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1 Abstract  
Climate related problems such as droughts, heat waves, increased levels of precipitation and 
storms threaten the functionality of several infrastructural systems. This thesis focus on 
infrastructure that provides for water and sanitation services because it has been identified as 
being particular at risk when the climate is changing. The identification and mapping of the 
vulnerability of a system can improve the prerequisites to choose more appropriate measures 
to facilitate the situation at hand. In this study a set of GIS based methodologies using 
indicators (simple and composite) of vulnerability are proposed and assessed.  “Physical” 
vulnerability is used as a measure combining the intrinsic characteristics of a system and the 
climate related hazard resulting in a measure for physical vulnerability. GIS software is used 
to manage the spatial data sets and to combine the indicators into indexes of physical 
vulnerability. The assessed systems and related climate hazards are: - Water and sewage pipe 
network and an increased risk of pipe breakage due to increased frequencies of landslides and 
– An increased risk for ground and surface water supplies related to pollution from the point 
sources sewage infiltration and polluted ground”. The resulting GIS applications are tested on 
pilot areas located in the Stockholm region and GIS based sensitivity analyses are performed. 
The availability and accessibility of relevant digital spatial data is also assessed and discussed.    

Keywords: GIS, geographic information system, climate change, climate variability, 
vulnerability, physical vulnerability, water infrastructure, sewage infrastructure, water supply, 
landslide, indicator 

2 Introduction   
2.1 Overview 
 
The issues of climate change and climate variability and the complex causes and effects have 
received much attention in the previous years and have been a widely debated topic both at 
the political arena and in the media. Observations show that an increase in the mean 
temperature is evident on the global scale and the science behind the connections between an 
increasing temperature and the high levels of emissions of greenhouse gases such as carbon 
dioxide and methane is scientifically well founded. Global political consensus about the 
urgency of the problem can perhaps be considered to have been reached, but consensus about 
how to take action to combat it is a different matter. Potential impacts resulting from a 
changing climate are believed to be numerous and different in character and magnitude, 
ranging from droughts to an increased sea level (IPCC 2007). 
 
In 2007 the Swedish Department of Environmental Affairs published the report Sweden 
before the climate changes – threats and possibilities (SOU 2007). It describes how Sweden 
is thought to be affected by climate change impacts in a number of different ways and by 
varying magnitude. Examples of possible impacts are: floods, droughts, heat waves, increased 
levels of precipitation and storms. These types of climate related problems are, among other 
things, threatening the functionality of several infrastructural systems important for a 
functioning society both in a short and a long time perspective (Schneider et al. 2007). The 
infrastructure that will be in the focus of this thesis is the one that provides for water and 
sanitation services. This infrastructure is of vital importance to a society because it provides 
for the supporting functions of water treatment and distribution, sewage services and storm 
water collection and drainage (Cech 2005). This type of infrastructure has been identified as 
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being particular at risk when the climate is changing (Freeman & Warner 2001; Rosenzweig 
2007; SOU 2007). Reduction in the functionality and reliability of these systems can lead to 
reduced human wellbeing, pollution causing deteriorated ecosystem services, economic loss 
and in some cases even socio-political instability (Kropp et al. 2006). This suggests that the 
changing climate conditions that are predicted for Sweden will put increased pressure on the 
organizations and the individuals working with the management and the planning issues 
related to the water and sewage infrastructure. An approach focusing on preparedness and 
prevention instead of responding to problems has been identified as a new option to reduce 
economic costs and improve the quality of life in the urban environment (Freeman & Warner 
2001; Rosenzweig 2007; RTK 2008). This suggests that there is a need for appropriate tools 
that are able to facilitate this. One approach to problems of this type is through the assessment 
of vulnerability. The identification and mapping of the vulnerability of a system can improve 
the prerequisites to choose more appropriate measures to facilitate the situation at hand 
(Schneider et al. 2007). This perspective will constitute one of the core considerations when 
addressing the issue of water and sanitation infrastructure and climate change in the context of 
sustainable development in this thesis.  

