve the road E22. The road has low standards in terms of road quality and 
health aspects. 

The Road administration decided that the planned highway should be constructed directly 
through the esker, referred to as alternative A in the EIA (Figure 4.1.1). In December 1995, 
the Municipal board accepted this road stretch by facing the fact of not having a new road 
within the nearest future if they did not do so.  

The decision resulted in the relocation of their future water supply wells and infiltration basins 
for artificial recharge, because in the original plan, they coincided with the highway. After the 
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decision of the new location of the road, a complimentary investigation was carried out with 
respect to the groundwater flow and suggestions were made for protective measures by, 
extended geohydrological investigations (pump tests, geophysics, field classifications of 
quaternary deposits and new observation wells were drilled).  

The simulation of the groundwater flow was included in this work, on first a regional basis, to 
create the boundary conditions for the simulation of the groundwater flow on a smaller scale 
(Knutsson and Kylefors, 1995). The horisontal two-dimensional steady state simulations were 
carried out for one situation September 1991. Because of problems with positional errors due 
to different maps sources and their quality (Gumbricht and Thunvik, 1996) the data prepared 
for these model simulations have not been applied in the project herein.  

The new road has been built with protective measures, including impermeable materials along 
the road, discharge of surface runoff into streams and the construction of wells for pumping to 
change the groundwater flow in case of pollution (Eriksson and Karlsson, 1997). The decision 
has been strongly questioned by the Municipality and the public, because the value of the 
water resources in Nybroåsen was not taken into consideration during the first phase of the 
decision-making process.  

Due to limited groundwater resources in this region, increased pressure from higher 
abstraction rates is also expected. Although, a decision has already been taken for the location 
of the new highway, the Nybråsen study is used as a case study for the decision-aid framework 
developed in this project. This will be illustrated in Chapter 7. 

3.2.2 Conflicting values described in the EIA 

The development of a new road was likely to cause conflicts between the road interest and 
environmental, natural resources and the point of view of health issues. Therefore, an EIA was 
made in 1993 by the Road Administration (Vägverket, 1993) to evaluate the impacts of three 
alternative road scenarios as well as the existing one.  

The value of the region is described from various interests, which are summarised below as: 

Natural environment 

• The area offers a varied landscape, despite the intense agricultural activity in the area. 

• The coastline, islands and shallow water are important for birds and other fauna. The 
gradual difference from the seashore to the agricultural field offers valuable characteristics 
in the landscape. 

• There are a number of areas of national interest in the region . 

Cultural environment 

• The coastline has a long continuity of settlements dating back to the stone ages. The area 
has a very complex cultural history and ancient remains from pre-historic time and Middle 
Ages have been found.  

• The strategic situation near the strait of Kalmar and the closeness to the old national 
border, together with areas of early agriculture has given the area national importance. 
There are two areas that are of national interest in the area.  
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• The area has high pedagogical values. Ancient remains can be explained by topographical 
and geological reasons. These relations and the natural conditions form a good base to 
understand the historical development in the area. 

• There are high esthetical values in the area, especially near the coast. 

Water resources 

• The area is characterised by limited ground and surface water. The water supply must 
therefore be based on groundwater resources. Higher abstraction rate is expected and will 
increase the pressure on groundwater resources.  

• The esker aquifer, Nybroåsen is an invaluable resource. The groundwater resource should 
be classified as of national interest.  

• The water production from Nybroåsen must be safeguarded and protected at all times. 

Agriculture 

• The most productive agricultural area in the region is located here, south of Hagby. 

• The agricultural areas are of high value. 

• The area is thoroughly drained and irrigation is practised.  

Society and tourism 

• No population increase is expected in the area. 

• The different alternative road scenarios are in conflict with existing establishments. 

• A new road provides opportunities for new establishments. 

• Different actors in society have stressed the importance of a new road for a long time. 

3.2.3 Alternative road scenarios 

In the EIA, three different road alternatives, developed by the Road Administration, as well as 
the existing road are discussed. Prior to this, several additional road stretches have been 
discussed since the start of the planning process in the 1960s. The Road Administration was in 
favour of constructing the road directly through the esker, referred to as alternative A, and 
because of this an extended investigation was carried out to examine the relation between this 
alternative and the impacts on the groundwater (Knutsson and Kylefors, 1995). From this, an 
additional alternative (Alt A + protective measures) has risen. The different alternative road 
scenarios including the existing road are shown in Figure 4.1.1. 

Road alternative 0 (existing road) 

The existing road crosses a number of small towns and is situated in a well-developed 
agricultural- and cultural landscape. These towns are developed due to the opportunities that 
the road has given, but causes problems for the inhabitants due to the heavy traffic load. 
Within the study area, houses surround half of the road stretch and agricultural vehicles cross 
the road about 60 times every day during spring and autumn. The road poses a threat to the 
groundwater resources of Nybroåsen because it passes the protection zones for the water 
supply for a stretch of 3,3 km without any protective measures. 



 42 

Road alternative A 

The alternative road scenario A cuts right through the esker Nybroåsen, for a stretch of 2.1 km 
and poses a threat to the water supply resources. It avoids the conflicts with cultural- and 
agricultural interests and instead it passes through a mainly forested area. The road also passes 
through an area of regional interest of natural- and cultural values at Hagbyån. The abstraction 
wells for municipal drinking water and the infiltration basins for artificial recharge are located 
downstream from the road. Therefore, the road alternative poses a threat to the groundwater 
resources and the municipal wells that are located downstream.  

Road alternative A + protective measures 

This alternative road scenario refers to the road stretch above with protective measures 
suggested by Knutsson and Kylefors (1995). The proposed protective measures consist of an 
impermeable layer consisting of ‘Bentonit’ mat that is layered over a geo-membrane and 
protective geo-textiles. “Bentonit” consists of a clay that is formed by weathering and is 
characterised by its capacity of absorbing large amounts of water. This mat is placed between 
the asphalt and the ground to avoid the seepage of constituents into the groundwater. This 
barrier has been placed under the road during its passage through Nybroåsen. The 
impermeable layer has an estimated lifetime of 50-70 years (Skanska Väg, 1999).  

Road alternative B  

The alternative road scenario B is in conflict with national interest (cultural values) and 
cultural value and has almost the same road stretch as the existing road until Hagby. After 
Hagby, the road continues below the esker and passes the outer protection zones of the water 
resource Nybroåsen. This alternative is in conflict with one of the region's most productive 
agricultural areas, which is of national interest for agriculture.  

Road alternative C  

Alternative road scenario C has the same stretch as alternative B until Hagby and the impacts 
will be the same as for alternative B. After Hagby, the road turns towards the coast. The road 
follows the former shoreline and forested moraine ridges near the coast. This alternative 
passes three areas of national interest, cultural value, natural value and the protection zone of 
the coast. 

3.2.4 Contamination threats 

The most relevant contamination situations in the Nybroåsen study with regards to the new 
highway has been identified by Knutsson and Kylefors (1995). The identified contamination 
threats can also be applied to the existing road. The alternative road scenarios B and C are not 
in conflict with the groundwater resources, as they are located downstream. For the prediction 
of the future possible impacts from the new highway (road alternative A ) and the existing 
road (road alternative 0) the following situations will be simulated by groundwater modelling. 

I. Diffuse road source - leakage of contaminants (chloride, nitrate and some heavy 
metals) to the surroundings of the road. 

II. Extreme rainfall event - Leakage of road drainage with concentrations of chloride 2000 
mg/l and zinc 3 mg/l during heavy rainfall event (max 65 mm/day) to the surroundings 
of the road. 
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III. Accidental spill – Accident with a tanker, 40 m3 of diesel oil on an area of 100 m2. 

Because the protective measures have an estimated lifetime of 50 to 70 years and can not 
provide a 100 percent secure protection from contamination, the simulations for road 
alternative A can be applied for road alternative A + protective measures as well, to analyse 
future impacts and its consequences if the protective measures are destroyed.  

3.2.5 Actors views and perceptions 

A questionnaire and interview analysis (Appendix A) has been carried out to identify the 
views held by the actors (private organisations and public authorities) in the Nybroåsen study. 
In addition, the importance of different catchment data and how the consulted organisations 
maintain and acquire new information has been shown. 

The questionnaire has been given out to eleven organisations (Table 3.2.5.1) of which nine 
(excluding the municipal of Torsås and Nybro) replied by the end of December 1999.  

Table 3.2.5.1 Name and type of organisation that the Questionnaire has been given out to. 

Name Type of organisation 

Ingenjörsfirman Ingvar Hörberg AB, Växjö  
(Small sized consulting company in water supply) 

Private 

Kalmar Vatten och Renhållning, Kalmar kommun  
(Municipal Water and Waste company) 

Public authorities 

Länsstyrelesen i Kalmar Län 
(County administrative board) 

Public authorities 

Mark och planeringsenheten; Kalmar Kommun 
(Municipal planning management) 

Public authorities 

Miljöfunktionen på Samhällsbyggnadskontoret, Kalmar kommun  
(Municipal environmental management) 

Public authorities 

Samhällsbyggnadskontoret, Kalmar 
(Municipal community management) 

Public authorities 

Sveriges Geologiska Undersökning, Uppsala  
(The Geological survey of Sweden) 

Public authorities 

Tekniska kontoret, Nybro kommun 
(Municipal technical management) 

Public authorities 

Tekniska kontoret, Torsås kommun 
(Municipal technical management) 

Public authorities 

Vatten och Samhällsteknik Ltd., Kalmar  
(Medium size consulting company in water supply and environment) 

Private 

Vägverket konsult, Kalmar 
(Road administration - consult) 

Public authorities 

The persons consulted for the interviews represent the consulted organisations for the 
questionnaire with the addition of the landowners group and all together the interview 
comprises answers from 15 persons. The number of persons that are represented within each 
actor group is shown in Table 3.2.5.2.  
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Table 3.2.5.2. Number of persons within each actor group upon which interviews are based.  

Actor Nr. of persons  
Road administration 1 
Kalmar Water and Waste company 4 
Municipal management 4 
County administrative board 1 
Landowners 1 
Consultant companies 2 
The Geological Survey of Sweden 2 

 

The results from the questionnaire show that seven of the nine organisations acquire part of 
their hydrological information from consultants, which also are the ones that have most of the 
stated catchment information.  

Pre-evaluation information (two- or three-dimensional visualisation of the groundwater flow, 
the cost for mitigating the source, the increased concentration of a substance in a water supply 
well and the probability of accident) are identified as important information in a decision 
making process. GIS and mathematical models are considered as useful tools by the actors. 

The interviews show that important criteria to consider when taking decisions about 
environmentally hazardous activities in conflict with groundwater resources are, the loss of 
future resources, the quality of abstracted water and risk of accident with a hazardous 
substance. Costs and compliance with EU policy and national legislation are ranked as of 
lower importance. 

Using the proposed framework described herein, the impacts of a set of alternative scenarios 
for environmental hazardous activities can be evaluated against a family of criteria that 
represent the interests of the representative actors in the case study concerned. This can a) 
provide a ranking of the alternative scenarios according to the actors' preferences, b) assist 
actors in becoming more aware of their own preferences as well as those of the other actors' 
and c) identify the groups of actors' that are most or least likely to agree upon a alternative.  
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4 NYBROÅSEN CASE STUDY 

4.1 Description 

The important esker aquifer in Nybroåsen (Figure 4.1.1) is used as a case study for the 
decision-aid framework established in this project. Nybroåsen is one of the most extended 
glaciofluvial deposits in southern Sweden, where part of the esker is used for the water supply 
of Kalmar municipality. The esker covers 25 km2 of the total study area (85 km2). The study 
area boundaries are, the Hagbyån stream, the flow boundary at Tvärskog, the Råsbäcken 
brook, the Ljungbyån stream and the coastline. The area is part of Hagbyån as well as 
Ljungbyån catchment. The esker is a dominant part of the landscape and it rises to 
approximately 15 meters above the surrounding flat landscape. There are five water supply 
plants (areas of one  or more wells) in the study area and average abstraction volumes in 1999 
were 178 l/s. The esker is artificially recharged through infiltration basins with water from the 
stream Hagbyån, because the natural recharge is not enough and the average annual net 
precipitation is only 163 mm in the study area, 170 mm at the esker (Chapter 5.2). The 
amount of artificial recharge in 1999 was 99 l/s. 

 
Figure 4.1.1.  The study area Nybroåsen, used for the water supply of Kalmar municipality, in the 

south-eastern part of Sweden and the alternative road scenarios for the location of the 
new highway. The actual road, alternative 0, is E22. 

A 
B 

C 
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The esker is covered with coniferous forest and the surrounding area is mainly agricultural 
land. Agricultural land is irrigated with water abstracted from the Hagbyån stream and from 
the underlying sandstone aquifer. Within the area, there are several small intermittent streams 
and the low-lying agricultural ground is drained by means of under drainage systems. 
Furthermore, there are several small and big gravel pits within the esker. Small towns are 
Vassmolösa, Hagby and Tvärskog. There are two old municipal landfills in Tvärskog and 
Hagby and two more landfills with bark wastes. There is a small industrial area at Hagby. 
There are several roads within the area. The main one, E22 passes over Hagbymassivet 
through the inner protection zone of the water supply area.  

4.2 Catchment information  

A comprehensive database comprising hydrological, geological, meteorological, and 
additional important information for the decision framework have been obtained within this 
project. Data have been acquired in various formats and from different sources.  

Table 4.2.1 shows the data that have been acquired within this study, their availability and 
original source. Most of the data have been obtained from the consultant company Vatten och 
Samhällstekni Ltd. and the municipality of Kalmar, mainly the Kalmar Water and Waste 
Company. In the 1950’s and 1960’s extensive investigation of the hydrogeology in the area 
took place to secure the future groundwater supply in the region (Weijman-Hane and 
Hörberg, 1966 and Knutsson, 1958). Other sources of information include published reports 
and unpublished documents. Valuable information has been provided by Gert Knutsson 
(KTH), Lars Kylefors (Vatten och Samhällsteknik Ltd, Kalmar) Harald Persson and Sigbert 
Rickardsson (Kalmar Water and Waste Company) and Börje Thuresson (former County 
Administration). 

Table 4.2.1. Acquired, compiled and analysed data and their availability for the study area. Sources of 
original data are shown in brackets.  

Hydrological and meteorological data Availability and source 

Abstraction amounts from wells  Bottorp 8, Vassmolösa and Ölvingstorp, 1976-1990, 
weekly (KM) 

Artificial recharge amounts in basins  Yxneberga, 1976-1990, weekly (KM) 
Chemistry data  
(not analysed or compiled within this 
project) 

Plots of pH, alkalinity, hardness and sulphate 15 
measurements between, 1948 and 1985 for all the 
water supply plants (Kylefors and Gumbricht, 1987). 
Chemistry (pH, alkalinity, hardness, sulphate, 
chloride, metals, nitrate, COD and bacteria) from 
1992 and 1997 (KM) 

Groundwater levels, time-series  No. 41, Observation wells; U1, U2, U3, U4, U5, U8, 
U9, U11, U12, U13, U16, U17, U18, U19, UU22, 
U24, U27, U212, U101, U103, U105, and U107, 
1957-1986; U36, U37, U38, U39, U40, U41, U42, 
Bu17, and U108, 1966-1986, fortnightly ; U25,  and 
B18,1 977-1986, fortnightly;  
U214, U330, and B336, 1977-1986 (five weeks 
intervals; B27,1977-1979, fortnight; B217 1977-
1980, five weeks intervals; and B18, 1977-1983, 
fortnightly, (VoS). 

Groundwater levels from 97 wells, events 4th December 1976 (low levels) and 28th February 
1961 (high levels), (VoS) 

Groundwater recharge Estimated by the Swedish HBV-model, divided in 
two areas the esker and the remaining area, daily 
values 1976-1986. 
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values 1976-1986. 
Groundwater recharge to underlying 
Sandstone aquifer 

Estimated from Carlsteds and Johnson (1983) 
Knutsson (1958) and Pousette et al. (1981), daily 
values 1976-1986. 

Leakage coeffic ient from colmation layers 
in streams and underground drainage 

Estimated from Thuresson, Kylefors, and Knutsson 
(2000) 

Precipitation 
 

Råsbäck , monthly Nov. 1956-Aug 1987, daily 1976-
1986 (VoS) 
Vassmolösa, monthly Nov.1956- Jul.1994, daily 
1976-1986 (VoS) 
Bottorp, daily Oct. 1994-Sep. 1997 (VoS) 

Stage levels in streams Hagbyån stream , regulated, at Lindforsen, weekly 
maesurments 1997-1999 (KM), one measurement at 
Väntorp and Hagbytorp (VoS). 
Råsbäcken stream , one measurement at Tvärskog 
(VoS). Small streams (Thuresson, 2000). 

Underground drainage 0.7 meters under digital terrain model in agricultural 
land (Thuresson, 2000) 
 

Geological data  Availability 
  
Conductivity and Specific yield from pump 
tests 

10 pump tests located in the esker at alternative A 
and between alternative A and 0, see Table 3.1.2. 

Digital elevation model of bedrock  Compiled from descriptions in Knutsson (1958) and 
Nilsson et. al (1962), information from borehole 
measurements (SGU and VoS) and measurements 
from geophysical investigations (Aaltonen et al., 
1995). Varying resolution. 

Digital elevation measures along Hagbyån  Profile made by Global Positioning System (JoW). 
Varying resolution. 

Digital map of Quaternary deposits  Compiled from three maps, (SGU, 1901; Knutsson, 
1958; SGU 1984). Varying resolution. 

Digital elevation points along the road 
alternative A 

Compiled from maps (JoW) 

Digital terrain model  Resolution 50 m (National Land Survey) 
Stratigraphy of quaternary deposits, depth 
to bedrock and hardness from boreholds 

Around 250, Varying quality of  information (VoS) 

  
Additional data  Availability 
Road cost including protective measures EIA , (Vägverket, 1993) and Knutsson and Kylefors 

(1995) 
Spatial data (land use, risk objects, roads, 
streams, gravel pits, and buildings) 

Varying resolution (KM) 

Return time of accident with hazardous 
substance 

Actual road and the three different alternatives, 
Anders Lanngren Tyrens, 

Actors views and perceptions Questionnaire, newspapers and EIA (Vägverket, 
1993) 
 

Abbreviations Consultant company, Jacobson and Widmark  AB (JoW) 
 Consultant company, Vatten och Samhällsteknik Ltd. (VoS) 
 Kalmar Municipal (KM) 

 Royal Institute of Technology (KTH) 
 Swedish Geological Survey (SGU) 
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4.3 Hydrogeology 

Geology 

Figure 4.3.1 illustrates the unconsolidated (Quaternary) deposits from the study site, 
published in 1901. 

 
 

 

 

 

 

Figure 4.3.1 Illustration of the unconsolidated deposits (SGU, 1901). A more detailed map exists from 
Knutsson (1956-1958), but for display purposes the old map is shown inhere. The main 
difference between the two maps is that the esker extends south towards Hagby, which is 
not displayed on the old map. Additionally, there is a more recent map from SGU (1984), 
but it only covers the north west part of the study area. Note that only the main 
components of the legend are shown. 

Peat Clay 

Wave-washed till 

Sand 

Esker, sand and gravel, 
wave-washed by the sea 

Sandy till 

Bedrock 
inthe sur 

Marked ridge of 
the esker 

2 km 
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The rock surface is only evident in a few places. The bedrock is composed of Precambrian 
rock and Cambrian sandstone, with a distinction in the north-south direction at Vassmolösa, 
with sandstone to the east. The Precambrian rock is mainly made up of granite and porphyry 
with parts of greenstone and dikes. The Smålands porphyry and the Växjö granite are younger 
than the Svekokarelian orogeny of 1700 million years ago. The number of dykes is 
considerable. The Cambrian sandstone within the study area, is probably not more then 10 
meters thick (Rudmark, 1984) with an estimated conductivity of 5.8 µm/s (Pousette et al. 
1981) and the gradient of the groundwater level in the Sandstone aquifer east of 
Hagbymassivet is three meters per thousand meter (Carlstedt and Johnson, 1983). 

Nybroåsen is around 70 km long, stretching from Ekenäs in Kalmarsund to the lake Alstern, 
further north. The esker has a north-west to south-east direction with its largest quaternary 
deposits, Hagbymassivet, between Vassmolösa and Hagby (Knutsson, 1965). The esker is 
made up of glaciofluvial deposits, formed during the land- ice recession. An esker (Figure 
4.3.2) is a serpentine ridge of roughly stratified gravel and sand that was deposited by a 
stream flowing inside, or beneath the ice of a stagnant or retreating glacier, and was left 
behind when the ice melted (Bates and Jackson 1984). Hagbymassivet is around 5 km2, with 
deposits up to 32 m thick. The recharge basins as well as the main water supply wells are 
located here. In the north, a smaller esker, Ljungbyåsen is connected.  

Because the esker lies below the highest shoreline1, it has undergone abrasion and wave 
washing. The most significant signs of abrasion is on the southern side of the esker where 
there is a very distinct abrasion notch (Knutsson 1965, 1966, and Rudmark, 1984). 

 

Figure 4.3.2.  Principal cross section of an esker (marked in green in Figure 4.1.1) formed below the 
highest shoreline (SNA, 1994). However, in Nybroåsen the quaternary deposits are not 
that well sorted, and the northern side has less clay and courser deposits. The ridge of 
the esker has been destincted in some places and are marked in Figure 4.3.1. 

                                                 
1 The highest shoreline is the maximum level to which the Baltic sea reached during the deglaciation. The 
highest shoreline in this region varies between 80 and 85 m.a.s.l. 
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For the representation of quaternary deposits, the three maps from, SGU (1901) (covering 
whole study area), Knutsson, (1958) (almost covering the whole study area) and SGU (1984) 
(covering the north west part of the study area) have been used. Moreover, information about 
stratigraphy, depth to bedrock and hardness, are available from several test boreholes. 

The glaciofluvial esker material is heterogeneous, anisotropic and characterised by its very 
complex structures, dominated by sand and gravel. Layers of silt and block material also 
exist. In the northern parts, the esker material is very coarse in comparison with the parts 
further south, which are dominated by sand. These coarser deposits on the northern side, 
consist of a thin layer of glacial clay and wave washed deposits.  

The surrounding area of the esker cons ists of silt, till, sand, peat and clay in decreasing order. 
The till in the area is fine- sandy with normal block content in the surface. The till has a wider 
extension than what is shown on the quaternary map, because it is overlaid by younger 
deposits, mainly postglacial coarse silt and fine sand. The silt is mainly postglacial coarse silt 
but areas exist of glacial coarse silt and postglacial fine silt. Sand exists mainly on the slopes 
of the esker, while the fine sand is to be found on the surrounding plains. Glacial and 
postglacial clay exists in small areas. North and east of the esker there are old fen areas, 
marked as peat on the map of the quaternary deposits, which are now drained and used for 
agriculture.  

Conductivity and storativity values derived from pump tests are shown in Table 4.3.1. All of 
the values except from FB202 are lying within a radius of 600 meter of each other located in 
the esker at alternative road A. FB202 is located close to U26 (see Figure 4.3.5) in the esker 
between alternative A and 0. From FB201 there are two values derived from two different 
investigations.  

Table 4.3.1. Conductivity and specific yield derived from pump-tests.  

Well Location Quaternary deposits Conductivity 
(E-4  m/s) 

Specific yield 
(%) 

FB202 a Between alternative A 
and 0 

Sand and silt 20 20 

FB201 a alternative A Sand and till   6 30 
FB 201 b alternative A Sand and till   9.5 - 
U214 b alternative A Sand and Gravel   8.3 - 
U9405 b alternative A Sand   6.3 - 
U9406 b alternative A Sand and gravel   9.0 - 
9611 b alternative A Sand and silt   7.4 - 
9617 b alternative A Sand and gravel   1.4 - 
9618 b alternative A Sand and silt   8.9 - 
9619 b alternative A Gravel   8.7 -28 - 

a Knutsson and Kylefors (1995) 
b Eriksson and Karlsson (1997) 
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Precipitation 

Long term monthly precipitation data were obtained from two stations, Vassmolösa and 
Råsbäck (see Figure 4.1.1) between 1956-1994 and 1956-1987 respectively. Daily 
precipitation data have been compiled between 1976 and 1986 for these two stations to 
calculate the groundwater recharge with the HBV model (see Chapter 5.1). The stations were 
run by a water-planning organisation (Nybroåsens Vattentäktsförbundet) with the same 
accuracy, as the one owned by the SMHI (Bergström 1993). The double mass analysis 
showed that the data are consistent (Eliasson, 1999a). Today, there is only one station, 
Bottorp, run by the municipality. Bottorp is a precipitation gauge station, with a type-weight 
mechanism. The snow is measured by a melting mechanism, and both precipitation amounts 
and intensity are given.  

Figure 4.3.3 shows that the Råsbäck station has more precipitation than the Vassmolösa 
station. The precipitation increases inland from the coast. The same pattern of a rapid increase 
from the coast has been pointed out by Hörberg (1997). The main difference in precipitation 
amounts between the stations, is during wet years. The mean yearly precipitation, between 
1958-1986, is 535 mm for Vassmolösa, and 553 mm for Råsbäck. Calculations have been 
made on the hydrological year, October to September.  
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Figure 4.3.3.  Precipitation, 1958-1996, for Vassmolösa, Råsbäck and Bottorp stations. 

 

The amount of precipitation that is caught in the rain gauge is not considered to be identical to 
the real one, due to losses by wind, evaporation and adherence. As a result, the precipitation is 
often corrected with an equation. The correction depends on the type of rain gauge, elevation 
above ground, wind exposure and amount of snow precipitation.  
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Abstraction wells and artificial recharge 

There are five water supply plants for the water supply of Kalmar: Stenkällan, Bottorp, 
Vassmolösa, Ölvingstorp and Råsbäck (Figure 4.1.1) of which all, except Råsbäck lie within 
the study area. Bottorp is the main water supply plant, consisting of eight wells. Vassmolösa, 
Ölvingstorp and Råsbäck are originally springs. The water supply plant, Stenkällan became 
operational in 1987. The natural recharge within the area is not enough for the abstraction 
volumes. Therefore, the esker is artificially recharged.  

There are two recharge basins, Yxneberga (operational from 1958 onwards) and Stenkällan 
(operational from September 1997 onwards). Water for artificial recharge is pumped from the 
Hagbyån stream. To guarantee water for recharge, while the water is insufficient from time to 
time, hydraulic structures to regulate the flow have been constructed further upstream. 

Figure 4.3.4 shows the abstraction and artificial recharge volumes from 1976 to 1990. The 
artificial recharge amounts acquired from Kalmar municipal are the pumped volumes from 
the Hagbyån stream and therefore the evaporation has been extracted from these volumes. 
The daily evaporation from the Yxneberga infiltration basins (surface area 12960 m2) has 
been calculated with the HBV model by simulating the basins as a lake. However, the 
evaporation represents two percent of the total amounts pumped for infiltration and has no 
influence looking on the yearly water balance. Average yearly abstraction and artificial 
recharge volumes for the period are 5.5 Mm3 and 3.5 Mm3 respectively.  
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Figure 4.3.4. The abstraction volumes from the water supply plants and artificial recharge volumes.  

 

Groundwater levels 

Long time-series of groundwater levels, from 1956 to 1986, mainly located in Hagbymassivet 
(Figure 4.1.1.), have been acquired for 41 observation wells. Most of the time-series include 
fortnightly measurements, but for some observation wells the frequency of measurements is 
variable. Observation well U9 is measured weekly and is used as a reference well. In total, 
there are 97 observation wells in the study area, which are subjected to measurements at one 
event once a year. Two yearly events have been acquired from December 1976 and February 
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1961, which was after a wet and a dry year respectively. Data exist from 1986 onwards, but 
have not been acquired.  

The general flow pattern of the groundwater is from south-west to north-east (Figure 4.3.5). 
There is a small south-east direction of the flow towards Hagbyån, south of the esker. The 
groundwater levels are around 54 m.a.s.l at Tvärskog (Northwest) and decrease in the eastern 
direction to around 10 m.a.s.l at Hagby (Southeast). 

 

 
Figure 4.3.5. The groundwater flow during December 1976 (flow direction marked with arrows) in 

Nybroåsen for a year of low groundwater levels and location of observation wells. The 
flow map is constructed from groundwater levels and expert knowledge (VoS, 1998).  

The time-series for the groundwater levels in the esker are plotted in Figure 4.3.6, 4.3.7, and 
4.3.8. Observation wells that are close to the water supply plants and the artificial recharge 
basins are plotted separately.  

The general trend for the groundwater levels in Hagbymassivet is seen in Figure 4.3.6. The 
yearly fluctuations are normally not more than 1 m, but for some it may be 3 m. However, the 
overall trend is constant. The lowest values are during autumn and the highest values occur 
after the snow melt in spring. However, there is a decline of 0.5-1 m at observation wells U1, 
U2, U3, U5, U8 and U13. They are all located north of Bottorp, except for U13. U1 is furthest 
away, 2.5 km, and is located in the adjacent esker, Ljungbyåsen. The decline could be due to 
large water abstractions at Bottorp. To investigate the influence of the abstraction wells and 
recharge basins, the measurements from the adjacent observation wells are plotted separately.  

 

 

Esker 

Water supply wells 

Observation wells, event 

Observation wells, time-series 

2 km 



 54 

4

6

8

10

12

14

16
3

1
/0

7
/5

6

3
1

/0
7

/5
8

3
1

/0
7

/6
0

3
1

/0
7

/6
2

3
1

/0
7

/6
4

3
1

/0
7

/6
6

3
1

/0
7

/6
8

3
1

/0
7

/7
0

3
1

/0
7

/7
2

3
1

/0
7

/7
4

3
1

/0
7

/7
6

3
1

/0
7

/7
8

3
1

/0
7

/8
0

3
1

/0
7

/8
2

3
1

/0
7

/8
4

3
1

/0
7

/8
6

Date

G
ro

u
n

d
w

at
er

 le
ve

l (
m

)
U 1

U 2

U 3

U 4

U 5

U 8

U 9

U11

U12

U13

U16

U17

U18

U19

U 2 0

U 2 1

U 2 2

U 2 4

U 2 7

U 3 6

U 3 7

U 3 8

U 3 9

U 4 0

U 4 1

U 4 2

Bu17

U108

 
Figure 4.3.6. The groundwater levels for Hagbymassivet, 1956-1986. 

 
In Figure 4.3.7 the measurements of the groundwater levels during 1956-1969 and within 300 
m distance from the artificial recharge basins are plotted. Although, groundwater levels vary 
in one year in the range of 1-3m, the general trend within these years is constant. A seasonal 
pattern can be identified, with one high peak during spring and two low peaks in Oct. and 
Dec-Jan.  
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Figure 4.3.7. Groundwater levels within 300 m distance from the artificial recharge basins, 1956-1969. 
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In Figure 4.3.8 the observation wells within a radius of 350 m of the main water supply plant, 
Bottorp are plotted. The water supply plant Stenkällan was not operational until 1987, and the 
other plants are springs with small abstraction volumes. There is a general downward trend  
for all the observation wells. The decline is approximately 0.5 m for U12 and U103 and 3 m 
for U8 and U13, between 1956 to 1986. Although the figure illustrates an increase in both 
minimum and maximum groundwater levels for all four wells during 1978-1982. 
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Figure 4.3.8. Groundwater levels within 350 m distance of the Bottorp water supply.  
 
To investigate these distinguished trends, one time-series from each analysed set of wells is 
plotted together with the precipitation (Figure 4.3.9). It can be seen that the groundwater 
levels follow the pattern of the precipitation. Comparison between the reference well U9 and 
the other wells shows a decreasing trend of the groundwater levels close to the water supplies.  
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Figure 4.3.9. Groundwater levels and yearly precipitation data from 1956 to 1986. 
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Streams and underground drainage 

Limited values of water stages are available for the streams in the study area (Table 4.3.2). 
The Hagbyån stream, approximately 15 meters wide and 2.5 meters deep, has been regulated 
upstream by the lake Hultebräan since the end of the 1960. At Lindforsen, there is Thompson 
weir at 22.7 m.a.s.l and average water stage is around 22.7 m.a.s.l (Kylefors, 2000). Weekly 
measurements from Lindforsen, between 1997-1999 (Kalmar Municipal, 2000) shows that the 
variation is small and maximum water stage during this period was 23.6 m.a.s.l. The stream 
Råsbäcken is approximately one meter wide and one meter deep and flows out in the 
regulated stream Ljungbyån. Within the study area there are additionally seven minor streams. 
There is mainly no inflow of surface water to the groundwater because the border streams 
(Hagbyån, Råsbäcken, and Ljungbån) are all outflow areas and the minor streams consist of 
water from springs and underground drainage and are partly dry during summers. Mostly, all 
agricultural land is drained through underground drainage located on a depth of 
approximately 70 centimetres (Thuresson, 1999). 

Table 4.3.2. Water stage in streams. 

Stream Location Water stage (m.a.s.l) 
Hagbyån Lindforsen, thomson weir 22.7 
 Väntorp, weir 21.96 * 
 Hagbytorp   0.7 
Råsbäck Råsbäck, close to Precipitation St. 43.8 

* Weir is 2.7 meter high 

Groundwater chemistry 

Analysis of chemical data for the aquifer, regarding acidification, has been carried out by 
Kylefors and Gumbricht (1987). Plots of pH, alkalinity, hardness and sulphate are available 
for 1948 and 1985 for all the water supply plants. However, there are only 15 measurements 
from each water supply plant, which are not sufficient for conducting a thorough analysis.  

Nowadays, chemical measures of pH, alkalinity, hardness, chloride, sulphate, calcium, 
magnesium, sodium, potassium, iron, manganese, nitrate, phosphate, chemical oxygen 
demand (COD) and bacteria are recorded on a monthly basis. Moreover, chemistry from three 
wells (1996-1997), close to the allocation of the new road exists from Eriksson and Karlsson 
(1997). In Annex B, chemistry data is shown for Stenkällan, Bottorp, Vassmolösa and 
Ölvingstorp from two events, 1992 and 1997.  

The classification and discussion are based on SNV (1999), which is recommended reading 
for further information about how to estimate groundwater quality. 

The alkalinity, which is a measure of the resistance against acidification, shows values 
ranging between 18 and 44 mg/l. This is classified as a moderate content (SNV, 1999), 
defined as insufficient alkalinity for keeping a stabile and acceptable pH for the future in areas 
with high deposits. In comparison with other glacifluvial deposits in this region, the alkalinity 
in the study site is higher than the average. The measurements of pH are more uncertain than 
the alkalinity, but comparison shows that they agree in this case. The pH varies between 6.5 
and 7.3. The sulphate content (average 26 mg/l) slightly departs from the depositions (14.4 
mg/l, SNV, 1999) and could be due to the local deposits. 

Notably is the sizeable range in the alkalinity, which is likely due to the different sources of 
groundwater, i.e. differences between natural groundwater and artificial recharge. 
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The chloride concentrations are in the range 11- 24 mg/l, except for Stenkällan 2 and 3 where 
values between 36 and 69 mg/l have been detected. The chloride values are classified as; low, 
<20 mg/l; moderate, 20 - 50 mg/l; and relatively high, 50 -100 mg/l (SNV, 1999). In 
comparison with other glacifluvial deposits in this region the chloride contents agree with the 
average with exception for the wells, Stenkällan 2 and 3.  

The reason behind the increased chloride concentrations in wells Stenkällan 2 and 3 is 
probably due to de- icing salt, either from the existing road or a former storage od de-icing 
salt. An impact from de- icing salt normally gives a 1:1 relationship between sodium and 
chloride or an increase in the total hardness. An increase in the total hardness (including 
calcium and magnesium) and the sodium values can be seen in the effected wells.  

The increased chloride concentrations in the wells Stenkällan 2 and 3 could also be due to 
leakage from habitation. This is indicated from high nitrate nitrogen values (5.7 to 11 mg/l), 
i.e. increased chloride concentrations from sewage, deposition, or cattle and are often 
followed by high values of nitrate and ammonium. A possible source could be a former mink 
farm (Kylefors and Persson, 2000) An increase in ammonium nitrogen and nitrite nitrogen is 
only possible during reduced conditions. The Nitrate nitrogen values between 5-10 mg/l are 
classified as high and values above 10 mg/l are classified as very high (SNV, 1999). In 
comparisons with other glacifluvial deposits in this region the nitrate contents agree with the 
average with exception for the wells Stenkällan 2 and 3.  

The redox potential is determined from the comparison of the volumes of iron, manganese 
and sulfate. For most of the wells, the following relationship is found, iron values <0.1 mg/l, 
manganese values <0.05 and sulfate values <5 mg/l. This shows the water has a high redox 
potential (aerobe water) which is described as, an often excellent groundwater that can be 
distributed without treatment (SNV, 1999). In addition, some measurements shows high 
manganese values (0.73 mg/l) which is above the technical and esthetical threshold value 
(0.05 mg/l) for drinking water (SLV, 1993). 

Some wells have high values for chemical oxygen demand (COD) which are above the 
standards for drinking water quality (SLV, 1993). COD is a measure of the organic matters 
and is often measured in terms of Total Organic Carbon (TOC). Investigations show that the 
artificial recharge basins are not serving its qualitative purpose of removing organic matters 
sufficient. Measurements in the filter sand in the artificial recharge basins down to 15 cm 
depth shows no reduction in COD and TOC values (Ali and Roble, 2000). Normally this is 
the place were most removal of organic matters take place (Jacks, 1999). Also, large 
variations in time and space has been observed by Hörberg (1999). The reason behind could 
be due to high content of dissolved humic substances from the stream Hagbyån. The seasonal 
variation could be explained by variation of humic substances in the stream due to the 
regulation upstream by the lake. Also, a low content of algae in the filter sand in wintertime 
due to the change of sand beforehand and lower reduction rates due to the cold could be one 
explanation (Ali and Roble, 2000).  

The reason for the high COD values are however not yet clear and further investigations will 
take place. However, this is not yet a problem as the values of COD are low at the water 
works due to the mixing with the other water.  

Despite from the above described problems with COD, the drinking water quality is of very 
high quality in the Nybroåsen esker. 
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5 MODEL SETTING 

The groundwater flow has been simulated in two-dimensional unconfined horizontal transient 
flow with FEFLOW (Diersch, 1998) to predict the impacts from the new and the existing 
highway on the groundwater resources. 

The groundwater model has been constructed from the hydrogeological information described 
in Chapter 4. The HBV model (Bergström, 1992) is applied to provide daily estimates of 
groundwater recharge to be used as input to the groundwater model. The water budget and the 
flow system are prepared in the water balance. The differential split -sample test approach 
(Klemes, 1986) has been applied for the model calibration, between October 1977 and 
September 1986. A numerical evaluation of the model performance comparing measured and 
simulated groundwater levels by the Index of Agreement (Willmott, 1981) has been carried 
out as well as a sensitivity analysis of the model parameters.  

5.1 Simulation of groundwater recharge 

The purpose of applying the HBV model (Bergström, 1992) for Nybroåsen is to provide daily 
estimates of groundwater recharge to be used as input to the groundwater model. By applying 
the HBV model better estimates of the snowmelt and evapotranspiration for the groundwater 
recharge is provided. The alternative would have been to assign calculated net precipitation 
i.e. precipitation minus average estimates of long-term mean evapotranspiration values 
(Eliasson, 1999a). For the HBV theory and description see Annex C. 

The HBV model is a continuous semi-distributed conceptual runoff model. HBV stands for 
"Hydrologiska Byråns Vattenbalansavdelning" in Swedish. The earliest version is from 1971, 
but several modifications have been done since then, with the latest update in 1996. HBV-96 
has been included in the IHMS (Integrated Hydrological Model System), which is a 
computerised system for hydrological model computations (IHMS, 1998). The simulations 
described herein have been carried out using the IHMS system, otherwise referred to as the 
HBV model, which is the baseline model. 

The HBV model is well known in the Nordic countries, but it has also been applied in other 
countries e.g. Italy, Switzerland and Ireland (Carlsson and Bergström, 1998). The model is 
mostly applied to carry out hydrological forecasts of runoff, dimensioning of dams and 
estimations of water resources. In addition, calculation of groundwater recharge in sandy till 
aquifers in south-east Sweden has been carried out by Johansson (1987) with the PULSE 
model (Carlsson et al. 1987), another version of the HBV model. Moreover, simulations of 
groundwater response i.e. change in groundwater levels, has been simulated for an unconfined 
esker aquifer with the HBV model by Bergström and Sandberg (1983) 

Simulation 

The simulated area forms part of both Hagbyån and Ljungbyån catchments. The area of the 
study site is 85 km2  and is defined by the following boundaries: (1) the Hagbyån stream (2) 
the flow boundary at Tvärskog (3) the Råsbäcken brook (4) the Ljungbyån stream and (5) the 
coastline in Figure 4.1.1. 
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In this simulation study, the site was divided into two sub-basins, the esker and the remaining 
area of the study site (Figure 5.3.3) where water flows from the esker to the remaining area. 
The two sub-basins are different in terms of vegetation, elevation and soil properties. In Table 
5.1.1, the properties for the two sub-basins are shown. Because there are no big elevation 
differences within each sub-basin one zone is representative. The esker is mainly made up of 
forested area, and the remaining area of study site is open ground area, which is predominantly 
agricultural land.  

Table 5.1.1. Properties of the sub-basins. 

Sub-basin Esker Remaining area of study site  
Calculation area (km2) 25 60 
Open ground area (km2) 4 55 

Forested area (km2) 19 5 
Average elevation (m.a.s.l.) 36 14 

 

Input data are as follows: 
For the accuracy and source of the data see Chapter 4.3.  

Daily precipitation data, for the stations Vassmolösa (28 m.a.s.l.) and Råsbäck (45 m.a.s.l.). 
For the spatial representation, the weights 0.7 for Vassmolösa and 0.3 for Råsbäck were given. 
No correction values are used because the model itself includes corrections for temperature i.e.  
snow precipitation and elevation.  

Daily temperature data from Lessebo (170 m.a.s.l.) and Kalmar (15 m.a.s.l.), 60 km west 
north-west respectively 15 km north east of the study site. For the spatial representation, the 
weights 0.7 for Kalmar and 0.3 for Lessebo, were used.  

Average values of potential evapotranspiration from Allgunnen, 50 km north from the study 
site, are used for representing the evaporation values. The input data are monthly mean 
averages from 1961 to 1978 calculated with Penman's formula for grass (Eriksson, 1981). The 
input data are represented by the monthly average potential evapotranspiration for the mid day 
within the calculated month (mm/day) and for in-between days without data a linear 
interpolation is assumed. In addition, the potential evapotranspiration is recalculated with 
respect to temperature and elevation within the model (Equation 1, Annex C). The station 
Algunnen is considered as more representative than the station Kalmar, because it is not as 
effected by the coastal climate as Kalmar. 

Values of regional model parameters have been provided by the Swedish Meterological and 
Hydrological Institute (SMHI). A model calibration has already been carried out for this area 
i.e. Ljungbyans catchment, by Johansson (1992) with the PULSE model. These model 
parameters have been provided by the SMHI, and therefore no calibration procedure is 
needed. However, for the esker sub-basin a lower field capacity has been applied, because of 
the fact that sand and gravel have a lower water holding capacity in comparison with till. In 
addition, the depth to the groundwater is larger in the esker. 
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Result 

The calculated natural recharge, precipitation, temperature and snowpack values are shown in 
Figure 5.1.1 for the study site. The values are the average of the two sub-basins, the esker and 
the remaining area of study site. The importance of the snowmelt can be seen for the time 
period when recharge is occurring. Most recharge takes place between January and April of 
each year. 

The variation of the yearly recharge for the study site and its sub-basins is best illustrated in 
Table 5.1.2. The calculations are based on the hydrological year, October 1975 to September 
1986. The groundwater recharge for the study site is the total area integrated value for the two 
sub-basins, the esker and the remaining area of study site. Precipitation is only shown for the 
study site while the actual evapotranspiration and recharge for the esker and the remaining 
area of study site are shown. The esker has a lower actual evapotranspiration and thereby 
higher recharge values than the remaining area of study sites.  

For establishing the initial soil water content for the HBV model the condition in 1984 was 
used. The 1984 condition was chosen because the amounts of precipitation in 1983 and 1984 
are almost the same as in 1974 and 1975. In 1974 and 1975, the yearly precipitation was 
around 380 mm and 560 mm respectively. In other words the period 1983-1984 was used to 
create the initial soil water content for the interim period before the actual period of interest 
1976-1986. This step is necessary to discard the influence of the choice of the initial 
conditions. In this case the first year will not be used as input data for the groundwater model. 

Table 5.1.2. The calculated precipitation, actual evapotranspiration and recharge values (mm) for the 
study site. The difference in actual evapotranspiration and natural recharge is shown for 
the two sub-basins, the esker and the remaining area of study site.  

Year Precipitation Actual Evapotranspiration Natural Recharge  
 Study site  Study site  Sub-basins Study site  Sub-basins 
   Esker Remaining  Esker Remaining 

1976 411 345 337 348 94 96 93 
1977 548 351 340 355 225 239 220 
1978 559 339 328 344 186 193 184 
1979 546 384 376 388 203 208 201 
1980 474 350 341 354 122 123 121 
1981 564 366 356 371 212 219 210 
1982 510 369 353 375 181 194 177 
1983 382 291 275 297 101 112 97 
1984 570 409 408 409 123 133 119 
1985 549 378 370 381 186 192 183 
1986 434 308 293 315 163 164 162 

Average 504 354 343 358 163 170 161 
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Sep. 1980 - Jun. 1983

Jun. 1983 - Sep.1986

Oct.1976 - Sep.1983

Figure 5.1.2.  Calculated groundwater recharge, snowpack, precipitation and temperature values from
Oct. 1976 to Sept. 1986 for the study site.
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5.2 Water balance 

The purpose for carrying out a water balance is to illustrate the flow of water entering and 
leaving the aquifer (Figure 5.2.1) of the unconsolidated (Quaternary) deposits in the study area 
and to see the difference between wet and dry years, as a prior step to groundwater modelling.  

Input data such as, groundwater recharge, water abstraction and artificial recharge amounts 
have been summarised and investigated beforehand (Chapter 4.3 and 5.1). 

 

 

Figure 5.2.1. Schematic diagram of the water balance for the soil aquifer in the study area in a profile 
from the esker to the sea. E = Evaporation, , I= Irrigation, P = Precipitation, P0 = Natural 
groundwater recharge, QAR = Artificial recharge from basins, QGF = Groundwater inflow 
and outflow, QSF = Outflow of groundwater from the sandstone aquifer to the Baltic Sea, 
QW = Abstraction wells, QWS = Abstraction of water from sandstone aquifer, RG = Runoff 
in streams and drainage from groundwater T = Transpiration, S = sublimation and 
infiltration from snow. Note, that the diagram is not to scale. 