Vulnerability and vulnerability assessment are versatile concepts that are being used in a 
number of contexts other than climate science, for instance health science, social science, 
disaster management and economics (Kropp et al. 2006). This basically means that its 
meaning can change depending on in what context it is being applied (Brooks 2003). It also 
means that it is a concept that often is a matter of debate. There are however some more or 
less suitable general characteristics of something that is vulnerable. The Swedish National 
Encyclopedia (2009) describes vulnerability in terms of fragility and sensitivity, in a way 
describing a specific state where the entity of focus has a reduced capacity to withstand some 
type of pressure or disturbance. The vulnerability is thus reflecting on the actual potential for 
something to suffer harm. It is at this point important to stress that in this study a specific 
delimiting definition of vulnerability is used. This definition has been labeled “physical 
vulnerability” and it is related to technical aspects of the identified systems. A more 
comprehensive discussion about how the concept of vulnerability, including physical 
vulnerability, the analysis of it and its related terms that are used within the scope of this 
thesis can be found in the Background section. 

The usage of Geographic Information Systems (GIS) has in the last decade grown in a number 
of application areas such as for instance government, business and academia (Eklundh 2003). 
This is also the case in the area of water and sanitation management where GIS is mainly used 
for monitoring, planning and analysis purposes (Shamsi 2002). A very general definition of 
GIS is that it is the hardware and software used for storage, retrieval, mapping and analysis of 
geographically referenced data and information (Eklundh 2003). GIS technology has been 
used for a wide number of different types of vulnerability assessments and analyses. Faris 
(2005) used GIS to construct a vulnerability index for human services and disaster 
preparedness with focus on social aspect. Forte (2006) performed loss estimation and flood 
vulnerability analysis with the focus on geological and morpho-structural characteristics of 
the area of study. A popular area of application related to the issue of water security is 
vulnerability analysis of aquifers. Thirumalaivasan (2001), among many others, used the 
DRASTIC model to identify likely areas of contamination. This multi criteria method uses 
seven data layers (Depth to water, net Recharge, Aquifer media, Soil media, Topography, 
Impact of vadose zone, and hydraulic Conductivity) to represent the characteristics of the 
areas around the aquifer of study in a raster GIS environment. This methodology was 
developed by the US Environment Protection Agency and it produces a vulnerability index 
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(Aller et al. 1987). These are just some examples of scientific studies dealing with 
vulnerability analysis and GIS available and they are included in order to show some parts of 
the wide range of application. In this assessment methodology GIS operations and GIS data 
will be used to represent, model and visualize selected parts of the water and sanitation 
infrastructure and the related factors and parameters that contribute to the physical 
vulnerability. Two systems, each with specific climate related hazards was been identified 
(Wittgren et al. 2009) and will be assessed. These are:  

• System 1: Water and sewage pipe network  
Hazard: Risk for breakage of pipe segments because of increased risk for landslides 

• System 2: Water supplies (surface and ground) 
Hazard A: Risk of pollution from leaching sewage infiltration systems (infiltration) 
because of increased frequency of heavy rain (primarily groundwater)  

Hazard B: Influence from point sources of polluted ground (surface and ground water)  

2.2 Research objective 

The main objective of this study was to develop and evaluate a GIS methodology that uses 
spatial information to synoptically identify, quantify and visualize the climate related physical 
vulnerability of selected aspects of the water system and sanitation infrastructure in a regional 
setting. The aim was to merge a multi criteria evaluation method for with the data handling 
and analytical capabilities provided by the GIS software ArcView 9. This was done in order 
to obtain a physical vulnerability assessment methodology able to combine information from 
different sources and formats to form indicators of physical vulnerability. The results are 
displayed as a 5-level scale index (very low, low, moderate, high and very high) and 
visualized as digital maps for each of the identified system/hazard combinations. The 
proposed usage of the methodology is in an initial screening process when the identification 
of the climate related vulnerability is of importance along with the possibility of performing 
comparative evaluation between the different areas within a region. An important 
consideration was that the methodology should be able to present the physical vulnerability in 
a logical and easy understandable way that can facilitate relevant organizations in the 
assessment of the water infrastructure and thus promote preparedness and mitigation. To 
achieve this transparency of the methodology is of great importance together with a focused 
discussion about the usability of the methodology in a specific regional planning and 
management setting. 