The water balance (Table 5.2.1) is based on the hydrological year, between 1976 and 1986, 
where the year 1976 refers to the period October 1975 to September 1976. Preferably, 
calculations should be carried out on the hydrological year, because this is the period when the 
groundwater levels are most similar to each other i.e.  before the aquifer is recharged. The area 
(85 km2) for which the water balance is carried out corresponds to the set-up model area, for 
which also the estimates of groundwater recharge has been calculated with the HBV model. 
The groundwater balance is: 

 

44 344 21
DIFFERENCE

cGFGWARO SQ R QQP ±±=−+  (Equation 5.2.1) 

 
where: P0 = Natural groundwater recharge 
 QAR = Artificial recharge from basins 
 QW = Abstraction wells 
 RG = Runoff into streams and drainage from groundwater 
 QGF = Groundwater inflow and outflow 
 Sc =  Storage changes 
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Inputs include groundwater recharge and artificial recharge from infiltration basins and inflow 
of groundwater via the boundaries. Outputs are abstraction from wells, groundwater outflow 
to the underlying sandstone aquifer, and groundwater runoff into streams and drainage 
channels. All the parameters on the left hand side of Equation 5.2.1 are based on observed 
measurements or simulated results from the HBV model.  

Table 5.2.1. Yearly (hydrological year) water balance of the study area (85 km2), between 1976 and 
1986, units in (mm). 

Year Natural Recharge 
P0 

Artificial Recharge 
QAR 

Abstraction wells 
QW 

Difference 
 

1976 94 43 58 79 
1977 225 36 54 207 
1978 186 48 55 179 
1979 203 36 53 186 
1980 122 39 53 108 
1981 212 32 61 183 
1982 181 31 53 159 
1983 101 33 60 74 
1984 123 42 63 101 
1985 186 33 56 163 
1986 163 45 58 150 
mean  

1976-86 
163 38 57 144 

 

The average annual natural groundwater recharge varies between 94 and 225 mm. The year 
1976 was a dry year and 1977 was a relatively wet year. The average annual difference 
(equivalent to the sum of the right hand side of Equation 5.2.1) varies, from 79 to 207 mm. 
Comparison of the means from the water balance, with the reference normal period of 1961-90 
(Eliasson, 1999a) indicates that the studied period is a bit wetter, 12% greater than the 
reference year. However, the average period 1961-90 is not completely representative, because 
there are no precipitation values from Råsbäck after 1987. Below are the relative size of the 
parameters making up the difference described. 

Groundwater runoff is the main component of the difference shown in Table 5.2.1 and 
discharge into streams and drainage channels all located in the surroundings of the esker. This 
also includes springs, which are common on the slopes of the esker, which have interlayers of 
clay in some places (Figure 4.3.2). Moreover, there is no groundwater recharge in outflow 
areas, mainly on wetlands and along the coast as well as along the streams. Areas subjected to 
no groundwater recharge are difficult to determine because they also depend on the season and 
year. Therefore in the water balance shown herein, the areas that are subjected to no 
groundwater recharge contribute to runoff into streams and drainage channels.  

The aquifer has several types of groundwater flow boundaries where either no-, in- or out 
flow is taking place. At north-east of Tvärskog, there is a positive flow boundary i.e.  inflow of 
groundwater. Other border boundaries are, the Hagbyån stream, the Råsbäcken brook and the 
Ljungbyån stream, which are mainly negative boundaries. The coastal border is assumed to be 
a no-flow boundary for the aquifer of the Unconsolidated deposits. The underlying sandstone 
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aquifer is set as a negative flow boundary and the crystalline rock is assumed to be a no flow 
boundary. The groundwater recharge to the sandstone is assumed to be equal to the outflow of 
groundwater to the Baltic Sea under undisturbed conditions  i.e. no pumping from the 
sandstone aquifer. The groundwater recharge to the sandstone aquifer is has been estimated 
to15 mm from Carlstedt and Johnson (1983), Knutsson (2000) and Persson (2000).  

During the summers (mainly June, July, August) of normal and dry years water is pumped 
from the sandstone aquifer for irrigation. Abstraction amounts during a dry year is 0.4 106m3 

and during a normal year is 0.2 106m3. This amounts to 10 mm and 5 mm respectively within 
the area (40 km2) studied by Carlstedt and Johnson (1983). On this basis, the groundwater 
recharge to the sandstone aquifer is assumed to be approximately 15 mm during a wet year, 16 
mm during normal year (precipitation 535 mm), and 20 mm during a dry year (precipitation 
380 mm). Because more water is pumped for irrigation during dry years the groundwater 
recharge to the sandstone is larger for dry years than wet years. However, the sandstone 
aquifer approximately covers 60 km2 of the total area of 85 km2. In addition, the recharge is 
limited to areas were the sandstone is cracked or fissured and where the overlaying deposits 
can contributes to recharge. 

Storage changes within the groundwater magazine are assumed to be negligible when 
considering the long-term average.  

Other components, which are neglected in the water balance, are irrigation, private 
abstraction, groundwater recharge by leakage from water pipes, septic tanks, and additional 
surface runoff not considered in the HBV model. Irrigation seldom contributes to groundwater 
recharge if it is not followed by precipitation, which is a rare situation (Svenmar, 2000). 
Therefore, all irrigated water is assumed to leave the ground-surface as evapotranspiration. 
There are approximately 100 private wells in the esker, whose abstraction amounts are less 
than 0.3 mm of the study area (Rickardsson, 1998). Usually the infiltration capacity exceeds 
the rainfall intensity for areas consisting of coarse sediments in Sweden. Surface runoff occurs 
mainly over shorter distances in these areas and is mainly apparent when the ground is frozen 
and snowmelt is taking place. Surface runoff takes place mainly in areas consisting of fine 
sediments i.e. clay and fine silt. In the study area there is only one small area, Mören, north of 
the Vassmolösa and Ölvingstorp well, which is somet imes flooded.  

5.3 Model construction 

The groundwater flow and mass transport have been simulated with the deterministic, fully 
distributed, Finite Element subsurface FLOW system , FEFLOW (Diersch, 1998). The 
simulations has been carried out for two-dimensional, unconfined horizontal transient flow. 
FEFLOW simulates groundwater flow and mass and heat transport with several capabilities, 
including the unsaturated and saturated zone. The handling of geographical and time-variant 
data provides several possibilities i.e. analysis, interpolation as well as other GIS capabilities. 
FEFLOW includes a GIS based data exchange interface which facilities the export and import 
of data between the model and the GIS, ArcView. Also, the grid generation option provides 
several capabilities e.g.  the possibility to add nodes after the model has been constructed. In 
addition, the graphical display is good and it includes three-dimensional visualisation.  
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FEFLOW is used within research institutes, universities, consultant companies, industries, 
public services and state agencies (http://www.wasy.de). A free demo is available at this web 
page as well as the manuals.  

The reason for selecting the FEFLOW model for the predictive simulations of the impacts 
from the roads was mainly due to the options described above. Especially, because of the 
advanced grid options, where the triangular mesh can be designed as you want with higher 
resolution in the area of interest and the fact that nodes can be added after the material 
distributions have been incorporated. This is very convenient for the prediction of contaminant 
transport where problems concerning numerical oscillations are common, because of a too 
coarse grid. Also, nodes can be assigned on the precise location of abstraction and observation 
wells. The handling of the time variant data for the wells and the boundary conditions as well 
as the spatial representation of the material distributions provides several options, which 
makes the handling of data easier.  

Boundaries 

The model boundaries were set to coincidence with the watershed to simplify the settings of 
the boundary conditions (Table 5.3.1.). The coast is defined as a head boundary and the 
streams Hagbyån and Ljungbyån, and the brook Råsbäcken as transfer boundaries, constrained 
to outflow. The smaller intermittent streams and the underground drainage are simulated as 
transfer boundaries, constrained to outflow and are only active when the groundwater level 
reaches specified head. 

The water stage in each stream and the underground drainage is represented by a linear 
interpolation between each point of measurement. Where no measurements exist, estimated 
values have been used.  

Table 5.3.1 Description of the boundaries of the study site. 

Boundary Boundary condition Description 
Coastline Head (Dierichlet type) Time constant, 0 m.a.s.l. 

Hagbyån, Råsbäcken and 
Ljungbyån stream  

Transfer (Cauchy type)* Time constant. Constrained to outflow  

Tvärskog Head (Dierichlet type) Time variant. 

Underground drainage. Transfer (Cauchy type)* Time constant. Constrained to outflow by 
head (DTM-0.5 m) for agricultural land. 

Small intermittent streams Transfer (Cauchy type)* Time constant. Constrained to outflow by 
head (DTM-1m). 

Wells (NR. 13) Single well type (singular 
point source) 

Time variant. Constrained by depth of 
well 

Artificial recharge basins Single well type (single 
point sink) 

Time variant. 

*Leakage coefficient due to colmation layer, assigned to 0.4 1/d.  
 
The Tvärskog flow boundary (Figure 5.3.1) is represented by the observation well U330 
interpolated towards the Hagbyån stream and the Råsbäcken stream. For the nodes in-between 
an internal time dependent function was assigned. 
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Figure 5.3.1.  Tvärskog flow boundary simulated as a head boundary condition by observation well 
U330 and the internal functions towards the Råsbäcken brook. 

 
Grid 

The development of the grid, triangular mesh (Figure 5.3.2) needed some time before an optimal 
amount of nodes and their distribution that could be processed efficiently by the capacity of the 
available PC was found. 

 

Figure 5.3.2. The constructed grid, finite element mesh for the model area. The esker, streams, 
coastline and the new highway is shown. 

GRID 
3 noded triangle  
Nr. of elements 19589 
Nr. of nodes 10004 
Resolution area from 
1000 to 35000 m2 

2 km 



 67 

An increased number of nodes i.e. finer resolution, were assigned to the areas of water 
supplies, areas of major elevation changes and along the intermittent streams. The grid 
resolution varies between 1000 m2 and 35000 m2 and the average resolution is 4300 m2. To 
reduce the simulation effort along the outer boundaries, their exact positions were replaced by 
an approximately straighter one. 

Material properties  

It has been assumed that a two-dimensional representation of the Unconsolidated deposits in 
the case study is appropriate for simulating the groundwater flow in the area of interest in 
Nybroåsen.  

The material properties are shown in Table 5.3.2. Initially the storativity and conductivity 
were assigned equally to the properties of the unconsolidated deposits as in Table 5.3.3 in 
most cases. Peat is underlayed by sand and therefore an integrated value of the storativity has 
been assigned (Hanschke, 2000). Additionally, other areas in the remaining areas are often 
underlayed by a different material, whereas the unconsolidated deposits are not representative 
for that region. For example the areas along the eskers are often underlayed by coarser 
sediments due to the fact that the esker extend under these deposits. The storativity (effective 
porosity) also called storage coefficient  is the same as specific yield in unconfined aquifers.  

For the representation of the digital terrain model, the bedrock and the initial conditions of the 
groundwater level interpolation of the point values were carried out. An appropriate 
interpolation technique was selected on the basis of the sample of the respective material.  

Table 5.3.2 Description of how the flow properties were represented in the model.  

Flow properties Description 
Aquifer top elevation Interpolated (Akima cubic, 4 neighbouring points, allowed 

over/undershooting 0%)),  
Initial conditions  (groundwater 
head) 

Interpolated (Akima linear 5, allowed over and undershooting 
0%) from measurements December 1976 and estimated points.  

Aquifer bottom elevation Interpolated (Kriging, 10 neighbouring points) from bore-holes 
measurements and estimated points. 

 

Table 5.3.3. Hydraulic conductivity and storativity values initially assigned.  

Unconsolidated 
deposits 

Storativity (%)  Conductivity (10-4 m/s) 

Esker 25 1 
Fine sand 23 0.1 
Silt 8 0.01 
Till 16 0.05 
Peat 32 0.05 

 

The representation of the bedrock aquifer was particularly difficult because of several factors. 
First, the measurements are unevenly distributed. Secondly, some are from places where 
houses are built and coincide with higher places in the landscape. Thirdly, no measurements 
exist along the coast border. Additional points were estimated to represent the bedrock 
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(Knutsson, 1958 and Nilsson et al. 1962). However, during the simulations, problems 
concerning dry cells were experienced in many areas outside the esker due to the over 
representation of measurements at high located points. In addition, there are areas of very thin 
unconsolidated deposits or bedrock at the surface in the south-western and the north-western 
part of the study area. To solve this problem the bedrock measurements was lowered in these 
areas.  

For the initial condition of the groundwater levels additional estimated points along the 
boundaries and in areas of no measurements were done to represent the general flow pattern. 
For the calibration a new initial condition was created from this initial condition after a year of 
simulations.  

During the process of constructing the model isoline and choropleth maps of the bedrock, 
saturated zone and unsaturated zone have been verified by local experts (Knutsson and 
Kylefors) 

Source and sink 

The groundwater recharge is represented by four different time-variant sub-areas (Figure 
5.3.3) where the groundwater recharge is represented as follows:  

Source (groundwater recharge) -Time variant. Spatial distribution, the esker and the remaining 
area. Derived from the HBV model.  

Sink (groundwater recharge to underlying sandstone aquifer) - Time variant. Equally spaced 
where the sandstone is present. 

 
Figure 5.3.3.  Spatial distribution of sources (groundwater recharge) and sinks (groundwater recharge 

to the underlying sandstone). 

1) Esker  
2) Remaining  
3) Remaining 
4) Esker overlaying 

sandstone and  
5) Remaining overlaying 

sandstone. 

2 km 
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5.4 Calibration 

To test the accuracy of the constructed model, simulated groundwater levels are compared 
with observed groundwater levels. By changing the model parameters a better agreement can 
be achieved between the simulated and observed groundwater levels i.e.  calibration. 

Calibration of the hydraulic conductivity against 15 time-series of observation wells has been 
carried out between the 1 October 1977 and 30 September 1986. The year before has been 
simulated prior to create the initial conditions. The reason for selecting this period was mainly 
the availability of precipitation measurements. After 1986 measurements only exis t from one 
station, which was thereafter closed in 1994. Also, the monitoring of groundwater level 
measurements was reduced in 1986. 

 

The calibration targets are based on the qualitative measures: 

I. Simulation of the general trends.  

II. Residual (observed-simulated groundwater levels). The range depends on where the 
observation well is located: 

a) Area of interest - Small range, depending on the range of the fluctuation within 
each time-series.  

b) Outside area of interest, esker - Medium range.  

c) Outside area of interest, remaining - Large range. 
 
 
After the calibration period the water supply has changed. Because these conditions for the 
predictive simulations have changed since the simulated calibration period a test has to be 
carried out verifying that the model can predict the groundwater levels for the new conditions. 
Calibrating the model based on the data before the catchment change occurs and then 
adjusting the model parameters to characterise the change based on the subsequent period is a 
process known as the differential split-sample test (Klemes, 1986). 
 
 
The calibration approach has consisted of the following steps: 

I. Steady state calibration focusing on the water balance 

II. Automatic calibration optimization by PEST (Doherty et al., 1994) for steady-state. 

III. Transient calibration from graphical comparison of observed and simulated 
groundwater levels   

IV. Adjustment of parameters in areas where catchment change occurred. 
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As a preliminary step a steady-state calibration was carried out for 12 sub-areas (created on 
the basis on the Unconsolidated deposits) focusing on the water balance. After this, the area 
was divided further into 39 sub-areas and from this an automatic calibration was carried. 

Automatic parameter optimization involves the use of a numerical algorithm, which finds the 
parameter set that best reproduces the given numerical objective function. The purpose for 
automatic parameter optimization is to search through as many combinations of parameter 
values as possible to achieve the set which is the optimum in terms of satisfying the objective 
(Reefsgaard and Storm, 1996). 

The automatic calibration was carried out by the software PEST, belonging to the Watermark 
Computing, Corinda, Australia (Doherthy et al., 1994). PEST is included in the latest 
FEFLOW version 4.8 for steady-state. PEST is available as a model- independent non- linear 
parameter estimator. Since its inception, five years ago, PEST has become the industry 
standard in calibration of environmental models of all kinds 
(http://www.scisoftware.com/products/pest_overview/pest _overview.html).  

PEST combines the optimization procedures of Gauss-Newton and Marquardt-Levenberg 
where the objective in this case was to minimise the difference between the observed and 
simulated groundwater levels. The groundwater levels from the 4th of December 1976 were 
used as input. Additional points of groundwater levels were estimated to make sure that there 
where at least one observation point in each polygon. For more information about PEST and a 
free demo see (http://www.scisoftware. com/products/pest_overview /pest_overview.html). 

The conductivity values derived by PEST were used as a guideline for assigning new 
conductivity values for the 39 polygons. The uncertainties in the automatic calibration are 
indicated by a 95 % confidence interval, which corresponds to high (more than 100 order of 
magnitude departure) medium (less than 100 and more than 10 order of magnitude departure) 
low (less than 10 order of magnitude departure) from the estimated conductivity in Table 
5.4.1.Values that were out of range for the representation of the Unconsolidated deposit in the 
respective sub-area were changed. Also, the conductivity values in the water supply areas had 
to be higher to allow for pumping.  

The conductivity values derived from the transient calibration are shown in Table 5.4.1 for the 
39 sub-areas (Figure 5.4.1). The calibration was done graphically by trial and error comparing 
measured and simulated groundwater levels. It was shown during the calibration that the 
upstream areas had a great influence on the downstream areas. Because, no or limited time-
series exist in the upstream areas of the area of interest (sub-areas 18, 19 and 27) calibration 
was carried out upstream first where the flow maps of regional groundwater levels were 
compared with the simulated results. Additionally, comparisons were made between 
observation wells only having two measurements (events 1976 and 1961) in the areas outside 
of the esker to make sure that the groundwater levels agreed. Also, particle tracking was 
applied during the calibration to check that the flow pattern agreed.  

Comparison of the conductivity values derived from automatic calibration and the transient 
calibration (Table 5.4.1) shows that they do not agree in many cases.  
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Figure 5.4.1. The hydraulic conductivity represented by 39 sub-areas in the FEFLOW model of the 
study site.  

2 km 
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Table 5.4.1. Calibrated hydraulic conductivity values for the 39 sub-areas showing the values derived 
from the automatic calibration for steady state conditions and the conductivity values 
derived from the transient calibration. Note that Unconsolidated deposits refer to the 
material distribution in the upper 0.5 meters. 

Material properties Automatic steady state calibration Transient calibration 

Sub-areas Unconsolidated 
deposits 

Conductivity 
(10-4 m/s)  

Uncertainty Conductivity 
(10-4 m/s)  

1 Peat 1.50 High  1.50 
2 Silt 9.70 High  0.10 
3 Silt 2.00 High  0.10 
4 Fine sand 0.90 High  0.90 
5 Till 0.30 High  0.25 
6 Till 2.60 Moderate 2.00 
7 Fine sand 1.70 High  3.00 
8 Fine sand 0.20 Moderate 0.06  
9 Esker 1.30 High  2.00 

10 Esker 10.90 High  2.00 
11 Esker 18.80 Low 18.00 
12 Esker 1.70 Low 32.00 
13 Esker 0.20 Low 0.10 
14 Esker 17.00 Low 6.00 
15 Esker 0.80 High  0.10 
16 Esker 2.10 Moderate 5.00 
17 Esker 10.20 High  0.90 
18 Esker 0.50 High  0.50 
19 Esker 0.90 Low 0.80 
20 Esker 1.30 Low 4.00 
21 Esker 0.01 High  0.10 
22 Peat 0.80 Moderate 0.80 
23 Silt 4.20 High  10.00 
24 Peat 22.90 High  1.00 
25 Silt 8.60 High  0.50 
26 Silt 1.50 High  1.00 
27 Silt 6.10 Moderate 1.50 
28 Silt 1.40 High  1.00 
29 Silt 4.60 Moderate 1.00 
30 Silt 0.20 High  0.10 
31 Silt 2.60 High  1.00 
32 Fine sand 0.10 Moderate 0.04 
33 Fine sand 21.0 High  0.80 
34 Fine sand 1.00 High  0.50 
35 Fine sand 0.80 High  0.50 
36 Till 0.90 Moderate 0.10 
37 Till 0.80 High  0.10 
38 Till 0.10 Moderate 0.10 
39 Till 0.20 High  0.30 
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Twenty calibration runs were carried out to reach the target for the 15 observation wells after 
the automatic calibration1.  

The calibration target was fulfilled for 13 of the 15 observation wells and the graphical 
comparison of all the wells are shown in Annex E. Wells U1, and U212 were not reaching the 
target as their general trend was not simulated. 

Figures 5.4.2 to 5.4.5 show the simulated and observed groundwater levels for the municipal 
reference well (U9), U8, U20 and U25. These wells are in the area of interest i.e.  where model 
predictions are carried out.  

The well B18 is shown in Figure 5.4.6, which is outside of the area of interest, but it is shown 
here because it illustrates how the main trend is simulated. In addition, the drops and peaks 
that occur in these finer material in the remaining area can not be represented by only 
considering the groundwater flow in two-dimensions. The reasons are that these areas often 
have a complex hydrogeology. In sub-area 33, where observation well B18 is located the finer 
sediments are underlayed by sand, which are in contact with the esker, clay lenses exist and 
the area is subjected to under drainage.  

The exact locations of the 15 observation wells are shown in Figure 4.3.6 and the 
corresponding sub-area is shown in Table 5.5.1. In general the grid nodes corresponds to the 
given location of the observation wells (which are also subjected to uncertainties) within 10 
meters. 

Observe that the scales for the graphical comparisons differ, but to make a good comparison 
the gridline space is 1m for the groundwater levels. 
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Figure 5.4.2. Observed and simulated groundwater levels at observation well U9 (municipality 
reference well) in the area of interest. 

                                                 
1 Each run of 3650 days with time-steps of one day took three days on a 130 MHz Pentium PC. At the 
end of the project, simulations were carried out on a 512 MHz Pentium PC and the simulation times 
were then reduced by half.  
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Figure 5.4.3. Observed and simulated groundwater levels at observation well U20, in the area of 

interest. Close to Stenkällan water supply, which did not exist for the calibrated period. 
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Figure 5.4.4. Observed and simulated groundwater levels at observation well U8, close to Bottorp 
water supply, in the area of interest.  
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Figure 5.4.5. Observed and simulated groundwater levels at observation well U25, close to the new 

highway E22, in the area of interest. 
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Figure 5.4.6. Observed and simulated groundwater levels at observation well B18, outside the area of 

interest, remaining.  

Because the supply has changed since the selected calibration period an additional calibration 
based on the water supply in 1999 has been carried out to ensure that the water balance and 
the groundwater levels in this area are correct. The new conductivity values for the sub-areas 
NR. 13 and 14 (Table 5.4.1) are 10 10-4  and 15 10-4 m/s respectively. The new water supply 
plant Stenkällan consists of one basin for artificial recharge and three wells. In Table 5.4.2 are 
the differences in abstraction amounts shown for all the wells and the artificial recharge basins 
shown. In addition, the digital terrain model, has been changed along the new highway, 
because the new road that cuts trough the esker, where the new elevation has been acquired 
from Eriksson and Karlsson (1997). 

Table 5.4.2 Abstracted groundwater in wells and surface water infiltrated in basins for the transient 
calibration period 1976-1986 and the water supply 1999, which is also used for the future 
scenarios.  

Water supply  Average amounts 
in 1976-86 (m3/day) 

Amounts in 1999 
(m3/day) 

Wells: Ölvingstorp 1489 1420 
 Vassmolösa 995 838 
 Bottorp FB1 317 1509 
 Bottorp FB2 600 925 
 Bottorp FB3 919 770 
 Bottorp FB4 476 9 
 Bottorp FB5 705 1 
 Bottorp FB6 3861 1268 
 Bottorp FB7 2571 1967 
 Bottorp FB8 426 1 
 Stenkällan FB 101 Did not exist 3305 
 Stenkällan FB 102 Did not exist 2 
 Stenkällan FB 103 Did not exist 1770 
Artificial recharge: Yxneberga inf.  8600 6875 
 Stenkällan inf.  Did not exist 833 
Total abstracted 12359 13785 
Total infiltrated  8600 7708 
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5.5 Numerical evaluation of model performance 

The comparison between the observed and simulated groundwater levels provides a qualitative 
measure of the credibility of the constructed model. To make a quantitative evaluation, a 
statistical test, calculating the Index of Agreement, d (Willmott, 1981) has been carried out.  

 The Index of Agreement, d (Willmot, 1981) represents the ratio between the mean square error 
and the potential error multiplied by the number of observations and then subtracted from 
unity as follows: 
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 Equation 5.5.1 

 
where: N = Total number of observations  

hs
n = Simulated groundwater levels  

ho
n = Observed groundwater levels 

ho
ave = Average observed groundwater level  

MSE = Mean square error 
PE = Potential error 

 

The index of agreement varies from 0.0 to 1.0, with higher values indicating better agreement 
between the observed and the simulated groundwater levels. 

The index of agreement as well as the Coefficient of Efficiency, E (Nash and Sutcliffe, 1970) 
and the Coefficient of Determination, R2 are sensitive to extreme values (outliers) owing to the 
squared difference.  The index of agreement is, however, less sensitive to extreme values than 
the E and R2 coefficient. The correlation-based measure R2 does not consider the number of 
observations i.e. a low number of observations are more likely to create a good R2. Because of 
this R2 can be misleading and indicate that the model is a good predictor, even if it is not. 
Therefore, correlation-based measures should not be applied for hydrological models and the 
relative error measures (d and E) should be presented with additional statistical measures to 
make a better evaluation of the goodness of fit (Legates and McCabe, 1999). The index of 
agreement has been chosen as a measure for the goodness of fit because it is less sensitive to 
outliers then the coefficient of efficiency. 

To quantify the error of the residual and to see to which extent outliers exists in the data, the 
Mean Error, ME, Mean Absolute Error, MAE and the Standard deviation or the Root Mean 
Squared Error, RMSE were calculated as: 
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The degree to which RMSE exceeds MAE is an indicator of the extent to which outliers (or 
variance in the differences between the modelled and observed values) exist in the data 
(Legates and McCabe, 1999). 

Table 5.5.1 present the results from the numerical evaluation of the model shown. It can be 
seen that the model simulates most accurately the groundwater levels in the area of interest. 
The reasons for this are first; that most emphasis in the calibration procedure has been put in 
the area of interest and secondly, that the groundwater levels in the remaining area are to a 
higher extent influenced by vertical flow. In addition, The groundwater levels outside of the 
esker (U3 and B217) have shown to give accurate results and most of them satisfy the 
calibration target. Also, in sub-areas that include more than one observation well (12 and 16) 
there is a lower accuracy, because of the difficulties experienced in satisfying two time-series 
with the same conductivity value. 

Table 5.5.1. Numerical evaluation of the model for the 15 observation wells. A d, index of agreement 
equalling unity indicates perfect agreement.  

 Observation data Residuals (sim.-obs.) Accuracy 
Well Sub-

area 
NR of 
obs.  

Min 
(m) 

Max 
(m) 

Fluctuat
-ion (m) 

MAE  
(m) 

ME 
(m) 

RMSE 
(m) 

d  

U12 9 148 4.72 10.94 6.22 1.32 -1.22 1.85 0.50 
U33 31 147 5.37 10.87 5.50 1.60 -1.60 1.77 0.64 
U81 12 150 6.79 11.20 4.41 0.82 -0.82 0.94 0.81 
U91 17 150 12.88 14.41 1.53 0.25 0.20 0.28 0.89 
U111 12 147 10.33 11.99 1.66 0.93 0.90 1.05 0.54 
U201 14 149 9.81 10.87 1.06 0.18 -0.07 0.21 0.91 
U211 13 150 13.07 14.92 1.85 0.62 0.61 0.71 0.58 
U242 15 148 9.93 10.89 0.96 0.48 0.48 0.53 0.50 
U251 16 140 13.41 14.91 1.50 0.30 0.10 0.36 0.64 
U1031 11 147 8.85 13.27 4.42 0.44 0.05 0.55 0.90 
U2122 20 74 28.21 29.57 1.36 0.45 0.39 0.59 0.56 
U2141 16 70 13.96 15.45 1.49 0.38 0.21 0.47 0.54 
B183 33 106 6.37 8.66 2.29 0.34 -0.11 0.46 0.43 
B2173 25 18 22.91 24.53 1.62 0.26 0.11 0.32 0.80 
B3363 8 72 42.04 44.41 2.37 0.51 0.02 0.58 0.43 
NR. Of wells that satisfy the qualitative calibration target. 13 

1 Area of interest, esker. 
2 Outside area of interest, esker. 
3 Outside area of interest, remaining. 
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The qualitative calibration targets (trend and residual) that depended on the location of the 
observation well (in area of interest, esker; outside area of interest, esker or outside area of 
interest, remaining) was fulfilled for 13 of the 15 observation wells. The MAE is a quantity 
measure of the residual, which should be compared with the fluctuation of the observed 
observation wells. It is important to have in mind that these fluctuations are a result of the 
extreme high and low groundwater levels that occur in the calibration period and are not the 
seasonal variations. 

5.6 Sensitivity analysis 

A sensitivity analysis has been carried out for the hydraulic conductivity, storativity, and the 
leakage coefficient to show the model response to a change in the model parameters. By 
changing one parameter value at time within the plausible range of that parameter the most 
uncertain parameter can be determined (Anderson and Woessner, 1992). Within here the 
sensitivity has been illustrated by a change of 50 % of the hydraulic conductivity, the plausible 
range for the storativity values and a change of one order of magnitude for the leakage 
coefficient. The magnitude of the change in the calibrated simulated groundwater level is a 
measure of the sensitivity of the solution to that particular parameter. 

To evaluate the sensitivity of the model parameters the MAE for the municipal reference well 
U9 has been calculated. In Table 5.6.1 it can be seen that the conductivity has the greatest 
influence. Even though only a 50% change of the value has been carried out (the plausible 
range would have been a change of almost two orders of magnitude) the MAE is considerable. 
The change of the storativity and the leakage coefficient is negligible in comparison with the 
conductivity. 

Table 5.6.1. The sensitivity to model parameters in the constructed model in qualitative and 
quantitative forms. The MAE is given as departure from the simulated calibration results 
for the groundwater levels. 

Model parameters Range tested MAE Results 
Conductivity 
In sub-area 17  

0.4-1.4 (10-4 m/s) 0.13-0.31 Major effect. From a 50 % change in 
parameter the residual is increased. Trend 
and fluctuation unchanged. 
  

Storativity 
In sub-area 17  

20-30 (%) 0.04-0.06 Minor effect. Trend, residual and 
fluctuation unchanged. 
 

Leakage coefficient 
Global 

0.04-4 (1/d) 0.08-0.16 Minor effect. From a global change in one 
order of magnitude, the residual is 
increased slightly whereas the trend and 
the fluctuations are unchanged.  
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5.7 Discussion and analysis 

Uncertainties in the simulated groundwater recharge 

Sources of errors regarding the groundwater recharge are the measured precipitation, the 
response time and the representation of the potential evapotranspiration. Regarding the 
precipitation, sources of errors are instrument, wind, and location. The double-mass analysis 
has shown that the precipitation data are reliable on the basis of consistency (Eliasson, 1999b). 

The spatial distribution of the rainfall can be considerable even though measurements are 
available from two stations in the 85 km2 big area. Studies have shown that in the case of 
physically-based distributed models, uncertainty in the estimated model parameters are to a 
large extent due to the spatial variability of the rainfall (Chaubey et al, 1999).  

There is a delayed recharge to the aquifer due to the thick unsaturated zone in the esker. This 
time lag is not considered properly in the HBV model and the given values of groundwater 
recharge are likely more the infiltrated amounts below the capillary-zone. The time it takes for 
the infiltrated water to reach the groundwater depends on the depth to the groundwater 
surface, soil moisture content and properties of the soil, of which the two first ones are time 
dependent. To consider this time lag Bergström and Sandberg (1982) applied two different 
methods, where a time lag and smoothing of the rainfall/snowmelt event gave the best result. 
Comparisons of the observed and the estimated groundwater levels show that simulated trends 
corresponds to the observed trends and the possible time lag can therefore be neglected. 
However, a smoothing of the groundwater recharge on weekly bases would have been 
possible in this case to reduce the simulation times.  

Regarding the evapotranspiration, errors can arise from the fact that they are modelled rather 
than measured. However, measurements of actual evapotranspiration are subjected to 
uncertainties as well as difficulties in field measurement. Often the variation between one area 
to another can be quite large, depending on vegetation, soil moisture content, wind exposure 
etc. Because the evapotranspiration used herein are from only one station, which lies outside 
the study area and represents a vast input of the water loss it is considered to be an important 
source of error. 

As with all conceptual and semi-distributed models the spatial properties are not well 
represented. However, for the calculation of runoff, the HBV model has shown to give very 
good results in comparison with other models (WMO, 1986 and 1992). However, it is 
important to be aware of the model's limitations; spatial properties and the input parameters 
are model parameters and not physically based.  

In comparison with other estimations of groundwater recharge, the applied evapotransporation 
values seem to be representative. Estimated groundwater recharge for the study area here was 
163 mm (170 mm for the esker and 161 mm for the remaining area). Johansson (1987) 
estimated the groundwater recharge to be 170-200 mm/year (1981-1985) for a nearby area 
with sandy till. Runoff, which is an indication of the groundwater recharge, has been estimated 
to 156 mm, calculated by the HBV model (Brandt and Grahn, 1998). 

The main uncertainty with respect to the estimation of the flow entering and leaving the 
aquifer are the groundwater recharge to the underlying sandstone in the eastern part of the 
study area. An average recharge of 15 mm has been assumed. In reality the recharge to the 
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sandstone is limited to areas were the sandstone is porous, cracked or fissured and were the 
overlaying deposits can contribute to recharge. However the values applied are based on prior 
estimations (Carlstedt and Johnson, 1983) and discussions with experts. 

Credibility of model performance 

The calibration targets have been fulfilled for 13 of the 15 observation wells. Qualitative 
evaluation by graphical comparison between the observed and the simulated groundwater 
levels shows that the model simulates the trends correctly in the area of interest. The index of 
agreement, quantitative evaluation, is a sign of the good agreement between the observed and 
the simulated data (Table 5.5.1). This shows that the assumption, that the material properties 
i.e. hydraulic conductivity could be represented in two–dimensions and by dividing the are in 
into sub-areas on the bases of its properties, where sufficient for representing the groundwater 
flow in the area of interest.  

From the statistical measures and the graphical comparison it can be seen that several outliers 
exist in the data. The outliers are due to several factors. First, it is difficult to simulate the 
fluctuations for such a long time period. Secondly, the chosen calibration period holds extreme 
changes from low to high groundwater levels i.e. not only seasonal fluctuations. Thirdly, it is 
difficult to satisfy several observation wells at the same time. Fourthly, the changes with depth 
in conductivity and storativity are not considered in the constructed model. Fifthly, the 
upstream areas located outside of the esker (sub-areas 26 and 27) have been difficult to 
calibrate due to the absence of data and thereby the influence on the downstream sub-areas 
(11, 13, 14 and15) has been difficult to estimate. In addition, during the calibration, it has been 
shown that the conductivity values in these upstream areas have a major influence on the 
downstream areas. The calibration target was not satisfied for observation wells U212 and 
U214 due to the fact that the simulated trend was incorrect.  

The calibrated hydraulic conductivity values shown in Table 5.4.1 are the values for which the 
calibration targets were reached for most of the observation wells. A higher agreement could 
have been achieved, if the calibration was focused on only a few numbers of observation wells 
and if a shorter time period were considered. Also, looking on the trends of the groundwater 
levels from 1956 to 1986 (Figure 4.3.6) one can see that the largest variations occur within the 
time period 1976 to 1986. Therefore, it is important to distinguish between different sources of 
errors and not compensate uncertainties in the import data by parameter adjustments. If the 
model contains a large number of parameters and a shorter time period is simulated an 
acceptable match between simulated and observed groundwater levels can be achieved even if 
the constructed model holds several errors (Refsgaard and Storm, 1996). 

Because, the groundwater levels are increasing substantially from 1976 to 1982, after which 
they are decreasing it was chosen not to divide the period into one calibration and validation 
period. The yearly fluctuation between high and low peaks is less than 0.5 m for U9, whereas 
the fluctuation within the calibrated period is 1.5 m. Usually, the calibration is carried out for 
one period and then validated for another period, but because the trends within these ten years 
were increasing in the first half and decreasing in the second half it was chosen not to do so.  

The automatic parameter optimization by PEST was shown to be very useful tool in the initial 
phase of the calibration, due to prior difficulties with the assigning of conductivity values in 
the remaining area. Comparison of the derived hydraulic conductivity from the steady state 
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automatic calibration and the transient calibration shows that there are major differences in the 
derived parameters, which illustrates the importance of a transient calibration or calibration 
over both wet and dry periods.  

Sensitivity to model parameters 

It has been shown that the model is most sensitive to the hydraulic conductivity and much less 
sensitive to the storativity and the leakage coefficient. This illustrates the importance of 
calibrating the model in more than one observation point  i.e. in the area of interest for the 
model predictions and as well as the use of geostatistics for the representation of  spatial and 
time variant data. Additional important is the calibration for wet, dry and normal years as well 
as seasonal fluctuations. 
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6 PREDICTIVE NUMERICAL RESULTS 

Particle tracking has been used for determining capture zones for wells, travel times and flow 
paths for steady-state conditions.  

The impacts from the road alternatives A (new highway without protective measures) and 0 
(existing road) on the water supply have been simulated for three different types of 
contamination situations. Alternative A is simulated without protective measures, which will 
be the case after approximately 50-70 years (estimated lifetime of impermeable layers, 
Skanska Väg, 1999) and/or in the case of inefficient working impermeable layers. 

To show and describe the influence of the unsaturated zone a numerical simulation of a soil 
column has been carried out for the two road alternative. 

6.1 Capture zones for wells, travel times and flow paths. 

Particle tracking is used to visualise the flow paths and travel times. Capture zones for 
abstraction wells are determined from applying a reverse particle tracking technique from 
multiple pathlines. The pathlines for contaminants can only be tracked by advection transport. 
Compensation for absorption by a retardation factor can be considered whereas the influence 
of dispersion can not be considered. 

The accuracy of the particle pathlines depends on the grid resolution, the accuracy of the 
simulated head distribution, the interpolation scheme used in the particle code and its method 
for moving the particles (Anderson and Woessner, 1992). 

The particle tracking code calculates the velocity distribution from the head distribution, from 
where it traces pathlines. FEFLOW computes the pathlines from a single flow situation as a 
steady-state problem. Therefore, effects from time varying pumping rates or groundwater 
recharge are neglected.  

Because of this, the simulations described herein are based on steady-state simulations. 
Normal groundwater levels from October 1984 (Julian day 2921) were used as initial state 
(Figure 6.1.1). The abstraction and artificial recharge are based on the amounts in 1999 and 
the groundwater recharge are from 1986 (normal year).  

  

Figure 6.1.1.  Applied initial groundwater levels from October 1984 (Julian day 2921), year of normal 
groundwater levels. 
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FEFLOW includes two particle tracking methods, Pollack and Runge-Kutta, which were 
shown to give the same results. The grid resolution has been increased in the areas of interest 
to 200 m2. 

In Figure 6.1.2 the general flow pathlines are visualised. Crosses that are not followed by a 
pathline are discharge areas. Figure 6.1.3 shows the capture zones for wells. 

 

Figure 6.1.2.  Flow pathlines for a steady-state simulation. Numbers correspond to the location of 
wells used for calibration. 

 

Figure 6.1.3.  Capture zones for wells for 100 years.  
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To estimate the worst case scenario (most rapid advective travel time of a contaminant from 
the road to a well) particle tracking with the use of isocrones has been applied to the road 
alternatives. 

In Figure 6.1.4 the advective travel times are shown for road alternative 0. The most rapid 
pathway from alternative 0 lies between the artificial recharge basins and the Bottorp water 
supply plant, where a travel time of 30 days in the groundwater has been determined. The 
transport time from the artificial recharge basins to the Bottorp water supply was 4 months. 

 

 

Figure 6.1.4.  Travel times from road alternative 0 to the Bottorp water supply. The corresponding 
isocrone markers are shown to the right, where d stands for the number of days. The 
letters correspond to the artificial recharge basins (injection nodes) and abstraction 
wells. 
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The most rapid travel time from road alternative A to the well was determined to be 
approximately 790 days (Figure 6.1.5). 

 

 

Figure 6.1.5.  Travel times from road alternative A to the Vassmolösa well. The corresponding 
isocrone markers are shown to the right, where d stands for the number of days. 

 

The results give an important guideline of the travel times in the groundwater. However, to 
predict the impacts of contaminant transport, dispersion has to be considered. Also, the 
influence of the unsaturated zone is of major importance. To predict the impacts of the 
predefined questions that the model should answer in Chapter 3.2.4further analysis from mass 
transport simulations are required. 
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6.2  Numerical column for the unsaturated zone 

The unsaturated flow for the worst case scenario for each of the road alternatives has been 
simulated as a transient two-dimensional vertical column in FEFLOW (Figure 6.2.1). The 
worst case scenario corresponds to the place on each road from where the most rapid 
advective travel time in the groundwater from road to water supply well takes place (Figure 
6.1.4 and 6.1.5). However, the columns can be applied, as representations for each of the 
alternatives.  

The boundary condition head was given at the bottom of the column representing the 
groundwater surface. The flux type boundary condition was given at the top of the column for 
precipitation. The evapotranspiration was simulated as a constant sink within the top one 
meter of the columns as the root-zone. The initial condition corresponds to a stationary flow 
state, which was reached after approximately one year.  

  
Figure 6.2.1 The constructed columns for the road alternatives and their initial conditions of saturation 

profile. A) Road alternative 0 and B) Road alternative A. The quadriteral finite element 
grid is 5 cm high in each column, which corresponds to 300 finite elements in A and 60 
elements in B. 
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The Van-Genuchten (1980) parametric model was applied for describing the properties of the 
soil in the unsaturated zone (Figure 6.2.2). The saturated hydraulic conductivity was assigned 
32 10-4 and 5 10-4 m/s for the alternative 0 and A, respectively, which correspond to the 
calibrated values. 

 

Figure 6.2.2. The applied Van Genuchten Parametric model for sand. Above, water retention curve 
showing the increase in capillary pressure with decreasing saturation. Below, the 
decrease in the unsaturated hydraulic conductivity with decreasing saturation.  

As the water content in the soil decreases the pressure head becomes more negative i.e. the 
capillary pressures increase. Small changes in the water content are accompanied by 
extremely large changes in the pressure head. The shape of the water retention curve changes 
depending if the soil is drying out or wetting.  

The unsaturated hydraulic conductivity strongly depends on the water content. The maximum 
conductivity and therefore also the most rapid travel times occur when the soil is near 
saturation. Experiments with trace elements in sandy soils with deep groundwater surfaces 
have shown an average velocity of 0.1-0.2 m/month, in comparison with velocities of 3 
m/month for single infiltration events (Grip and Rodhe, 1991). 

Table 6.2.3 shows the monthly averages for precipitation and evapotranspiration, derived 
from the HBV-model (Chapter 5.1) for the chosen calibration period. Yearly averages have 
been simulated, as FEFLOW could not handle the connection between the saturation and the 
evapotranspiration correctly during the dry periods for this sandy soil. However, this 
simplification has no major implication for the simulations herein. The idea was to show how 
the saturation varies in the soil profile through out the year. Generally the soil has higher 

Parameter Value 
Residual saturation, Sr 0.12 
Maximum saturation, Ss 0.42 
Air entry pressure, 1.2 1/m 
Curve-fitting parameter, n 3* 
Curve-fitting parameter, a 0 
Porosity, e 0.3  

* Curve fitting parameter m = 1-1/n 
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water content during the winter season, especially after the snowmelt, and low water content 
in the summer. Coarse deposits have lower water content than fine deposits.  

Table 6.2.3  Monthly averages (1977-1986) of precipitation, evapotranspiration, and the difference, 
which corresponds to the groundwater recharge.  

Averages 1977-1986 Precipitation Evapotranspiration  Difference 
October 40.2 13.3 26.9 
November 41 2.8 38.2 
December 47.7 0.4 47.3 
January 32.6 0.8 31.8 
February 23.2 0.4 22.8 
March 34.3 10.1 24.2 
April 30.6 47.9 -17.3 
May 34.4 75.8 -41.4 
June 60 64 -4 
July 58.5 55.2 3.3 
August 56.3 41.6 14.7 
September 47.9 32.6 15.3 
Yearly total 506.7 344.9 161.8 
 

6.3 Diffuse road source 

6.3.1  Assumptions and transport parameters 

Deposition of diffuse contaminants from the road is one of the three most relevant 
contamination situations. Identified contamination sources are chloride, nitrate and heavy 
metals (zinc). See Chapter 2.1 for source, impact transport, characteristics, background, and 
threshold values of the contaminants. 

For the simulations, groundwater recharge from 1986 (normal year) is applied. The 
abstraction and artificial recharge are based on the amounts in 1999 and the groundwater 
levels from October 1984 (Julian day 2921) were used as initial state.  

The diffuse contamination from the road is simulated as a continuous source of 0.045 g/m2  
day (concentration 100 mg/l * average recharge 0.45 10-3 m/day), representing 100 % of trace 
element. The contaminant is distributed over a 50 m wide area along the roads where it is 
assumed that infiltration of surface water from the road takes place (Knutsson and Kylefors, 
1995). For the road alternative 0, the contaminant has been applied along a distance of 3.5 km 
within the esker. For the road alternative A, the distance is 1.5 km corresponding to identified 
permeable layers (Eriksson and Karlsson, 1997). The unsaturated zone is not included here, as 
the same contamination amounts that infiltrate with the precipitation also contribute to 
groundwater recharge. It has been assumed that the time lag can be neglected looking on these 
long time periods.  

For de-icing salt, which is a trace element, contamination is limited to periods when de- icing 
salt is applied i.e. October to May. It is unnecessary to consider exact days when simulations  
over longer time periods is carried out.  

A mass balance calculation of the chloride contaminants shows that 100 percent correspond to 
around 611 mg/l on the following assumption: applied amounts are 15,5 ton per km road 
length, 100% of the salt infiltrates in the soil (no surface runoff takes place, Kylefors and 
Persson, 2000) over a 50 meter wide area, an average year of precipitation is 507 l/m2. For  
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nitrate and zinc, based on the values in Chapter 2.1 and the assumptions that neither is 
subjected to sorption, 100 percent would correspond to 1 mg/l and  240 µg/l, respectively.  

To consider the effects of dispersion of the contaminants the transport parameters in Table 
6.3.1.1 have been assigned. Based on the discussion in Chapter 2.1 it has been assumed that 
the longitudinal dispersivity is 10 percent of the transport distance (Gelhar et al., 1992) and 
the transverse dispersivity is 0.5 times the longitudinal dispersivity (Freeze and Cherry, 1979). 

The transport distance is set to the distance between the road and the closest well and are 200 
m and 300 m for road alternative 0 and A, respectively. 

The simulations are carried out for an ideal trace element i.e. ions or compounds that do not 
react with other ions in solute. Chloride (Cl-) is an example of an ideal tracer. 

Table 6.3.1 .1 Transport parameters for the road alternatives. 