In order to succeed with the objective a number of essential steps were identified.  

1. Define the risks and the variables associated with the physical vulnerability of each 
system/hazard combination. 

2. Define information needs in terms of GIS compatible data sets and assess the 
accessibility in terms of availability, format, ownership and security issues. 

3. Describe an indicator based methodology that can provide a synoptical view of the 
physical vulnerability related to each system/hazard combination.  

 
a. Data normalization 
b. Indicator weighting =          Indicator modeling 
c. Data aggregation 
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4. Perform sensitivity analysis in order to gain insights about the robustness of the 
methodology. 

3 Background 
3.1 The water system infrastructure 

Water infrastructure systems include water extraction and treatment, water distribution, 
sewage collection and treatment and the storm water collection. The designated functions of 
the water system are to extract, treat and distribute water in ways that meet relevant standards 
and norms. The functions of the sewage system are to drain urban areas and prevent flooding 
of buildings and surfaces and to treat this water (Svensson 2006 & Cech 2005). Water and 
sewage systems consist of a network of pipes of different types and functionality. The water 
system also includes the water supplies from where the fresh water is extracted. Much of the 
research focus and basic practical considerations has historically been concentrating on the 
environmental performance and the water quality aspects of water and sewage systems 
(Svensson 2006). The demand for clean water and long term and serious problems related to 
sewage discharge has contributed to the large amount of research conducted on treatment 
technology and practices. Even though the vital importance of a reliable functionality in cases 
of changed climate conditions such as extreme rain, high water flows, floods and rising of the 
sea-level has been acknowledged, a holistic perspective where the overall reliability of the 
water and sewage system functionality is in focus has not received much attention in relation 
to its importance. This is an important consideration for the system owners, the customers and 
also in terms of environmental impacts (Svensson 2006).  

The Stockholm region consists of the 25 municipalities, it has about two million inhabitants 
and this number is constantly growing (SCB 2009). The availability of water in the region is 
at present good thanks to the two most important water supplies Lake Mälaren and Lake 
Bornsjön. Together with the local availability of groundwater these lakes can provide water 
for the growing population (Lindström et al. 2009). The most serious threats to the quality of 
the water resources have been identified as the flows originating from local sewage discharge, 
from agricultural sources and from stormwater (RTK 2008). The large scale water and sewage 
infrastructure in the region is managed by three companies; the Käppala association, 
Stockholm Water AB and SYVAB (Sydvästra Stockholmsregionens VA-verksaktiebolag). 
There are also a large number of smaller water supplies such as private wells and private and 
small scale sewage infiltration systems. The data related to these systems is collected and 
stored at different levels of administration (local, regional and sphere of activities) and by a 
large number of different organization (Lantmäteriet, SGU, Länstyrelsen) and 
administrations. For a detailed regional GIS-data inventory see Wittgren et al. (2009). A good 
description about the GIS data situation for private sewage infiltration is provided by 
Johansson (2008). Here the desires and requests of people working with this type of data are 
discussed and suggestions of strategies for improvements are described. Private sewage 
infiltration and GIS is also discussed by Ahlander & Bäckman (2009). A diverse data 
ownership situation like this suggests that a high degree of heterogeneity can be expected in 
the data sets required for the assessment methodology. This means that problems with 
different data formats, coordinate systems and collection and measurement methodologies 
have to be considered during the progress of this study. It also means that security and privacy 
issues related to data access are to be expected. 
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3.2 The concept of vulnerability  
 
A general description of a vulnerability assessment or analysis can be as an investigating 
process with the aim of illuminating the relative weakness or the level of ability of an entity to 
handle a specific situation or withstand a pressure (Mossberg-Sonnek etal 2007). The entity 
that is the focus of these types of analyses is often discussed in terms of a system (Adger 
1999). In order to investigate the vulnerability of a system and to get informative answers it is 
necessary to raise the questions: “Why is the system vulnerable?”, “What is it vulnerable to?”, 
“How vulnerable is it?” and “Where is the vulnerability located?” (Turner et al 2003). The 
answers provided can be useful for strengthening the resilience of a system and thus reducing 
the vulnerability (Semadeni-Davis et al 2007; Mossberg-Sonnek et al. 2007; Vogel et al. 
2007; Adger 1999). 
 
For a climate science related topic a suitable contribution to the discussion of vulnerability 
seems to be a definition provided by the UN organ the International Panel of Climate Change 
(IPCC). In the fourth assessment report prepared by Work group 2; risk and vulnerability are 
two central concepts (Schneider et al. 2007). These terms are described as follows: 
“Vulnerability to climate change is the degree to which these systems are susceptible to and 
unable to cope with, adverse impacts”. “The concept of risk, which combines the magnitude 
of the impact with the probability of its occurrence, captures uncertainty in the underlying 
processes of climate change, exposure, impacts and adaptation”. Vulnerability to climate 
change can also be defined as a measure for the combination of the factors: exposure, the 
possible impact and the following consequences, the prerequisite for adaptation, the 
likelihood of something to happen and the importance of system (Schneider et al 2007). When 
analyzing vulnerability three conceptual approaches are possible to use, the socio-economic, 
the bio-physical and the integrated approach (Deressa et al. 2008). The socio economic 
approach is primarily focused on social, economic, institutional and political aspects of 
vulnerability to climate change (Adger 1999). The biophysical approach is focused on the 
actual impacts and the effects on biological or physical systems or system components (Füssel 
and Klein 2006). The third approach integrates the socio-economic and the biophysical 
approaches. A good description of the integrated approach and its holistic perspective is 
provided by Kelly & Adger (2000). Adaptive capacity is usually described as the ability of a 
human system to adapt to changing conditions and the level of it is decided by for instance 
institutional, technical, economic and knowledge based factors (Vogel et al. 2007). These 
concepts are central in the integrated approach but will not at this point be included in this 
research. For the scope of this research the IPCC WG 2 definition was found to be useful 
because of its focus on the system characteristics as determinants of vulnerability.  
 

 
 
Figure 1. Conceptualisation of vulnerability to climate change in the IPCC Third Assessment 
Report. (Schneider et al. 2007). 
 
Two fundamental terms that need some further explanation are hazard and impact. A hazard 
can be described as a source of potential harm where “harm” is defined as the actual physical 
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injury or impact caused by the hazard (Mossberg-Sonnek et al. 2007). In a climate change 
context impact has been described as “the physical manifestation of climate change or 
variability” and this is the definition used in this study (Brooks 2003). Climate related hazards 
can be both gradual and extreme. The former definition relates to for instance increased mean 
temperature or increased levels of mean precipitation and the latter describes sudden 
phenomenon such as flash floods or droughts (Deressa et al. 2008). Both these types of 
hazards will affect Sweden and both are important for the vulnerability of water infrastructure 
systems. The severity of a hazard is determined by the magnitude of problem of what the 
related impacts causes (Schneider et al. 2007). How to measure the effects of the impacts will 
depend on the characteristics of the system that has been affected and the objective of the 
analysis. Examples of often used measurements are economic cost and amount of people 
affected. In the analysis methodology which is the aim of this thesis each vulnerability index 
is related to a specific hazard. 