Transport parameters Alternative A Alternative 0 
Longitudinal dispersion (m) 20  30 
Transversal dispersion (m) 10  15 
Diffusion (m2/s) 1 10-9  1 10-9  

 

6.3.2 Breakthrough curves 

Simulations of a constant diffuse line source along road alternative 0 shows that after 25 years 
less than one percent of the contaminant has reached the abstraction wells in Bottorp and 
Stenkällan (Figure 6.3.2.1). The highest breakthroughs reach the wells Stenkällan 3 and 
Bottorp 1. For road alternative A less than three percent reach the Vassmolösa well (Figure 
6.3.2.2). 
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Figure 6.3.2.1 Predicted breakthrough for a diffuse line source at road alternative 0. Percent of 
breakthrough (C/CO*100) of trace element after 25 years at the abstraction wells. The 
wave pattern is due to a yearly fluctuation where the lower concentrations i.e. percent 
breakthrough occur in the spring due to higher groundwater recharge. 
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Figure 6.3.2.2 Predicted breakthrough for a diffuse line source at road alternative A. Percent of 
breakthrough of trace element after 25 years at the Vassmolösa well.  

6.3.3  Concentration distribution 

Figure 6.3.3.1 shows the concentration increase from a diffuse line source after 25 years for 
road alternative O. The influence of the artificial recharge basins is clearly seen as they are 
followed by areas of lower concentrations. This is also the reason why a larger breakthrough 
reaches the well Stenkällan 3 than Stenkällan 2. A simulation of 100 years showed the same 
concentration distribution. 

 

Figure 6.3.3.1 Predicted concentration increase of trace element from a diffuse line source after 25 
years at road alternative 0.  

Concentration 
increase (%): 
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In Figure 6.3.3.2 the concentration distributions are shown for the road alternative A. It can be 
seen that the major part of the plume is directed towards the Vassmolösa well, whereas the 
southern part migrates in the eastern direction. A simulation of 100 years showed a movement 
of the front towards the east. 

 

Figure 6.3.3.2  Predicted concentration increase of trace element from a diffuse line source after 25 
years at road alternative A.  

Concentration 
increase (%): 
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6.4 Extreme rainfall event 

7.4.1 Assumptions and transport parameters 

The second possible source of contamination identified is an extreme rainfall situation. The 
simulations are based on the following assumptions; rain 65 mm in one day, all the rain 
infiltrates over a 50 meter wide area along the same road distances as above and estimated 
contaminant concentrations in the road drainage are, chloride 2000 mg/l and zinc 3 mg/l 
(Knutsson and Kylefors, 1995). 

First the numerical column simulations have been carried out for the unsaturated zone for the 
two alternatives. The output, contaminant mass with time, has then been applied as an input 
contaminant source to the groundwater model along the road.  

The extreme rainfall event is simulated on the first of October. However, for the unsaturated 
zone it could be any day because the numerical column simulations are based on an average 
year.  

For the simulations, groundwater recharge from 1986 (average year) is applied. The 
abstraction and artificial recharge are based on the amounts in 1999 and the groundwater 
levels from October 1984 (Julian day 2921) were used as initial state.  

To consider the effects of dispersion of the contaminants the transport parameters in Table 
6.4.1.1 have been assigned on the same basis as above. Transverse dispersion is not assigned 
for the numerical column of the unsaturated zone, because the output from dispersion is 
assumed to equal the input from dispersion. 

Table 6.4.1.1 Transport parameters for the road alternatives. 

Transport parameters Alternative A Alternative 0 
 Unsaturated Saturated  Unsaturated Saturated 
Longitudinal dispersion (m) 0.3 20  1.5 30 
Transversal dispersion (m) - 10  - 15 
Diffusion (m2/s) 1 10-9 1 10-9  1 10-9  1 10-9  

 

6.4.2 Breakthrough curves 

Simulations of the subsurface flow for road alternative 0, show that the contaminant from an 
extreme rainfall event can reach the abstraction well, Bottorp 7 within 10 days. However, the 
highest concentrations in the contamination pulse of chloride and zinc that reach the well are 
only approximately 54 mg/l (0.027 *2000mg/l) and 81 ìg/l (0.027* 3 mg/l) respectively. This 
increase of chloride plus the background concentration could exaggerate the technical 
Swedish drinking water limit for chloride but not the aesthetic drinking water limit. The zinc 
concentrations are below the drinking water limits. 

Figure 6.4.2.1 shows the relation between the applied contaminant concentration and the 
concentration of the water at the respective depth in the unsaturated column with time. It can 
be seen that the highest concentration increase that reaches the groundwater is 10 percent and 
it occurs after 860 days. Because of the large amounts of infiltrated water from the extreme 
rainfall the concentrations in the groundwater recharge are low.  

Simulations of the unsaturated zone at alternative 0 shows that the contaminant can reach the 
groundwater one day after the infiltration event (Figure 6.4.2.2.). Half of the contaminants 
have passed the unsaturated zone after 70 days. The reason for this quick transport is the 
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saturated flow i.e. high hydraulic conductivity (Figure 6.2.2) and the influence of dispersion. 
The pressure wave from the saturated flow is transported within approximately 13 days. 

The effects of dispersion can clearly be seen in Figure 6.4.2.1 where the peak of the 
concentrations are less pronounced with the increasing depth i.e. increased distribution with 
time. Not even after six years have all the contaminants left the unsaturated zone, due to the 
normally very slow transport velocities. 
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Figure 6.4.2.1 Predicted percent breakthrough (C/C0 *100) with depth for an extreme rainfall at road 
alternative 0, unsaturated zone. 
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Figure 6.4.2.2. Predicted accumulated contamination mass of the initial applied mass at the bottom of 
the unsaturated soil column for road alternative 0. 

Figure 6.4.2.3 shows the breakthrough curves for the abstraction wells. The highest 
concentration increases, approximately 3 percent, occur at the well Bottorp 7, 35 days after 
the extreme rainfall event. 
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Figure 6.4.2.3. Predicted percent breakthrough for an extreme rainfall event for the wells at road 
alternative 0. 

The simulations of the subsurface at road alternative A gives only a 0.2 percent increase at 
the Vassmolösa well, due to slower transport velocities in comparison with road alternative 0. 
This increase would not lead to an increase that would be above the drinking water limits for 
chloride and zinc.  

It is important to note the rapid transport of all the contaminants in the relatively thin 
unsaturated zone (Figure 6.4.2.3). The contaminants reach the groundwater within 1 day and 
it can be seen that all of the contaminants have left the unsaturated zone after 3 years (Figure 
6.4.2.4.). 

Due to the slower transport velocities and the longer transport distance the breakthrough curve 
from Vassmolösa differs in comparison with the breakthrough curves for Bottorp (Figure 
6.4.2.6). The effect from dilution with time and increased dispersion due to longer transport 
distance gives a lower concentration increase in the well. Important though is the increased 
duration time of the contamination increase, where the increased concentration still remains 
after 6 years.  
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Figure 6.4.2.4. Predicted percent breakthrough with depth at road alternative A, unsaturated zone. 
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Figure 6.4.2.5. Predicted accumulated contamination mass of the initial applied mass at the bottom of 
the soil column at road alternative A.  
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Figure 6.4.2.6. Breakthrough curves for road alternative A. Percent of breakthrough of trace element 
with time at the abstraction wells. The wave pattern is due to a yearly fluctuation i.e. 
percent breakthrough, occur in the spring due to higher groundwater recharge.  

6.5 Accidental spill 

6.5.1 Assumptions and transport parameters 

An accident with petroleum product, non aqueous phase liquids, NAPLs on the road is one of 
the three most serious contamination threats. The impact from an accident with a tanker, 40 
m3 of diesel oil on 100 m2 (Knutsson and Kylefors, 1995) has been analysed. Simulations 
have been carried out for the unsaturated zone, and the dissolved components in the saturated 
zone.  

The worst case scenario of a petroleum spill occur when the soil is dry, because of the higher 
relative permeability for the NAPL (Figure 2.1.6) and at the shortest travel distance earlier 
defined for road alternative 0 and A in Figure 6.1.4 and 6.1.5, respectively. For the 
simulations the grid area resolution has been increased to 3m2 in the area of interest. 
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NAPLs differs from water with respect to its density and viscosity and to model NAPLs 
multiphase flow simulations are necessary. A spill with a petroleum product will infiltrate in 
the unsaturated zone as a four-phase system consisting of the air phase, water phase, solid 
phase and NAPL phase (U.S EPA, 1990). FEFLOW does not include three-phase flow and to 
simulate multiphase flow is beyond scope for this project.  

However, Darcy’s law can be applied for a free phase NAPL through a porous media if 
almost all of the open pore space is filled with a continuous, free phase NAPL mass. 
Moreover, the problem may also be treated as a single phase flow problem in cases where the 
spill takes place over a dry soil. This is the case here,  where there is a large spill in a nearly 
dry and coarse material (sand and gravel) i.e. the point of irreversible saturation is reached 
(Chapter 2.1). The transport of the NAPLs through the unsaturated zone can be simulated in a 
similar way as the water flow, if the hydraulic conductivity is recalculated for the NAPL. The 
intrinsic permeability is first derived (Equation 6.5.2.1) from the water flow, were the 
hydraulic conductivity is known as well as the properties of water. The conductivity has then 
been recalculated, after Bedient et al. (1999), from the derived intrinsic permeability and the 
properties of the NAPL fluid as:  

µ
ρgk

K =   (Equation 6.5.2.1) 

Where: K = Hydraulic conductivity (m/s) 
 k = Intrinsic permeability (m2) 
 ρ = Density (kg/m3)  
 g = Acceleration of gravity (9.80 m/s2) 
 µ = Dynamic viscosity of fluid (poise; 1 poise = 1 g/cm s, Pas) 
 
However, the infiltration of a large spill into a dry medium causes a sharp wetting front, 
which makes it difficult to describe physically correct. The calculations presented herein are 
therefore to be considered approximate (Equation 6.5.2.1). A more physically based approach 
that could have been used is for example the approximation made by Green and Ampt (1911). 
For a further description of the relative permeability for NAPLs see Chapter 2.1. 

The density and dynamic viscosity for diesel have been assumed to be 840 kg/m3 and 1.7 
centipoise (Schwille, 1981 and Perry and Green, 1984). Water has a density and viscosity of 
1000 kg/m3 and 1 centipoise (West, 1979). Both the density and viscosity changes depending 
on the temperature. To simulate the spill in FEFLOW the hydraulic conductivities (32 10–4 
and 5 10–4 m/s) for the to soil columns were therefore replaced by the conductivity, 15.8 10–4 
and 2.4 10–4 m/s, respectively. 

For the saturated zone only the soluble parts of the diesel has been simulated. The chemistry 
of the petroleum products depends on the refining process, from where the petrol is produced 
from the crude oil. Diesel as a middle distillate consists of the chemical compounds; C10 to 
C24 alkanes, slightly soluble aromatic compounds including C3 to C5 benzenes, C0 to C8 
naphtalenes, and C0 to C5 anthracenes and is classified as a light non aqueous phase liquid, 
LNAPLs. Typical chemicals from petrol that do dissolve are benzene, toluene, ethylene, 
benzene, and xylene, as well as other polycyclic aromatic hydrocarbons (PAHs), (Bedient et 
al., 1999).  

Only a very small part of the NAPLs are soluble and the solubility for diesel as well as other 
NAPLs range over several orders of magnitude for the different chemical constituents. For 
example, the solubility limit for toluene and benzene are 534 and 820-1800 mg/l, respectively 
(Domenico and Schwartz, 1998), but the benzene fraction in diesel is less than one percent. 



 97

However, the concentrations are seldom as high as the solubility would indicate, because of 
heterogeneous flow behaviour, complex kinetics in the dissolution process and mixing of 
waters of different concentrations. Because of this, the effective solubility for a given 
component can be approximated, by multiplying the mole fraction of the chemical by its pure 
phase aqueous solubility (Domenico and Schwartz, 1998).  

For the simulations here a general solubility value of 8 mg/l has been applied as constant mass 
boundary condition in the saturated zone for an area of 100 m2 located at the worst case 
scenarios. 

For the simulations, groundwater recharge from 1986 (average year) is applied. The 
abstraction and artificial recharge are based on the amounts in 1999 and the groundwater 
levels from October 1984 (Julian day 2921) were used as initial state.  

In Table 6.5.1.1 the transport parameters are shown for the road alternatives. The longitudinal 
and transverse dispersion for the groundwater flow have been assigned on the same basis as 
above. No dispersion takes place in the unsaturated zone.  

Table 6.5.1.1 Transport parameters for the road alternatives. 

Transport parameters Alternative A Alternative 0 
 Unsaturated Saturated Unsaturated  Saturated 
Longitudinal dispersion 0 20 0 30 
Transverse dispersion 0 10 0 15 
Diffusion 0 1 10-9 0 1 10-9 
Sorption 0 0.2 0 0.2 

 

Sorption is included by a linear isotherm behaviour relationship by Henrys Law constant Kd 
set to 0.2 by the precautionary princip le (Perry an Green, 1984 and Bedient et al., 1999). This 
approximation can be done when the primary association is a hydrophobic interaction and 
aqueous phase contamination concentrations are less than approximately 50 percent of their 
aqueous solubility, which is typically the case in groundwater systems (Karickhoff et al., 
1979). PAHs sorb extensively due to their high hydrophobic nature resulting in low 
concentration of these contaminants. 

Biodegradation, conversion of contaminants to mineralised end products, of PAHs is 
generally limited to aerobic metabolism. The metabolism of groundwater contaminants are 
complex to model due to the diversity of bacteria that are involved and the range of metabolic 
processes that can be expressed (Young and Cerniglia, 1995). Reduction by biodegradation 
has been chosen not be included in the simulations as a precautionary principle and due to the 
fact that some wells have high manganese values i.e. sign of less oxygen in water.  

6.5.2 Description of transport 

The flow of the LNAPLs depends on the way the spill occurs. In this case we have a large 
volume of contaminants over a short time causing a rapid downward density driven flow. The 
LNAPL reach the groundwater surface and is distributed throughout and above the capillary 
fringe. 

Calculation of the maximum depth in the unsaturated zone that the spill herein approximately 
would reach in the unsaturated zone after Equation 2.1.2 for the road alternative 0 and A gave 
a depth of approximately 27 meters i.e. the spill will reach the groundwater surface. 

Because the LNAPL is lighter than water it will float on top of the zone of saturation. Due to 
the large volumes the capillary fringe collapses and the water table is depressed (Figure 
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6.5.2.1). However, the residual contamination in the descent cone is still relatively large due 
to the low water content.  

 
 

Figure 6.5.2.1.Illustration of contamination from a LNAPL with the descent cone in the unsaturated 
zone and the free floating product layer and contamination plume in the saturated 
(Bedient et al., 1999). 

In comparison, a slow leakage of NAPL over a longer time would create a more complex and 
larger descent cone following the most permeable structures. The depth of the descent 
depends on the retention coefficient (Chapter 2.1) or if it get trapped by impermeable layers.  

The LNAPLs that float on top of the saturated zone will then move in the direction with the 
groundwater flow, but with a slower velocity. From this layer a plume of dissolved 
hydrocarbons contaminants will develop that travel with the water flow. Even though the 
soluble content is relatively low it is enough with very small amounts to make the water 
unusable. Dissolved hydrocarbon plumes are typically reported in parts per million (ppm) or 
parts per billion (ppb) i.e. gram of hydrocarbon per every million or billion grams of water.  

The NAPLs are subjected to sorption and biodegradation. If the floating product layer and the 
plume will reach the wells depends partly on the travel time, where longer travel times allow 
for a higher removal by biodegradation and longer distances allow for removal by sorption. 

The floating product layer will also gradually decrease, because of the trapped liquid in the 
pore at residual saturation. Estimated travel times of the floating product layer in sandy 
deposits are between 1/3 and 1/10 of the water velocity (Beskow, 1967). The floating product 
can also be decreased by water level fluctuations due to increased number of pores to be 
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trapped in. This is especially important if the floating product layer reaches low permeable 
layers (Lenhard et al., 1993). 

Calculation of the approximately maximum spreading of the free floating product layer over 
the groundwater after Equation 2.1.3 gave an area of 1200 m2 and 2400 m2 for road 
alternative 0 and A, respectively. The difference between the two road alternatives are due to 
the thin unsaturated zone in alternative A. This indicates that the floating product layer could 
reach the wells in both cases, because of the short transport distances, 200 m for road 
alternative 0 and 300 m for road alternative A. 

The NAPL that remains trapped in the aquifer acts as a continuous source of dissolved 
contaminants to the groundwater. 

 

6.5.3 Breakthrough curves 

The simulations for the road alternative 0 showed that the spill reaches the groundwater 
surface after one day and most of the spill has reached the groundwater surface within four 
days. Figure 6.5.3.1 shows the breakthrough of the dissolved PAHs. A concentration of 1.4 
mg/l at the well Bottorp 7, which is closest to the accident, was predicted. The concentration 
in Bottorp 7 is already 0.5 mg/l after 40 days. The other wells at Bottorp had concentrations 
under 0.2 mg/l, where lowest concentrations were found in Bottorp 4 with 3 µg/l.  
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Figure 6.5.3.1  Predicted breakthrough of the dissolved components of the accidental spill at the worst 
case scenario at road alternative 0. 

The simulations of the road alternative A showed that the spill reaches the groundwater 
surface after approximately 6 hours. Most of the spill has reached the groundwater surface in 
one day. The breakthrough at the Vassmolosa well is shown in Figure 6.4.3.2. It can be seen 
that the transport time is considerable longer in Vassmolösa than in Bottorp. The 
concentration of 0.8 mg/l is reached after four years. Even though the concentrations are small 
they are enough to make the drinking water unusable. The threshold concentration for taste 
and odour is generally given to be 0.1 mg/l  (SNV, 1991), but concentrations of 20ug/l is 
enough to give an undesirable taste (Ledskog and Lundgren, 1989). 
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Figure 6.5.3.2  Predicted breakthrough of the dissolved components of the accidental spill at the worst 
case scenario at road alternative A. 

 

6.6 Sensitivity analysis 
The flow parameters in the groundwater model have been calibrated, evaluated and a 
sensitivity analysis has been carried out (Chapter 6). A calibration of the chosen transport 
parameters would not have been possible, nor feasible due to the large amount of field 
measurements and experiments that would be required. It is also unnecessary as the change in 
model results due to the change in a transport parameter are smaller than those due to the 
change of the calibrated flow parameters i.e. hydraulic conductivity.  

However, in the case of the diffuse road source of de- icing salt the results from the 
simulations can be verified against the real situation. Salting of the road has been taking place 
since the 1960s and no problems concerning de-icing salt has been observed.  

To illustrate the influence of the choice of transport parameters on the results, a sensitivity 
analysis of the accidental spill, breakthrough of dissolved PAHs in the groundwater at the 
well Bottorp 7, has been carried out (Table 6.6.1). 

The parameter that influence the breakthrough concentration most is the biodegredation, 
which is also the most uncertain component and most complex to model.  

No change was observed of the general pattern of the determined capture zones for wells 
depending on if the initial conditions were chosen for a situation of low or high groundwater 
levels. 

The influence of the chosen initial conditions i.e. high, normal or low groundwater levels for 
the steady state calculations for determining capture zones for wells, flow paths and travel 
times were carried out. However no difference in the general trends or travel times were 
detected. 
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Table 6.6.1. Illustration of influence of transport parameters for the contamination situation, accidental 
spill of dissolved components in the groundwater, for road alternative 0 and the change in 
the maximum concentration and the time for this breakthrough (BCT) at the well Bottorp 
7. In brackets are the selected parameters shown for the base case scenario, which had a 
breakthrough concentration of maximum 1.4 mg/l, after approximately 150 days. 

Transport 
parameters 

Range tested BCT 
conc.(mg/l) 

BCT 
time (days) 

Result 

Dispersivity, 
longitudinal (m) 

10-40 (20) 
 

1.2-1.7 140-220 A higher longitudinal dispersivity 
yields a higher concentration at a 
delayed time. 

Dispersivity, 
transverse (m) 

1-20 (10) 1.6-1.3 150-190 Less transverse dispersivity 
increases the concentration.  

Diffusion (10-9 ) 0-10 (1) 1.4-1.4 150-150 Has not influence. 

Sorption 0-0.4 (0.2) 1.4-1.4 140-220 A higher sorption delays the 
breakthrough time. 

Biodegradation 
(10-6/s) a 

0.01- 1 (0) 1.3-0.04b 150-40b A higher biodegradation decreases 
the concentration 

a) Included by a first order decay rate, were the parameter range are from Suarez and Rifai (1999) and 
Johnston (1970). 
b) The concentration 0.04 mg/l was reached after 40 days, after which the concentration continue to 
increase slowly i.e. after 1460 days a concentration of 0.06 mg/l was predicted. 

 

6.7  Discussion and analysis 

The main uncertainties in the predicted simulations are due to the hydraulic conductivity for 
which a sensitivity analyse has been carried out in Chapter 5.6. The choices of the transport 
parameters within plausible ranges have been shown not to influence the general result. The 
result from the simulations of the diffuse road source of de-icing salt at road alternative 0 
(existing road) has been verified against the real situation. 

The flow pathlines and capture zones for wells give important information about how a 
possible contaminant can reach the groundwater and how the general flow pattern i.e. 
recharge and discharge areas looks. The flow pathlines derived from the model can be verified 
as they do agree with the flow map earlier constructed from measured groundwater levels and 
expert knowledge (Figure 4.3.5). 

The most rapid advective travel time in the groundwater from the road to the wells were 
determined to be 30 and 790 days for road alternative 0 and A respectively. The reason for the 
rapid travel times at Bottorp (road alternative 0) are due to high abstraction amounts, which 
are possibly due to artificial recharge and the high hydraulic conductivity values. The travel 
time at road alternative A seems very long. The average velocity is approximately 0.6 m/day, 
which can be verified by generally slow transport velocities (dm/day-m/day) in porous media 
and rock (Knutsson and Morfeldt, 1995). An approximate calculation of the Darcys velocity 
gives 0.7 m/day, based on the calibrated hydraulic conductivity (which also agrees with the 
values derived from pump tests in the area) and a gradient of 0.004 (defined between U214 
and the Vassmolösa well). 

Simulations of a diffuse road source showed that less than 1 and 3 percent reach the wells at 
road alternative 0 and A, respectively. The reason behind this low breakthrough is the effect 
of dispersion and the dilution through natural and /or artificial recharge. The dilution effect 
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from the infiltrated surface water at the two infiltration areas on the contaminated water from 
the road can clearly be seen from road alternative 0 in Figure 6.3.3.1. At road alternative A, a 
more distinct plume of contaminants is developed that is shown to have an extended 
spreading with time. 

A mass balance calculation of the applied chloride contaminants from de- icing salt shows that 
100 percent corresponds to approximately 600 mg/l. A concentration increase of 1 percent in 
the well Stenkällan 3 and 3 percent as in the well Vassmolösa, would therefore give an 
increase in chloride concentration of 6 and 18 mg/l, respectively. The increase of 3 percent 
would be less than 3 µg/l for nitrate, because no consideration has been taken for vegetation 
uptake and less than 7 µg/l for zinc, due to the fact that adsorption has not been considered.   

Because de- icing salt has been applied on the existing road since 1960 a comparison can be 
carried out between the chemical measurements and the simulation results. The chemical 
measurements show a chloride concentration of 11-24 mg/l (background + contaminant 
concentration), except for Stenkällan 2 and 3, where values between 36 and 69 mg/l have 
been measured.  

The impact from de- icing salt has been shown not to be a major treat to the groundwater 
resource at road alternative 0. The simulation results also show that the contribution of nitrate 
and zinc are considerably small. However, in the case of heavy metals an increase could occur 
due to a change in chemistry, low pH for example, that would dissolve the adsorbed metals 
that have accumulated in the soil over the years from the existing road. At road alternative A, 
higher concentrations has been predicted and its been shown that the contaminant plume 
migrates east with time, which would have an impact on the groundwater quality downstream. 

Simulation of an extreme rainfall event at road alternative 0 showed that a contaminant can 
reach the well, Bottorp 7 within 10 days. This rapid transport is due to the saturated flow 
through the unsaturated zone and the effects of dispersion, in comparison with earlier defined 
advective travel times.  A major difference between road alternative 0 and A can be seen in 
the arrival time of peak concentration and its concentration (Figure 6.4.2.3. and 6.4.2.6). In 
alternative A, the lower flow velocity increases the dilution and the longer transport distance 
allows for a higher dispersion. While the peak concentrations are relatively limited at the road 
alternative 0 their concentration increase remains for a longer time at road alternative A. 

The impact from an extreme rainfall event has shown not to be a major impact to the 
groundwater resources. However, again the accumulation of contaminants with time at road 
alternative A has been illustrated, even though the peak concentration arriving at the well 
Vassmolösa can be neglected. 

The impact from an accidental spill and the water resources has been shown to be an 
enormous threat for both the road alternatives. The spill has been shown to reach the 
groundwater after one day and approximately six hours for road alternative 0 and A 
respectively. The determined transport times agrees with sand column experiments and 
multiphase flow modelling by THUNES (Thunvik, 1998) from Gardemoen, Norway (Skojen, 
2000) The dissolved hydrocarbon plume has been shown in both alternatives to make the 
water unusable for drinking. A concentration of 0.5 mg/l after 40 days was predicted for 
Bottorp 7. 

The approximate calculation of the maximum spreading of the floating product layer, which 
has not been possible to simulate, indicate that the layer can reach the wells in both the 
alternatives. In the simulations, it has been assumed that the floating product layer is 
stationary and not bigger than the infiltration area. In reality this layer moves in the same 



 103

direction as the groundwater flow and the size is generally bigger than the infiltration area, 
which would contribute to higher concentrations. 

There are several uncertainties with the simulations of NAPLs due to the complicated 
processes in comparison with the simulation of a tracer element. However, in this case the 
consequences from an spill is enormous and would make the water resources unusable for the 
future due to the high amount of trapped residual oil which will act as an continuous source 
for dissolved NAPLs. In here the simulations have been carried out for an accident close to 
the well, which makes the transport times rapid. However, even if the accident takes place 
somewhere else along the road the consequences would be devastating for future water 
supplies.  The return time of an accident with hazardous substances within the water 
protection zone for the water supply has been estimated by Tyrens (1997) to 192 and 770 
years for road alternative 0 and A, respectively. 
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7 MULTI-CRITERIA DECISION AID  

A multi-criteria analysis (in Chapter 2.3) has been carried out in this project. Even though a 
decision has already been taken a Multi-Criteria Decision Aid (MCDA) method is applied to 
illustrate how it could have been used in the process of identifying the most appropriate 
location of the new highway at Nybroåsen. The approach has been used to evaluate the three 
alternative road scenarios and the existing road (Chapter 3.2.3), which are in conflict with the 
water resources, agricultural -, natural - and cultural values in the study area. 

The approach therefore differs from the developed decision framework, which focuses on the 
conflict between the environmentally hazardous activity and the groundwater resources. 
Instead, the decision framework provides input to the MCDA method from the predictive 
simulations and the estimated costs.  

The MCDA method applied is NAIADE (Novel Approach to Imprecise Assessment and 
Decision Environments), which is an outranking method (Annex F). 

7.1 Application to Nybroåsen  

The purpose of applying the MCDA method NAIADE to Nybroåsen is to show, how a MCDA 
method could have been used in the decision–making process of the highway E22 and what 
kind of information, which can be obtained from this analysis. A thorough analysis is not 
possible for Nybroåsen, because the decision has already been taken and the participation of 
actors is necessary in the process. The application herein should be seen as an evaluation tool 
based on the existing sources of information. It is therefore not within the objective to perform 
an institutional analysis i.e. assessment of the legal, political and administrative structures 
through which decisions are made with respect to the public policy. 

The main reasons for choosing NAIDE are that it accounts for uncertainties and allows both 
quantitative and qualitative information in the analysis. Every criterion is assigned a value for 
each alternative. The value type can be either a crisp (pure) number, stochastic function 
(probability density function with associated parameters), fuzzy number (membership 
function) or linguistic expressions (Good, Moderate, Very Bad). Using a pairwise comparison 
technique, which is based on preference relations i.e. distances between the assigned values 
for each criterion (Annex F), NAIADE generates a ranking of the alternatives. 

NAIADE can give two kinds of information that are of importance to the decision maker, first, 
a multi-criteria analysis, which gives a ranking of the different alternatives and  secondly, an 
equity analysis, which analyses conflicts between interest groups and the possible formation of 
coalitions between them. 

The method is developed by Joint Research Centre, Institute for Systems, Informatics and 
Safety (Munda, 1995) and expert knowledge has been available during the project work. See 
Annex F for a overview of the NAIADE theory and for the manual and tutorial see NAIADE 
(1996).  

The approach has been to compare the three alternative road scenarios and the existing road, 
which are in conflict with water resources, agricultural -, natural -, and cultural values. The 
developed decision framework based on the predictive simulations serves as an input to the 
MCDA with respect to the water resources. The different components that feed into the 
MCDA and its interaction with the MCDA are illustrated in Figure 7.1.1.  
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Figure 7.1.1 How MCDA, with the use of NAIADE, can be used as a tool in water management 
(Linde, 2000). 

7.1.1 Actors  

The identified interest groups and their concerns are shown in Table 7.1.1.1. The interest 
groups and their concerns are identified from the EIA (Vägverket, 1993), “Mini-Conference 
about Nybroåsen” (Chapter 3.2.5) and newspapers.  

Table 7.1.1.1 Identified interest groups and their concerns.  

Actor Main concerns 

Road Administration Cost, operational time, construction aspects, compliance with legislation 
Municipal Water and 
Waste Company 

Existing and future water supply, water resources (quality, quantity) 

Municipal Management Economical development, costs, mobility, water supply 
County Administrative 
Board 

Legislation, sustainability 

Farmers Impact on agricultural land and production, water supply. 
Consultant Companies a Existing and future water supply, water resources (quality, quantity) 
The Geological Survey 
of Sweden 

Water resources (quality, quantity) 

Environmental NGO:s b  Protection of natural values (species, habitats, landscape) 

The County museum Protection of cultural values (ancient remains, churches, pedagogical 
areas) 

Inhabitants Mobility, economical development, health, recreational values. 
a) Vatten och Samhällsteknik Ltd. and Ingenjörsfirman Ingvar Hörberg AB. 
b) Non Governmental organisations e.g. Greenpeace. 
However, this identification should have been done whe n the development of the highway 
E22 was originally discussed. It is important to identify all the interest groups that have 
something at stake i.e. what they will lose due to the planned action. The participation of 
interest groups in the process can provide the decision-maker with alternatives that they did 
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not think about , whereas “local people can imagine solutions and reformulate problems in a 
way that the accredited experts, with the best will in the world, do not find natural” 
(Funtowicz et al., 1999). Additionally, the agencies have to be identified as they have an 
important authority part.  

7.1.2 Criteria 

The family of criteria are based on the actors’ concerns (Table 7.1.2.1). In a real process these 
should be based on questionnaires, interviews or focus groups, where all the actors are brought 
together for a few days for discussion and “brainstorming”. 

Table 7.1.2.1  The main areas of concern for the Nybroåsen case study. 

Area of concern Concerns 

Economical Construction of road, maintenance of road, cost for alternative water supply, 
agriculture (production, efficiency). 

Natural resources  Water resources (quantity, quality, risk of accident and sustainability). 

Social Health, mobility, tourism, recreational value, economical development. 

Cultural values Archaeology (ruins dating back to the stone ages and later, pedagogical 
values), effects on old villages. 

Natural values  Habitats for species (e.g. European sea eagle), Areas of value (archipelago, 
coast, old cultural land). 

Legislation Compliance with EC and national legislation. 

 

It is possible to set up many criteria in each family, but to assure legibility (the family of the 
evaluation criteria has to be small enough so the analysts can assess all necessary inter-criteria 
information) not too many criteria should be chosen. The study is limited to the existing 
information and the criteria are chosen to cover all main concerns.  

The criteria (Table 7.1.2.2) have been chosen in a way that all major concerns have at least 
one criterion, to assure operationality (the family of evaluation criteria should be considered 
by all actors as a sound basis for the continuation of the decision aid study). These criteria are 
unlikely to be redundant as they are of very different kinds. It is important to obtain an even 
distribution of criteria for every main area of concern (Table 7.1.2.1.)  

The criteria for, the road costs, agricultural values, cultural values, natural and recreational 
values, health and the road perspective have been obtained from the EIA carried out by 
Vägverket (1993). The cost of the protective measures is obtained from the extended EIA 
(Knutsson and Kylefors, 1995).  
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Table 7.1.2.2  The criteria chosen for the case study Nybroåsen (with area of concern, objective, type, 
unit scale and source of information).  

Area of 
concern 

Objective Evaluation 
criteria (type) 

Unit scale Definition Source  

Economical minimise Road cost 
(stochastic) 

MEUR Cost of establishment, including 
protective measures. 

EIA  

Economical minimise Replacement 
cost of water 
supply (fuzzy) 

MEUR The cost to replace the 
groundwater resource of 
Nybroåsen with a surface water 
treatment plant. 

Ahlgren 
(1996)* 

Economical maximise Agricultural 
values 
(linguistic) 

linguistic Agricultural production. EIA 

Natural 
resources 

minimise Impact on 
groundwater 
quality 
(stochastic) 

mg/l Breakthrough concentration in 
well due to a constant 
contamination of 100 mg/l of 
trace element along a 50 meter 
wide area along the road after 
25 years. 

Chapter 
6.3.2 

Natural 
resources 

minimise Risk of 
accident 
(stochastic) 

Years-1 Probability for accidents that 
involve environmentally 
hazardous substances within the 
protection zone of Nybroåsen. 

Tyréns 
(1997) 

Cultural 
values 

maximise Cultural values 
(linguistic) 

linguistic Churces, graves, old settlements 
and cultural landscape. 

EIA 

Natural 
values 

maximise Natural and 
recreational 
value 
(linguistic) 

linguistic Areas with high natural values 
and recreational values.  

EIA 

Social maximise Tourism and 
economy 
(linguistic) 

linguistic Tourism and economical 
development. 

EIA 

Social maximise Health 
(linguistic) 

linguistic Inhabitants health. EIA 

Social maximise The road 
perspective 
(linguistic) 

linguistic The drivers perception of the 
road and its surroundings. 

EIA 

 

The calculation of the cost for replacing the groundwater supply with a surface water 
treatment plant has been carried out for the Uppsala water supply by Ahlgren (1996). The 
costs are based on the construction of the water works, the maintenance and the connecting 
pipes, where the two foremost ones would be the same for Nybroåsen. Therefore the cost for 
Uppsala can be used as an approximation for Nybroåsen.  
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A risk analysis of an accident with hazardous substances within the protection zones of the 
water supplies at Nybroåsen has been carried out by Tyrens (1997) which has been assigned 
for the nuatural value criterion. 

The criteria of the impact on the groundwater quality has been derived by predictive 
simulations in Chapter 6.3. 

7.1.3 Impact matrix  

The impact matrix for the road alternatives is shown in Figure 7.1.3.1. The values should be 
assigned in such a way that they reflect the knowledge of the impact. The gathering of data for 
the criteria must be very methodical, so not only values, but also information about their 
distributions is obtained.  

 

Figure 7.1.3.1 The multi-criteria impact matrix for the ranking of the different road alternatives at 
Nybroåsen. The table shows ten evaluation criteria for the evaluation of five alternatives.  

A problem is that sometimes there is no insight into how the data was collected and maybe 
there is no statistical information available. Due to this, inconsistency and uncertainty will 
arise if information about the impacts is based earlier performed studies or is lacking sufficient 
information, which is the case in this study.  



 109 

7.1.4 Equity matrix  

The actors’ preferences with respect to the different road alternatives, equity matrix, is shown 
in Figure 7.1.4.1. They have been assigned from newspapers and the EIA (Vägverket, 1993) 
and in those cases where no information has been available, values are assigned in such a way 
that they do not influence the result. The actors (Table 7.1.1.1) whose views’ have not been 
made clear i.e. farmers, NGO’s and inhabitants, are not included. The Consultant companies 
are not included as they are assumed to be influencing the process instead of being one of the 
participating actors. Linguistic values are assigned in such a way that the whole scale from 
perfect to extremely bad is used. 

In a real case these preferences are assigned directly or indirectly by the different interest 
groups. Assignment of preferences must be based on the actors’ views and not on how they 
are affected by the planned action.  

 

Figure 7.1.4.1  The equity matrix for the road alternatives for Nybroåsen case study. 

7.3 Ranking of the alternative road scenarios 

For the ranking of the alternative scenarios and the existing road by NAIADE, the minimum 
operator has been chosen and the result is shown for a variation of the minimum requirements 
on the credibility index i.e. the α-value. 
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By defining this α-value, only those criteria whose index of credibility is above the α-
threshold will be counted positively in the aggregation for the ranking of the alternatives. By a 
variation of the α-value (0.20, 0.40 and 0.60) it is possible to evaluate the sensitivity of the 
ranking by NAIDE due to a variation of the limits for the credibility index. Therefore a low α-
value allows a high degree of uncertainty in the information being used, whereas a high α-
value only takes into account values of a high intensity of preference or indifference.  

The final ranking of the alternatives are based on two separate rankings, The first one φ+ (A) is 
based on the better and much better preference relations. The value ranges from 0 to 1 and 
indicates how (A) is “better” then the other alternatives. The second one φ-(A) is based on the 
worse and much worse preference relations, varying from 0 to 1 and indicates how much 
worse (A) is in comparison with the other alternatives. 

By comparing the two separate rankings, incomparable alternatives are distinguished. Two 
alternatives are incomparable if one alternative is considered better than another alternative in 
one ranking and then considered worse in the other ranking. Moreover, if the difference φ+ -φ- 
is positive it means that the better and much better preference relations overrule the worse and 
much worse preference relations. 

The results for the three rankings are shown in Figures 7.3.1 to 7.3.3. In the Figures, the road 
alternatives are named as follows in brackets, present situation (0), alternative A (A), 
alternative A + protective measures (A+), alternative B (B) and alternative C (C). 

High uncertainty 

 

Figure 7.3.1 The NAIADE ranking of the road alternatives for high uncertainty (α=0.20). Alternative 
0 and B are incomparable to all other alternatives. Road alternative A + protective 
measures is ranked as the best alternative solution in comparison to A and C. 
Alternatives A and C are not comparable.  

α=0.20 
φ+(0)=0.77 φ+(A)=0.55 φ+(A+)=0.65 φ+(B)=0.68 φ+(C)=0.57 
φ -(0)=0.85 φ -(A)=0.60 φ -(A+)=0.38 φ-(B)=0.72 φ-(C)=0.69 
Then according to φ+ the following ranking is obtained: 
0→B→A+→C→A 
and according to φ - the following ranking is obtained: 
A+→A→C→B→0 
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Medium uncertainty  

 

Figure 7.3.2 The NAIADE ranking of the road alternatives for medium uncertainty (α=0.40). All 
alternatives are incomparable to 0. Road alternative A + protective measures is the best 
compromise solution. Alternative A is the second best solution, but is incomparable to 0. 
The alternatives B, C and 0 are not comparable.  

Low uncertainty 

 

Figure 7.3.3 The NAIADE ranking of the road alternatives for low uncertainty (α=0.60). Road 
alternative A + protective measures is the best compromise solution, but is incomparable 
to 0. Alternative A is ranked as the second best alternative, but is incomparable to 0. 
Alternative 0 is better than B and C.  

NAIADE ranks the road alternative A + protective measures as the best compromise solution 
in all the three analyses, which show that the degree of uncertainty has no influence on the 
results in this case. The alternatives have shown to be incomparable in many cases, which 
makes the selection of the best compromise solution more limited. The fact that alternative A+ 
protective measures is incomparable with the present situation is of no implication for the 
results as the present road is not considered as an alternative by the Road Administration. A 
comparison of the two rankings φ+-φ- shows that alternative A + protective measures is more 
positive than the others. Alternative B and C are both very bad alternatives as φ+-φ- for them is 
negative.  

α=0.40 
φ+(0)=0.38 φ+(A)=0.31 φ+(A+)=0.35 φ+(B)=0.29 φ+(C)=0.27 
φ -(0)=0.46 φ -(A)=0.27 φ -(A+)=0.14 φ-(B)=0.43 φ-(C)=0.33 
Then according to φ+ the following ranking is obtained  
0→A+→A→B→C 
and according to φ - the following ranking is obtained 
A+→A→C→0→B 

α=0.60 
φ+(0)=0.16 φ+(A)=0.14 φ+(A+)=0.16 φ+(B)=0.10 φ+(C)=0.08 
φ -(0)=0.17 φ -(A)=0.09 φ -(A+)=0.04 φ-(B)=0.21 φ-(C)=0.15 
Then according to φ+ the following ranking is obtained  
0→A+→A→B→C 
and according to φ - the following ranking is obtained 
A+→A→C→0→B 
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7.3.1 Sensitivity analysis 

A sensitivity test has been carried out to show the response of the NAIADE ranking to a 
change in model parameters other than the α-value. The model parameters that have been 
changed are a) the operator b) the assigned values of the preference relations and c) the 
representation of the criteria distributions, a change to crisp numbers instead of stochastic 
functions and the fuzzy sets.  

Figures 7.3.1.1 to 7.3.1.3 show that the NAIDE ranking is not influenced by a change in any 
of these parameters. 

Operator 

The Zimmerman-Zysno operator allows for a varying degree of compensation in comparison 
with the minimum operator that gives no compensation. Compensation deals with the way the 
uncertainties are handled (Annex F). 

 

 

Figure 7.3.1.1 The NAIADE ranking of the road alternatives with Zimmerman-Zysno Operator, 
medium compensation (γ=0.6), medium uncertainty (α=0.40). All alternatives are 
incomparable to 0. Alternative A + protective measures is the best compromise solution. 
Alternatives C is the second best solution but is incomparable to A. Alternative A and C 
are not comparable.  

Preference relations 
 
A change in the assigned numerical value for the defined preference relations (much better 
and much worse, better and worse, approximately equal and equal) for each criterion effect the 
distance between the pairwaise comparison. Herein, the assigned values have been reduced by 
half, which decrease the distances between the alternatives. 
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Figure 7.3.1.2 The NAIADE ranking of the  road alternatives by a reduction of the preference relations 
by 50 percent of the original values, medium uncertainty (α=0.40). Alternative A + 
protective measures is the best compromise solution, but is incomparable to B. 
Alternative B is second best, but incomparable to A+ and C. Alternative 0 and A are not 
comparable to C.  

 

Representation of criteria distribution 

For the non linguistic criteria the distribution has been assigned by preference relations by either 
stochastic functions or fuzzy sets, which allow for uncertainties. By changing this distribution to crisp 
numbers no uncertainties of the given values are included in the ranking. 

 

Figure 7.3.1.3 The ranking of NAIADE road alternatives for crisp numbers and medium uncertainty 
(α=0.40). All alternatives are incomparable to 0. Alternative A + protective measures is 
the best compromise solution. Alternative A is the second best solution, but is 
incomparable to 0. Alternative B, C and 0 are not comparable.  
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7.4 Conflict analysis and coalition formation process 

Figure 7.4.1 shows the dendrogram of coalition formation for Nybroåsen which is created 
from the equity matrix. A similarity index for each pair of interest groups that holds similar 
judgements about the proposed alternatives is calculated for the different levels of coalition.  

 

 
Figure 7.4.1  NAIADE dendrogram of the coalition formation for the actor groups in Nybroåsen. The 

similarities between the actors judgements with respect to the proposed alternatives is 
shown by the different stages of interaction, which is expressed by the similarity index 
shown to the left. 

The NAIADE dendogram of the coalation formation process shows that the Municipal water 
and waste company and the Swedish Geological Survey (SGU) have similar views (similarity 
index 0.94). They form a coalition with the Municipal Management at an early stage 
(similarity index 0.82). The other coalition is between the Road Administration and the 
County Administrative Board at (similarity index 0.58) and later with the County Museum 
(similarity index 0.51). The two coalitions meet at a rather low value (similarity index 0.48), 
which shows that the different interest groups hold very different views.  

The strongest coalition group i.e. the largest group of actors holding similar views, is formed 
by the Municipal Water and Waste company, SGU and the Municipal management. This 
coalition group considers the alternative A+ protective measures and alternative A, which 
were ranked as the best and second best compromise solution as either bad, very bad and 
extremely bad alternatives. 
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7.5 Discussion and analysis 

The result showed that the two best compromise solutions obtained by the multi-criteria 
analysis are unacceptable by the strongest coalition group. The reason behind could be 
twofold, first the family of criteria was not well chosen i.e. they should reflect the interest of 
the interest groups or secondly the proposed road alternatives were not sufficient for finding 
an acceptable solution i.e. new alternatives should be developed. 

From the proposed road alternatives it is clear that all alternatives meet strong objections from 
some interest groups. If a good compromise solution was to be found new alternatives should 
have been developed and considered in the decision-making process.  

The results of the NAIADE ranking were alternative A + protective measures and alternative 
A, were ranked as the best and second best compromise solution seems very odd (even though 
this is the alternative which was decided upon in reality), especially because this alternative is 
considered unacceptable for many interest groups. The reason for this ranking can be found in 
the nature of MCDA methods. NAIADE only allows an indirect ranking of the alternatives in 
form of preference relations. This means that the criteria that deal with water resources, in 
principle, are not more or less worthy than any other criteria. Alternatives B and C are in 
conflict with many interests, such as health, natural values and cultural values. This is 
reflected in the result as these interests “win” over the water resources interest due to a 
majority of the other criteria.  

There are some objections to the study herein, the main one that the decision has already been 
taken, which makes it  impossible to work interactively with the actors and the decision-
makers. It is clear that the analysis suffer from lack of data. Also, the results obtained in the 
equity analysis can be questioned as most preferences are based on views expressed in 
newspapers, which is not enough for assigning a correct degree of preferences or to include all 
actors. 

There are some limitations of the MCDA methods and NAIADE, which at the same time is 
also seen as an advantage, paradoxically. The main limitation is that a MCDA analysis can 
never provide an answer to “which is the best alternative?” It can only provide understanding 
and suggestions to actors and decision-makers. This fact is described as one of the main 
characteristics of Post-Normal Science (instead of finding a true answer or knowledge the 
quality of the work is the most important, Funtowicz and Ravertz, 1991), which can be 
annoying to the decision-maker. There is a risk that results from a MCDA analysis can be used 
as facts, which they are not. The fact that NAIADE does not allow weights could also be a 
limitation if a decision-maker want to value the economic criterion more than a cultural value 
criterion. There is also a clear risk that analysts or decision-makers influence the analysis by 
their choice of criteria, actors, alternatives, preferences and preference relations. It would for 
example be possible to rank the alternative road alternative B as the best compromise solution 
if more criteria that reflected water resources were included and those that reflected 
agricultural interests were aborted.  

Finally, the application of the NAIADE analysis to Nybroåsen shows that MCDA can be used 
effectively as a tool in any decision process to assess conflicting interests and to reach a 
compromise solution. Especially because it is possible to include different types of 
information i.e.  pure number, linguistic expressions, stochastic distributions and fuzzy sets. 
The problem is structured by the creation of the multi-criteria impact matrix  and the coalition 
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groups are identified from the equity matrix , which is a good point for a more thorough 
understanding of the other participating actors’ interest.  

The combination of the multi-criteria analysis and the equity analysis can be very valuable. In 
the equity analysis applied herein it was shown that there was no acceptable solution, as the 
strongest coalition group was against the two best compromise solutions in the multi-criteria 
analysis. If no equity analysis would had taken place the alternative A + protective measures 
would  have been considered as an agreeable solution.  
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8 CONCLUSIONS  

This chapter concludes and summarises the results and discussions presented in this thesis 
project. 

The thesis project has presented a decision aid framework  that has addressed issues that will 
enhance the protection of groundwater resources, and they are namely: 

• Enhanced understanding of groundwater processes in the study site under various 
conditions, including diffuse road contamination sources, road contaminants combined 
with extreme rainfall events and accidental spills of petroleum products, light non-
aqueous phase liquids. 

• Increased awareness of conflicting interests in the study area; which group of actors 
will the least and most likely agree upon a decision(s). The decision(s) in this case can 
be one or more of the alternative road scenarios discussed herein. 

• Increased awareness of the lack of systematic legislation or regulation for protecting 
groundwater resources in Sweden.  

The decision-aid framework has focused on environmentally hazardous activities in conflict 
with groundwater resources. The framework has been applied to a specific site, Nybroåsen, in 
Sweden, where the decision to construct the E22 highway was taken in 1995. The construction 
of this highway, which is currently underway, is controversial because it cuts through the 
important glaciofluvial esker aquifer and the protection zones of the water supply of the 
Kalmar town.  

This thesis has examined the environmental impacts of the new highway and compared it 
against the old, existing road, as well as two other alternative routes that were considered at 
the time the decision was taken to select the new route of the E22 highway.  

The decision aid framework applied to the study site is mainly composed of the 
comprehensive groundwater modelling system FEFLOW (Diersch, 1998). Altho ugh, other 
models and tools were also used including the Swedish HBV model (Bergström, 1992) for 
estimating groundwater recharge, and the PEST model (Doherty et al., 1994) for calibrating 
the hydraulic conductivity and the geographical information system, ArcView, for pre- and 
post -processing of spatial data. 

The environmental impacts of the existing road and the road under construction, which are in 
conflict with the groundwater resources, were examined in the light of the identified threats in 
the study site: 

• Diffuse contamination sources: chloride contaminants from de- icing salt, heavy metals 
and, nitrate from combustion fumes from cars. 

• Extreme rainfall event: chloride contaminants from de-icing salt, and heavy metals. 

• Accidental spill: light non-aqueous phase liquids i.e. diesel. 

The new highway has been built with protective measures, composed of impermeable layers. 
For the examination of the above identified threats the new E22 highway have been examined 
herein without the protective measures, which will be the case after approximately 50-70 years 
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(estimated lifetime of impermeable layers, Skanska Väg, 1999) and/or in the case of 
inefficient working impermeable layers. 

The application of the modelling component of the decision-aid framework shows that the 
major threats to groundwater resources in the study sites are from accidental spills of 
petroleum products from tankers travelling along the new E22 highway and the existing road. 
The consequences are most sever along the new E22 highway, because of the thin unsaturated 
zone. A thin unsaturated zone reduces the transport time to the groundwater surface and 
therefore the time for remediation action. In addition, a deep unsaturated zone makes the 
remediation work more difficult and often the digging is slower than the transport of the spill 
through these permeable materials. However, once the spill has reached the groundwater 
surface the travel time of the soluble parts and the free floating product layer are much more 
rapid at the existing road, due to the high abstraction amounts, which are possible due to 
artificial recharge of groundwater in basins. 

Chloride contaminants from de-icing salt applications along the new E22 highway have been 
predicted to have relatively high concentrations in the Vassmolösa well in comparison to 
applications along the old existing road. Heavy metals may pose a threat to future groundwater 
resources in the case of both the existing old road and the new highway, due to mobilisation of 
accumulated heavy metals over time. On the other hand, nitrates resulting from combustion 
from cars, do not pose a threat to groundwater resources in any of the cases due to high uptake 
by vegetation, pine tree forest. 

Chloride contaminants along the existing road combined with an extreme rainfall event can 
exceed the technical drinking water limit (SLV, 1993) for chloride at the wells Bottorp 4, 5 , 6, 
7 and 8 after approximately 35 days after the event. This rapid transport is due to the saturated 
flow through the unsaturated zone and the effects of dispersion. However, the technical 
drinking water limit of 100 mg/l (risk for corrosion of pipes) would possible be exceeded for 
some of the wells at the Bottorp water supply, and due to mixing with water of less 
concentration the technical drinking water limit would not bee exceeded from the Bottorp 
water supply plant. Therefore, the chloride contaminants from an extreme rainfall event do not 
pose a major threat to the groundwater resources at the existing road or the new E22 highway. 
Heavy metals may pose a threat to the future groundwater resources for both the existing road 
and the new E22 highway due to the same reasons given above. 

The uncertainty of these aforementioned predicted environmental impacts has been addressed 
by means of a sensitivity analysis. The salient conclusion of this analysis is that model 
predictions are most sensitive to the hydraulic conductivity. This illustrates the importance of 
accurate spatial measures of this parameter, and the spatial calibration and evaluation of the 
groundwater model. Additional uncertainties are due to the spatial representation of the 
rainfall, even though two stations exist within the 85 km2 large study area for the calibration 
period and the fact that the groundwater recharge has been estimated with a semi-distributed 
model where the spatial properties are not very well represented.  

The multi-criteria decision aid (MCDA) tool NAIADE (Munda, 1995) has been shown to be 
valuable for the assessment of conflicting interests in order to reach a compromise solution. It 
provides a systematic approach for structuring the problem, identifying coalition groups, and 
evaluating the predicted model results. The four alternative road scenarios and the existing 
road, which are in conflict with the water resources, agriculture, natural- and cultural values 



 119 

have been evaluated. A thorough analysis was not possible, the decision has already been 
taken and the participation of actors are necessary in the process.  

For the analysis of the Nybroåsen case study the results showed that the two best compromise 
solutions obtained in the multi-criteria analysis were unacceptable by the strongest coalition 
group i.e. the largest group of actors holding similar views, which means that new alternatives 
should be developed. The strongest coalition group was formed by the Municipal Water and 
Waste company, The Swedish Geological Survey and the Municipal Management. The E22 
highway with protective measures and without protective measures were ranked as the best 
and second best compromise solution.  

The result seems very odd (even though the E22 highway + protective measures is the road 
route that was decided upon in reality), especially because this alternative was considered as 
unacceptable by many actors in the analysis. The reason can be found in the nature of the 
MCDA methods, where the water resources are not more or less worthy than any other 
criterion. Because the other road routes are in conflict with many interests such as health, 
agriculture, natural and cultural values these interests predominates over the water resources 
interest due to the majority of the other interests.  

Finally, the proposed framework has contributed towards the provision to a scientifically 
sound basis for the application of hydrological models to enhance the protection of 
groundwater resources. The impacts from the new E22 highway has been predicted by a more 
comprehensive model approach herein in comparison with the earlier performed model study 
in 1995, which was carried out for a smaller area during a very limited time. The constructed 
flow maps and the representation of the material distribution for this thesis study have been 
verified by the local experts in the study site and a graphical and numerical evaluation have 
been carried out that provides a measure of the credibility of the constructed model. 
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9 RECOMMENDATIONS 

Additional model studies, that consider multiphase flow systems, including the seasonal 
variation of the water content in the unsaturated zone, are a requisite if you want to increase 
the accuracy of predicted impacts from accidental spills from tankers carrying petroleum 
products. A model of this kind could be constructed for a smaller area than the one used in the 
study described herein, where the boundary conditions can be obtained from the constructed 
model described herein. The hydraulic conductivity could be represented more accurately by 
carrying out pump tests in the precise area concerned and more detailed investigations of the 
stratigraphy would be necessary. 

Several layers in the vertical directions could be considered in order to represent layers of 
more or less permeable materials, which are very important for the contaminant transport. A 
spill involving a petroleum product behaves considerably different from a solute contaminant. 
This type of information together with appropriate risk analyses of accidents along the road 
form an important component of preventive actions for the protection of the groundwater 
resources. 

Additionally, geostatistical methods could be applied to investigate the influence of the 
statistical distribution of the derived hydraulic conductivity on the contaminant transport. The 
results from a model of this type could be very valuable for developing remediation plans in 
case of an accident. However, it is important to state that remediation is not always feasible in 
terms of both physical and technical aspects. In addition, the associated costs can be very high. 

Simulated remediation actions for solute transport could also be carried out with the developed 
model by identifying the locations for wells, where pumping/injection should take place in 
case of an accident to limit the spreading of the pollutant. 

Improvements that could be carried out within the concerned project are with respect to the 
hydraulic conductivity and the simulation of the groundwater recharge. The sensitivity of the 
transport results to changes in the hydraulic conductivity can be determined by changing the 
conductivity within a plausible range of the calibrated values. However, this type of study is 
more appropriate when focusing on a smaller study area. 

The groundwater recharge can be determined more accurately by a relatively more 
comprehensive model that handles the spatial properties and the physical processes in a better 
manner than the model used in this project. However, this would require additional field 
measurements e.g. soil water content, tension and the unsaturated hydraulic conductivity. The 
spatial distribution could be divided according to land use, vegetation, and soil. 
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ANNEX A 

Actors questionnaire, interviews and analysis 

Questionnaire survey 

Two types of surveys were used in the analysis of the actors' views and perceptions with 
regard to water resources in the study area. The first type of survey is based on a specifically 
formulated questionnaire (presented at the end of this appendix) and the second type involves, 
telephone- interviews comprising one question often followed by a discussion. The 
questionnaire1 that was carried out within the SHYLOC (System for Hydrology using Land 
Observation for model Calibration) project was used as a guideline for the formulation of the 
questionnaire herein applied.  

Objectives 

The objectives of the questionnaire were:  

i. To identify important views held by the actors with regards to water resources. 

ii. To identify the type of information that is of importance to the actors when taking 
decisions with respect to groundwater resources in conflict with infra-structural 
establishments, which will assist in improving the developed scenarios for the case study.  

iii. To show the type of catchment data the different organisations involved in the 
questionnaire survey maintain and how they acquire new information. 

iv. To show the type of tools, e.g.  geographical information systems, hydrological 
groundwater models, the actors’ experience and the type of systems they consider as 
valuable with respect to earlier experiences. 

Consulted organisations  

The questionnaire was originally handed out at the Seminar "Mini-Conference about 
Nybroåsen" organised by Kalmar Water and Waste company, on the 26th of May, 1999. In 
October, 1999 the questionnaire was followed up by phone-calls. Together with these phone-
calls, one additional question was asked directly on the phone in order to represent the 
individual organisations, because the results of the questionnaire are anonymous. Furthermore, 
the organisations that were not participating in the seminar, but are relevant to this project, 
were contacted in October 1999 for the communication of the questionnaire. 

The questionnaire has been given out to eleven organisations (Table 1) of which nine 
(excluding the municipal of Torsås and Nybro) replied by the end of December 1999.  

                                                                 
1 Gavin, H., Bilas, G. and Al-Khudhairy, D. (1999) SHYLOC , System for Hydrology using Land 
Observation for model Calibration, Report of the End User Questionnaire, A project for research under 
the Environment and Climate Programme- Space Technologies, ENV4-SHYLOC(99)-R001. 
 
 



Table 1. Name and type of organisation participating in the Questionnaire survey. 

Name Type of 
organisation 

Ingenjörsfirman Ingvar Hörberg AB, Växjö  
(Small sized consulting company in water supply) 

Private 

Kalmar Vatten och Renhållning, Kalmar kommun  
(Municipal water and waste company) 

Public authorities 

Länsstyrelesen i Kalmar Län 
(County administrative board) 

Public authorities 

Mark och planeringsenheten; Kalmar Kommun 
(Municipal planning management) 

Public authorities 

Miljöfunktionen på Samhällsbyggnadskontoret, Kalmar kommun (Municipal 
environmental management) 

Public authorities 

Samhällsbyggnadskontoret, Kalmar 
(Municipal community management) 

Public authorities 

Sveriges Geologiska Undersökning, Uppsala  
(The Geological survey of Sweden) 

Public authorities 

Tekniska kontoret, Nybro kommun 
(Municipal technical management) 

Public authorities 

Tekniska kontoret, Torsås kommun 
(Municipal technical management) 

Public authorities 

Vatten och Samhällsteknik Ltd., Kalmar (Medium size consulting company 
in water supply and environment) 

Private 

Vägverket konsult, Kalmar 
(Road administration - consult) 

Public authorities 

 

Questions and results 

The results from the questionnaire are shown below. Questions number 1 and 2 are general 
information about the organisation. The original questionnaire that was handed out in Swedish 
and a translation into English is also given at the end of this appendix.  

3. How is hydrological information and advice obtained by your organisation? 
internal, external or by consultants? 

Seven of the nine organisations acquire part of their hydrological information from 
consultants. Two of the organisations do not consult any other organisations for hydrological 
data. 

4. Which of the following catchment data does your organisation have available? If 
applicable indicate if it available in the form of written tables, thematic maps, digital 
format or others? 

All of the stated catchment data (water storage, surface water discharge, groundwater flow 
pattern, groundwater level, surface water quality, groundwater quality, residence time of the 
groundwater, land ownership, land use, elevation data, and potential contamination sources) 
can be found within the consulted organisations. Private organisations maintain the largest 
database. However, the table does not reveal the availability in terms of time, spatial 
distribution, resolution and original source of data. 



5. Which of the following catchment data does your organisation take under 
consideration while making decisions regarding water resources? 

Most of the organisations take most of the listed catchment parameters into consideration 
when taking decisions with respect to water resources. In some cases neither yes or no has 
been indicated.  

Comments were that 1) the quality is not important, while it is assumed that the water can be 
treated in the waterworks and 2) our organisation is not involved in decision-making relevant 
to water resources and that the aim of the organisation is to provide information. However, 
this may change with respect to future re-organisation plans. 

CATCHMENT PARAMETERS Yes  No 
Water storage 6  
Surface water discharge 8  
Groundwater flow pattern 9  
Groundwater level 9  
Surface water quality 8  
Groundwater quality 8  
Residence time of the groundwater 7  
Land ownership 7 1 
Land use 8  
Elevation data 7 1 
Potential contamination sources 8  

 

6. How important are the following catchment parameters when your organisation is 
taking management and planning decisions regarding water resources. Rank the 
parameters from the most important (1) to the least  (11). 

The parameters are ranked by a weighted summation where a high percentage refers to high 
importance. Each catchment parameter is represented by the mean value of the number of 
answers from the organisations (see Equation 1). The percentage of each catchment parameter 
is derived from Equation 2. 
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PRi = Percentage of ranking awarded to catchment parameter "i" 



Pi = Mean of ranking awarded to catchment parameter "i"  
M = Total number of catchment parameters for which a ranking was provided. 
 

Potential contamination sources, groundwater quality and groundwater flow pattern are 
considered as the most important catchment parameters. After that, water storage, 
groundwater levels, land use, residence time of the groundwater, surface water quality, surface 
water discharge, land ownership and elevation data are ranked as important in decreasing 
order. The results shown herein are only based on five answers, because the question was not 
ranked by one organisation, and three organisations assigned values instead of ranking the 
parameters. Comments, 1) the importance differs with respect to different questions, 2) the 
geology is not represented among the parameters and 3) this is a matter of prioritisation and 
judgement.  
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7. Do you have any experience of geographical information systems, mathematical 

models, decision support systems, and expert systems. If yes, in which areas? 

Most of the organisations have experience of GIS and mathematical models. Areas of 
experience mentioned are planning, environmental management, and EIA. Two organisations 
have either experience of, or know what, DSS and an expert system are.  
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8. Has your organisation had any experience of conflict between water resources and 

infra-structural establishments in the past where it would have been useful to use the 
following tools: geographical information systems, mathematical models, decision 
support systems, and expert systems? 

Most of the organisations state that GIS and mathematical models would have been useful 
with respect to earlier experience of conflict between water resources and infra-structure. The 
organisations that have some experience of mathematical models, DSS and expert systems do 
also state that these tools also would have been useful in other projects. Two organisations that 
have experience of GIS state that this tool would not have been useful in earlier projects. 
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9. If a project study shows that the planned infra-structure has significant impacts on 

the groundwater, would the following information be of importance for the decision 
making? 

The preventive measures (two or three dimensional visualisation of the groundwater flow, the 
cost for mitigation the source, the increased concentration of a substance in a well and the 
probability of an accident) are considered as most important by the organisations. The 
organisations that did not state either yes or no are considered as uncertain. However, the 
significance of this answer is probably low because many of the organisations ticked yes 
without considering the different alternatives. This can be seen for example in the answer with 
respect to expert systems. In question number 8, only two organisations considered expert 
systems as useful, in comparison to this question where four organisations considered it as 
useful. Comments were 1) too many questions to be of relevance 2) to include alternative 
solutions and costs for different alternatives and the worth of additional data and 3) 
experienced problems with interpolated data and the importance of geo-statistics, which is part 
of the uncertainty in the data. 
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10. Which are the least and most important factors to consider when choosing between 
different alternatives for establishing infra-structure? Rank the parameters from the 
most important (1) to the least (8). 

The factors ranked as most important are health, noise and security and water resources. After 
that ecosystems, agriculture, air-quality, cultural interest and, EU Directives are ranked in 
decreasing order. In the pie chart, the importance of the factors is shown in percentages, which 
have been ranked by weighted summation; see Equation 1 and 2.  

Two organisations did not answer, and stated these priorities not can be made. Other 
comments were 1) it all depends on the circumstances and the specific case 2) too many 
factors of importance are missing, forest, recreation, water supply, infrastructure etc, because 
of this it does not make sense to answer the question and 3) this  is never the case in reality. 
Two organisations assigned values instead of ranking.  
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11.  Are there any other comments you wish to make? 

Two comments were made 1) planning is much more complicated than the information 
presented in the tables here and 2) difficult to answer the questions. 

 

Interviews 

Objective 

The objective of the interviews were to identify important views held by the different actors. 
By identifying the degree of importance each evaluation criterion has for each actor group, the 
scenarios developed for the case study can be improved.  



Consulted persons 

Together with the phone-calls, a follow-up of the questionnaire included an additional 
question that was asked on the phone. Several people within each organisation were contacted 
to get a response from more than one person within each actor group. All together the 
interview comprises answers from 15 persons. The persons consulted for the interviews are 
represent the consulted organisations for the questionnaire with the addition of the landowners 
group. The number of persons that are represented within each actor group is shown in Table 
2.  
Table 2. Number of persons within each actor group upon which interviews are based.  

Actor No. of persons  
Road administration 1 
Kalmar water and waste company 4 
Municipal management 4 
County administrative board 1 
Landowners 1 
Consultant companies 2 
The Geological Survey of Sweden 2 

 

Question and results 

Which are the least and most important factors to consider when choosing between 
different alternatives for establishments of infra-structure in conflict with groundwater 
resources? Rank the parameters (quality of abstracted water, cost, loss of future 
resources, risk off accident and EU policy and national legislation) from the most 
important (1) to the least (5). 

The parameters are ranked by a weighted summation, where a high percentage refers to high 
importance. Each actor group is represented by the mean value of the number of answers 
within each actor group, see Equation 3. The mean weighted sum represents the mean 
percentage of each evaluation criterion for the groups of actors. The percentage awarded to 
each evaluation criterion is derived from Equation 4: 
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(Equation 4) 

 

 
PRb,i= Percentage awarded to evaluation criteron "i" given by actor "b" 
N = Total number of evaluation criteria "i" 

 
The multi-criteria matrix (Table 3) shows that the most important criteria to consider are, the 
loss of future resources, the quality of abstracted water and risk of accidents. Costs and EU 
policy and national legislation are generally ranked as of lower importance. A few persons 
pointed out that the aim of their  organisation is anyway to follow the National legislation, 
which is the case for all the public authorities. However, probably most of the persons 
interviewed did not reflect over this fact and interpreted it as only EU policy. The main 
differences between the actors' preferences are represented by the Road Administration where 
the cost is the most important criterion.  

Table 3.  The degree of importance of the different evaluation criteria for the actors. There are five 
evaluation criteria, whose importance is evaluated for seven actors. High percentage 
corresponds to high importance. 

 Evaluation criteria 

Actor Quality of 
abstracted 
water (%) 

Costs (%) 
(b) 

Loss of 
future 

resources 
(%) 

Risk off 
accident 

(%) 

EU and 
national 

legislation 
(%) 

Road administration 
 

13 33 27 20 7 

Water and cleaning 
corporation 

32 10 28 20 10 

Municipal management 
 

25 11 27 25 12 

County administrative 
board 

33 7 27 20 13 

Landowners 
 

27 7 33 20 13 

Consultant companies 
 

30 13 30 17 10 

The Geological Survey of 
Sweden 

23 13 30 13 20 

Mean weighted sum  26 13 29 19 12 

(b) Includes the costs for construction, protective measures, treating the water in case of increased 
concentration of pollutants in the groundwater well, and alternative water supply wells. 



Results and Analysis 

The number of replies received for the questionnaire followed by several discussions held with 
the consultant company Vatten och Samhälssteknik Ltd. and Kalmar Water and Waste 
company, has shown the interest and expectations from this project. Moreover, the author 
found that a discussion (telephone and/or personal interview) with the representative actors 
gave a better feedback than a questionnaire alone. From the conducted interviews (15) a better 
feedback was received in the form of a discussion in most cases. 

Seven of the nine organisations acquire part of their hydrological information from 
consultants, which also have most of the stated catchment data available. Furthermore, 
experience in data acquisition, data for the groundwater model within the context of this 
doctorate thesis study, confirms the difficulties in finding existing data, due to the lack of a 
centralised database system.  

Most of the organisations have experience of GIS and mathematical models, and consider 
them as useful with respect to earlier experience of conflict between water resources and infra-
structural establishments. The organisations that have experience DSS and expert systems do 
also state that these tools would have been useful in other projects.  

Pre-evaluation information (two- or three-dimensional visualisation of the groundwater flow, 
the cost of mitigating the source, the increased concentration of a substance in a water supply 
well and the probability of an accident with hazardous substance) are identified as important 
information in a decision-making process.  

Important criteria to consider when taking decisions about infra-structural establishments in 
conflict with groundwater resources are: the loss of future resources, the quality of abstracted 
water and risk of accidents. Costs and compliance with EU policy and national legislation are 
ranked as of lower importance. Among the actor groups the general views are the same with 
the exception of the road administration, where cost is the most important criterion to 
consider.  

Using the proposed framework, the impacts of a set of alternative scenarios for environmental 
hazardous activities can be evaluated against a family of criteria that represent the interests of 
the representative actors in the study site concerned. The actors’ preference table (Table 3) 
together with a multi-criteria impact matrix, showing the evaluation criterias and the 
alternative scenarios, can be used to identify the group of actors, which are most or least likely 
to agree upon a scenario, i.e. they can provide a ranking of the alternative scenarios according 
to the actors' preferences. 



Åse Eliasson        Fax: +39 0332 789658 
 
Joint Research Centre, T.P 250      Tel:  +39 0332 789258 
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ENKÄT 
 

Syftet med följande frågeformulär är att skapa ett bättre underlag för fortsatt utveckling av metodik 
gällande beslutsfattande inom projektet "Värderingsmodell av grundvatten i samband med 
infrastruktur". Genom att identifiera viktig information bidrar detta till att förbättra antagna scenarier 
för studieområdet, Nybroåsen. Personer och organisationer kommer att förbli anonyma. Vänligen 
återsänd enkäten till ovanstående adress. 
 
1. Generell information    

Datum: ............................................... 

Namn: ............................................... 

Adress: ............................................... 

 ............................................... 

 ............................................... 

Telefon: ............................................... 

Fax: ............................................... 

Email:  ............................................... 

 
 
2. Vad är din organisation? 
 
Offentlig   

Privat 

 
Namn:  ............................................... 
 
 
 
3. Varifrån inhämtas hydrologisk information och råd av din organisation? 
 
Internt 

Externt 

Från konsulter 



4. Vilka av följande avrinningsområdes data har din organisation tillgänglig? Om tillämpbart 
markera om det är i form av skrivna tabeller, kartor, digitalt format (PC) eller annat? 
 
 DATA 
AVRINNINGSOMRÅDES DATA Tabell karta PC Annat 
Grundvattenmagasin     
Ytvattenflöde     
Grundvattnets strömning     
Grundvattennivåer     
Ytvattnets kvalitet     
Grundvattnets kvalitet     
Grundvattnets uppehållstid     
Markäganderätter     
Markanvändning     
Höjd data     
Potentiella föroreningskällor     

 
Kommentarer: .................................................................................................................................  
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
5. Vilka av följande avrinningsområdes data tar din organisation hänsyn till vid beslut i 
samband med vattenresurser? 
 
AVRINNINGSOMRÅDES DATA Ja Nej 
Grundvattenmagasin   
Ytvattenflöde   
Grundvattnets strömning   
Grundvattennivåer   
Ytvattnets kvalitet   
Grundvattnets kvalitet   
Grundvattnets uppehållstid   
Markäganderätter   
Markanvändning   
Höjd data   
Potentiella föroreningskällor   

 
Annat, specificera gärna: ............................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 



6. Hur stor betydelse har följande avrinningsområdes parametrar för din organisation när beslut 
fattas gällande planering av vattenresurser?  Ranka parametrarna från den mest betydelsefulla 
(1) till den minst betydelsefulla (11). 
 
 VATTENRESURSER 
AVRINNINGSOMRÅDES DATA 1 

mest 
2 3 4 5 6 7 8 9 10 11 

minst 
Grundvattenmagasin            
Ytvattenflöde            
Grundvattnets strömning            
Grundvattennivåer            
Ytvattnets kvalitet            
Grundvattnets kvalitet            
Grundvattnets uppehållstid            
Markäganderätter            
Markanvändning            
Höjd data            
Potentiella föroreningskällor            

 
Kommentarer: .................................................................................................................................  
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
 7. Har du någon erfarenhet av:  Ja Nej Om ja, i vilket samanhang 

Geografiska Informations System (GIS)? ......................................................  

Matematiska modeller?  ......................................................  

Beslutstödssystem ? ......................................................  

Expertsystem? ......................................................  

 

 

8. Har din organisation haft någon  tidigare  erfarenhet av konflikt mellan etablering av 
infrastruktur och grundvattenresurser där något av följande verktyg hade varit till hjälp?  
      Ja Nej 

Geografiska Informations System (GIS)? 

Matematiska modeller? 

Beslutstödssystem ? 

Expertsystem? 
 
Kommentarer:.................................................................................................................................  
....................................................................................................................................................... 
.......................................................................................................................................................



9. Om  planerad infrastruktur visar sig ha signifikant påverkan på grundvattnet, vilken av 
följande information skulle vara av betydelse för beslutsfattning? 
 
INFORMATION FÖR BESLUTSFATTNING Ja Nej 
Sannolikheten för en olycka?   
Koncentrationsökning av  påverkat ämne i uttagsbrunnar?   
Kostnad för att behandla uttagsvatten?   
Kostnad för att förhindra påverkan?   
I fall av olycka, kostnad för rening?   
2 eller 3 dimensionell visualisering av påverkan?   
Osäkerheten i uppskattad påverkan?   
2 eller 3 dimensionell visualisering av grundvattenströmning   
Expertsystem   

 
Kommentarer: .................................................................................................................................  
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
 
10. Vilka är de mest respektive minst betydelsefulla faktorerna att tillgodose vid lokalisering av 
infrastruktur? Ranka faktorerna från det mest betydelsefulla (1) till minst betydelsefulla (8). 
 
Faktorer 1 

mest 
2 3 4 5 6 7 8 

minst 
Luft kvalitet         
Ekosystem         
Kulturella intressen         
Hälsa, buller och säkerhet         
Vattenresurser         
Policy and EU direktiv         
Jordbruk         
Kostnad (etablering, säkerhetsåtgärder)         

 
Andra, specificera gärna:............................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
11. Är det några andra kommentarer du önskar framföra? 
 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
Tack för ditt sammarbete  



 
Åse Eliasson        Fax: +39 0332 789658 
 
Joint Research Centre, T.P 250      Tel:  +39 0332 789258 
210 20 Ispra (VA), Italy       Email: ase.eliasson@jrc.it 

 
 

QESTIONNAIRE 
 

The following questions are aimed to support the development of a framework for decision making 
within my Ph.D. project  "Modelling the groundwater hydrology as a means for infrastructural 
decision support in a Scandinavian catchment" . By identifying the important information this will 
assist in improving the developed scenarios for the case study, Nybroåsen. The persons and authorities 
will remain anonymous. Please send it back to the above address. 
 
1. General information    

Date: ............................................... 

Name: ............................................... 

Address: ............................................... 

 ............................................... 

 ............................................... 

Tel: ............................................... 

Fax: ............................................... 

Email:  ............................................... 

 
 
4. What is your organisation? 
 
Public   

Private 

 
Name:  ............................................... 
 
 
 
5. How is hydrological information and advice obtained by your organisation? 
 
Internal 

External 

By consultants 



4. Which of the following catchment data does your organisation have available? If applicable 
indicate if it is in written tables, thematic maps, digital format or others? 

 
 DATA 
CATCHMENT DATA Tables Maps PC Others 
Water storage     
Surface water discharge     
Groundwater flow pattern     
Groundwater level     
Surface water quality     
Groundwater quality     
Residence time of the groundwater     
Land ownership     
Land use     
Elevation data     
Potential contamination sources     

 
Comments:......................................................................................................................................  
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
 
5. Which of the following catchment data does your organisation take under consideration 

while making decisions regarding water resources? 
 
CATCHMENT PARAMETERS Yes No 
Water storage   
Surface water discharge   
Groundwater flow pattern   
Groundwater level   
Surface water quality   
Groundwater quality   
Residence time of the groundwater   
Land ownership   
Land use   
Elevation data   
Potential contamination sources   

 
Others, please specify: ................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 



6. How important are the following catchment parameters when your organisation is taking 
management and planning decisions regarding water resources. Rank the parameters from the 
most important (1) to the least  (11). 
 
 WATER RESOURCES 
CATCHMENT PARAMETERS 1 

most 
2 3 4 5 6 7 8 9 10 11 

least 
Water storage            
Surface water discharge            
Groundwater flow pattern            
Groundwater level            
Surface water quality            
Groundwater quality            
Residence time of the groundwater            
Land ownership            
Land use            
Elevation data            
Potential contamination sources            

 
Comments:......................................................................................................................................  
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
 7. Do you have any experience of:   Yes No  If yes, which areas  

Geographical Information Systems (GIS)? ......................................................  

Mathematical models?  ......................................................  

Decision Support Systems (DSS)? ......................................................  

Expert Systems? ......................................................  

 

 

8. Has your organisation had any experience of conflict between water resources and 
infrastructural establishments in the past where it would have been useful to use the following 
tools:      Yes No 

Geographical Information Systems (GIS) 

Mathematical models 

Decision Support Systems (DSS) 

Expert systems 
 
Comments:......................................................................................................................................  
....................................................................................................................................................... 
.......................................................................................................................................................



9. If a project study shows that the planned infrastucture has significant impacts on the 
groundwater. Would the following information be of importance for the decision making? 
 
DECISION MAKING INFORMATION Yes  No 
The probability of an accident   
The increased concentration of a substance in the abstraction well   
The cost for treating the abstracted water   
The cost for mitigating the source   
In case of an accident what the remediation costs would be    
2 or 3 dimensional visualisation of  impacts   
The uncertainty in  the predictions   
2 or 3 dimensional visualisation of the groundwater flow    
Expert system   

 
Comments:......................................................................................................................................  
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
 
10. Which are the least and most important factors to consider when choosing between different 
alternatives for localisation of infrastructure? Rank the parameters from the most important (1) 
to the least (8). 
 
Factors 1 

most 
2 3 4 5 6 7 8 

least 
Air quality         
Ecosystem         
Cultural interests         
Health, noise and security         
Water resources         
Policy and EU directives         
Agriculture         
Costs (establishments, protective 
measures) 

        

 
Others, please specify: ................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
 
 
11. Are there any other comments you wish to make? 
 
....................................................................................................................................................... 
....................................................................................................................................................... 
....................................................................................................................................................... 
 
Thanks for your co-operation 



ANNEX B 

 





ANNEX C 

HBV description and theory 

The HBV model can be described as a semi-distributed box model. Spatial properties are 
represented by dividing the area under consideration into subbasins, which will have the same 
hydrological representation. Each subbasin is divided into elevation zones and classified 
according to its land-use (lake, glaciated, forested or non-forested area). Figure 1 shows the 
structure of the model, which consists of three sub-routines for snow, soil and runoff response. 
Input data for the model are precipitation, air temperature, estimates of potential 
evapotranspiration, observed discharge and water stage. The evapotranspiration values are 
normally monthly averages, whereas the temperature and precipitation are daily. There are a 
number of input parameters that are adjusted for calibration. For a more detailed description 
see the manual1. For Swedish conditions, the range of these parameters are well investigated 
which makes the calibration procedure easier. 

Snow routine 

The snow routine calculates if the precipitation falls as rain, snow or a mixture, and depends 
on the elevation and temperature within the subbasin. Moreover, it describes the changes in 
the snow cover and describes the snowmelt, including the refreezing of melt water in the 
snow, depending on elevation, temperature and land use. Model parameters exist with respect 
to correction of the precipitation (rain and snow), altitude correction of temperature, the lapse 
rate for precipitation (possible to distinguish between high and low altitudes), water holding 
capacity of the snow, the snow melting etc. However, the snow-routine as been subjected to 
changes for the Norwegian, Finnish and Swiss version of the model2. 

Soil moisture routine 

The soil moisture routine calculates the soil moisture storage for the subbasin and the 
transform excess water from the soil moisture zone to runoff. It is controlled by the three 
model parameters (middle sector of Figure 1): maximum soil moisture storage (FC), the 
increase in soil moisture storage (BETA) and a soil moisture value above which 
evapotranspiration reaches its potential value (LP). The actual evapotranspiration is given by a 
linear realationship between the adjusted potential evapotranspiration and the parameter LP. 
The Potential evapotranspiration is calculated as follows and allows for temperature 
anomalies, i.e. accounts for spring and summer temperatures, much colder or warmer than 
normal: 

MM PETTETFPE ))(1( −+=  (Equation 1) 

where:  PE = Potential evapotranspiration 
 ETF = Empirical temperature factor 
 T = Actual temperature 
 TM = Monthly long term average temperature 
 PEM = Monthly long term average potential evapotranspiration 
1IHMS (1998) Integrated Hydrological Modelling System, Manual version 4.3, SMHI, Norrköping. 
2Bergström, S. (1992) The HBV model – its structure and applications, SMHI RH, No. 4, Norrköping, 
Sweden.  



Runoff response-routine 

The runoff response-routine transform excess water from the soil moisture zone to runoff. The 
routine consists of two reservoirs for groundwater, one upper and lower response boxes. It is 
important  no t to get confused with the two response boxes in Figure 1. They are model 
processes and do not represent any real system. Earlier versions had one response box, but 
incorporation of a second response box showed better results. For a realistic application of the 
model, the two response boxes can be assumed to represent the unsaturated and saturated 
zone. Groundwater recharge is represented by the parameter UZin in the HBV model. UZ 
stands for storage in the upper response box and UZin is the amount that enters this box, i.e. 
the groundwater recharge. The total production of the water recharge in the upper and lower 
box for the groundwater zone is the computed runoff in the model, upon which the calibration 
is based. 

 

Figure 1 Schematic structure of the HBV-96 model, with routines for snow (top), soil (middle and 
response (bottom) from the IHMS manual. 



ANNEX D 

Description of FEFLOW  

FEFLOW Finite Element subsurface FLOW system1 is a finite element simulation package for 
three-dimensional and two dimensional areal and cross-sectional (horizontal, vertical, or 
axisymetrical) fluid density coupled also thermohaline, or uncoupled, variable saturated, 
transient flow, mass and heat transport in subsurface water resources for confined or 
unconfined aquifers.  

The package is interactive, fully graphics-oriented, and menu-driven, and contains graphical 
editors and mesh generators for geometric design of the study area and the material 
distributions.  

Pre-, main- and post-processing are integrated, which makes the handling of spatial and time 
variant data efficient. It includes methods for data interpolation by Kriging, Akima 
interpolation/extrapolation, and Inverse distance weighting. Overlay analysis is possible for 
the material distributions. There is a GIS (ArcView) data interface and a programming 
interface. 

FEFLOW relies on general computational techniques to solve the different options of flow, 
mass and heat transport. The main physical features and options of FEFLOW are: 

• Groundwater flow dynamics, which can be fluid density-dependent.  
• Variable saturated flow and transport using Van Genuchten, Brooks-Corey, Haverkamp, or  

Exponential parametric models for unsaturated aquifers. 
• Convective and dispersive mass transport, in which the contaminants may be subjected to, 

adsorption (linear Henry sorption isotherm or nonlinear, Freundlich or Langmuire 
isotherm), hydrodynamic dispersion (Scheidegger-Bear-dispersion model), and chemical 
reactions (first order Decay rate, Michaelis Menten mechanism, or Decay chains), and the 
transport process can be considered as isothermal or non- isothermal. 

• Convective, conductive, and thermodispersive heat transport. Thermal processes can be 
coupled to mass transport (referred to thermohaline processes). 

• Fully transient, semi- transient, and steady-state flow and transport processes. 
• Heterogeneous and homogeneous aquifers. 
• Anisotropy of aquifer. 
• Confined and unconfined aquifers, multiple free surfaces in three dimensions (perched 

water table). 
• Temporary and spatially variable material parameters. 
• Free or mixed convection problems, recirculating flow patterns, and buoyancy effects. 
• Cellular convection processes (saltwater intrusion, gravity driven sinking of contaminants, 

thermally driven convection, double-diffusive convection, etc.). 
• Extended Boussinesq approximation applied to density-coupled processes involving fluid 

viscosity effects by contaminant concentrations and temperature. 
• Variable density expansion capable of tackling the 4ºC anomaly (also under variable 

saturation). 
 
1 Diersch, H.-J.G. (1998)  FEFLOW users manual, WASY Institute for Water Resources 
Planning and System Research Ltd., Waltersdorfen Str. 105, D-12526 Berlin.  



• Boundary fluxes and transfer conditions (i.e. leaching). 
• Total (convective plus dispersive) flux boundary conditions . 
• Spatially variable initial hydraulic head, concentrations, and temperature conditions. 
• Fluid, species concentration, and heat budgets. 
• Multi- layered wells in 3D (well bore conditions). 
 

The finite elements in three dimensions are either pentahedral or he xahedral prismatic meshes 
(6-, 8-, and 20-noded finite elements of first and second order accuracy and in two dimensions 
they are either triangular orquadrilateral meshes (3-, 4-, and 8-noded finite elements) of first 
and second order accuracy. For the triangular meshing, an advance generation option exists, 
where an increased number nodes can be assigned in a smoothed way for assigned points, 
lines, and polygons. Moreover, nodes can be added afterwards, which is very useful for 
avoiding numerical oscillations for mass transport due to coarse meshes. 

The boundary conditions head (Dirichlet, 1st kind), flux (Neumann, 2nd kind), and transfer 
(Cauchy, 3rd kind) can be specified for flow, mass, and heat. A 4th of boundary condition 
exists for single (pumping or injecting) wells. The boundary conditions can be arbitrary placed 
on nodal points and can be constant or time variant. For each type of boundary condition, 
constraints (i.e. minimum and maximum bounds) can be defined for which the boundary 
condition is valid. For example, a drainage boundary can be included as Cauchy and is only 
valid as long as the head is above the defined level equal to the location of the drainage. 

Interpolation of time-variant point values along a line is possible and very useful for the 
boundary conditions e.g.  streams where the water stage varies with time along the 
watercourse.  

The governing partiential differential equations that describe all the processes are solved 
accordingly to several options for the time step control, error, and convergence criteria, such 
as: 

• Automatic time step control based on a) predictor-corrector methods, explicit Adams-
Bashforth predictor and Trapezoidal-rule corrector, of second order accuracy and a 
Forward Euler/Backward Euler first order accurate scheme and b) specific target based 
time marching strategies. 

• Upwinding options (streamline upwinding, shock capturing, and full upwinding) for 
stabilising the numerical results if the Galerkin approach gives oscillations. 

FEFLOW do includes software PEST2 for automatic parameter optimisation for steady state. 
For more information see Chapter 6.2 and (http://www.scisoftware.com/products/pest 
_overview/pest _overview.html).  

For further information about FEFLOW options and theory, see http://www.wasy.de, where 
the manuals and a demo version can be downloaded. 



ANNEX E 

Qualitative evaluation of observed and simulated groundwater levels  
Observe that the scales for the graphical comparisons differ, but in order to make a good 
comparison the gridline space is 1m for the groundwater levels. 
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U21, Area of interest, esker
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U103, Area of interest, esker
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U212, Outside area of interest, esker
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ANNEX F 

NAIADE description and theory 

NAIADE (Novel Approach to Imprecise Assessment and Decision Environments), is a  multi-
criteria Decision aid method based on outranking. The method is developed by Joint Research 
Centre, Institute for Systems, Informatics and Safety1. For the manual and tutorial see 
NAIADE 2. 

NAIADE can give two kinds of information that are of importance for the decision maker, 
first, a multi-criteria analysis, which gives a ranking of the different alternatives and secondly, 
an equity analysis, which analyses conflicts between interest groups and the possible 
formation of coalitions between them. 

Impact matrix  

For the developed criteria and alternatives the user has to assign a value associated to the 
criteria for each alternative. This criteria value can be either a crisp (pure) number, stochastic 
function (probability density function with associated parameters), fuzzy number (membership 
function) or linguistic expressions (Good, Moderate, Very Bad). The linguistic values are 
treated as fuzzy sets. 

Semantic distances 

The assigned crieria values for the different alternatives are compared by the numerical 
calculation of distances. This distance can be seen as the difference betwwen two numbers. In 
case of a stochastic or fuzzy evaluation, the term semantic distance is used. The semantic 
distance measures the distance between two functions, by taking into accout the position and 
shape of the functions. 

The definition of a distance is: 

Given two fuzzy sets µA(x) and µB(y), let us define two functions: 

f(x)=k1µA(x) and g(y)=k2µB(y) 

where f(x) and g(y) are two functions obtained by scaling the ordinates of µA(x) and µB(y), 
through k1 and k2 such as: 

∫∫
+∞

∞−

+∞

∞−

== 1)()( dyygdxxf  

The semantic distance Sd(f(x),g(y) ) between the two fuzzy sets is defined as follows: 

If f(x):X=[xL,xu] and g(y):Y=[xL’,xu’] 

(where sets X and Y can be non-bounded), then 

Sd(f(x),g(y))= ∫ ∫ −
X Y

dxdyygxfyxabs )()()(  

1 Munda G. (1995) Multi-Criteria Evaluation in a Fuzzy Environment, Theory and Applications in 
Ecological Economics, Physica-Verlag, Heidelberg, Germany. 
2 NAIADE (1996) Users manual, European commission, Joint Research Centre, TP 650, 210 20 Ispra, 
Italy. 



The same concept is applied for stochastic measures, where f(x) and g(y) are the probability 
density functions. 

 

Preference relations and Pairwaise comparison of alternatives 

In order to compare the assigned criteria values for the different alternatives, a numerical 
evaluation, based on the semantic distance, described above takes place. This comparison is 
based on preference relations, expressed by the user, for each single criterion. 

These preference relations, are defined by six functions (much better, better, approximately 
equal, equal, much worse and worse) from which pairwise comparison is carried out. From 
this an index of credibility is calculated that goes from 0 (definitely non credible) to 1 
(definitely credible). 

In order to calculate the index of credibility (needed for the ranking of the alternative 
alternatives) the user has to assign a numerical value of the distance where the credibility 
index equals 0.5 (crossover point) For each pair of alternatives and for each criterion, based on 
the 6 preference relations defined for that criterion, NAIADE calculates all credibility indexes. 

Criteria aggregation 

Through an aggregation algorithm of the credibility indexes (µ (a,b)) a preference intensity 
index is calculated. The index is created with the help of the α parameter, which expresses the 
minimum requirements on the credibility values. Only those criteria whose indexes are above 
the α threshold will be counted positively in the aggregation. 

The intensity index µ* (where * stands for >>, >, ~, =, < and <<) of alternatives a versus b is 
defined as follows: 
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The intensity index µ*(a,b) has the following characteristics 

0<= µ*(a,b)<=1 

µ*(a,b)=0 if none of the µθ(a,b)m is more than α 

µ*(a,b)=1 if µθ (a,b)m>= α ∀ m and µθ (a,b)m>α for at least one criterion.  

Entropy is introduced as an index from 0 to 1, which gives an indication of the variance of the 
credibility indexes that are above the threshold and around the crossover value 0.5 (maximum 
uncertainty). Entropy of 0 indicates that all criteria give an exact indication, whereas a value 
of 1 gives an indication biased by maximum uncertainty. The preference intensity indexes 
µ*(a,b) and correspondent entropy H*(a,b) is used to evaluate the degree of truth (τ) of the 
following statements: 



“According to most of the criteria”: 

a is better than b (ωωbetter(a,b)) 
a and b are indifferent (ωωindifferent(a,b)) 
a is worse than b (ωωworse(a,b)) 
 

These staements are calculated as follows:  
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This operator (^) represents a mathematical operator, where the minimum operator is the most 
widely used. The minimum operator gives no compensation. Another operator is the 
Zimmermann-Zysno operator that allows for varying degrees of compensation γ (from 0 
minimum compensation to 1 maximum compensation) to homogenise among criteria in the 
aggregation phase. It is suggested to use the ”minimum” compensation wile dealing with 
different families of criteria (environmental, social, economical, etc.). On the contrary dealing 
with criteria belonging to only one family e.g. economical criteria, a higher degree of 
compensation should be used.  

Ranking of alternatives  

NAIADE allows a ranking of alternatives based on preference intensity indexes and 
corresponding entropies in a similar fashion as for the degree of truth. The final ranking comes 
from the intersection of two separate rankings. The one based on the better and much better 
preference relations and the ones on worse and much worse preference relations: 
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Two alternatives are incomparable if one action is considered better than another action in one 
ranking and worse in the other ranking.  



Equity analysis 

Equity analysis is based on the equity matrix, which gives an linguistic indication of the 
judgments of the different interst groups with respect to the each alternative, and it is used to 
calculate the similarity matrixes among the interests groups. The similarity matrix gives an 
index si,j, for each pair of interest groups i, j, of the similarity of judgement over the proposed 
alternatives. The index si,j is calculated as si,j=1/(1+dij) where dij is the Minkovskij distance 
between group i and group j, which is calculated as follows: 
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where Sk(i,j) is the semantic distance between group i and group j in the judgement of 
alternative k. N is the number of alternatives and p>0 is the parameter of the Minkovskij 
distance. The parameter for the Minkovskij distance has two as default-value. 

A dendrogram of coalition formation is built through a sequence of mathematical reductions. 
The dendrogram shows possible coalition formations for decreasing values of the similarity 
value and the degree of conflict between interest groups. It is thus possible to see which of the 
alternatives is easy to implement and vice versa. 

 