3.3 Physical Vulnerability 
 
The adopted approach to the concept of vulnerability focuses on the susceptibility of water 
systems and their components ability to cope with the impacts caused by specified climate 
hazards. It has connections to both the IPCC definition and the bio-physical approach. The 
term physical vulnerability to climate change can be described as a measure of the intrinsic 
susceptibility of the water and sanitation infrastructure systems. It can also be described as the 
inherent ease with which these systems can be affected in a way that is damaging to their 
functionality. The level of susceptibility of the systems is influenced by the designated 
functionality, the inherent characteristics, the present conditions of the systems and their 
components in combination with the relevant environmental factors. Examples of this are the 
age and dimension of the pipes and the existence of protective devises. Physical vulnerability 
also incorporates the system-specific climate hazards and their related risks and impacts. The 
characteristics of these hazards influence the level of vulnerability of the systems and define 
what they are threatened by. In this study physical vulnerability is considered to be a spatial 
phenomenon that is possible to compute or model. This means that geographical aspects such 
as location, spatial extent and spatial relationships are considered to be related to the physical 
vulnerability because both the systems and the climate hazards have spatial characteristics 
that affect the level of susceptibility and the possible severity of the impacts. 

3.4 The Case Study Area 

The proposed methodology for the pipe systems and for the private wells was developed with 
data collected from a smaller area of the Stockholm region. The purpose of this was, at this 
development stage, to reduce the limitations in terms of data collection, data access and data 
processing. This area is located in the central part of the region in between Stockholm and 
Huddinge municipalities and it is an about 27 square kilometers large rectangle. The area was 
identified in the earliest stages of the project during discussions with a local water 
infrastructure expert. This area was selected because of its variety in land use types such as 
old and new industrial areas and the differences in the age, the density and the usage of the 
residential areas. It is also an area that is going through a development process where the land 
use is changed in different ways. All of these characteristics were considered because the goal 
was to find an area that included as many of the different water infrastructure system types 
and system components as possible together with the different environmental characteristics 
relevant for the analysis. The focus on these aspects became less important as the work 
progressed because some of the data had to be manipulated in order to be compatible with the 
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methodology and some needed to be digitized and geo-referenced manually. Since the area is 
located in two different municipalities the choice also reflects the probable difficulties this 
situation will bring in terms of data collection and data compatibility. The idea was that this 
would increase the method applicability in terms of providing a realistic representation when 
working with the case study. The size of the area was decided to be relatively small because 
of the information collection problems often encountered for this type of studies. The 
methodology for the water protection areas and the contaminated sites was developed using 
data with regional coverage and thus the considerations related to the area selection was not 
included in the process. 

4 Materials and Methods 
4.1 Indicators of Physical Vulnerability 
 
The proposed methodology combines simple indicators of vulnerability as means to identify, 
describe and measure complex situations, conditions and interactions related to the 
vulnerability of a specific system. This approach has been chosen because properly selected 
and constructed indicators can limit the need for information to characterize complex 
situations and thus provide for more easily comprehendible analysis (Kropp et al. 2007; 
Nardo et al. 2005). An indicator can be described as a type of measure that illustrates 
something of interest. In this study the different indicators are considered as means to provide 
measures of the susceptibility and as tools to assess the physical vulnerability of the systems. 
Kropp et al (2007) describe a semi-quantitative methodology developed for the assessment 
and comparison of regional vulnerability to climate change. This method uses three types of 
indicators (simple, composite and systemic) in order to measure the relative susceptibility to 
climate change impacts of different types of systems and system components. These 
indicators are used to systematize and condense large amounts of different types of data and 
information, both quantitative and qualitative. This approach to vulnerability analysis 
provides means to evaluate the state of the system in terms of vulnerability to climate change 
by relating hazard characteristics to the system susceptibility and thus provides valuable input 
to this study.  
 
For this study the search for indicators was focused on measurable factors that directly 
indicate or can be related to the relative susceptibility of the systems to a specific climate 
related hazard. The chosen indicators should describe the interaction between the system and 
the stressors, in this case the identified hazards, and thus produce understanding of the system 
dynamics (Villa & Mcleod 2002). Both internal and external influencing factors were taken 
into consideration in order to cover the whole range of the adopted vulnerability concept. In 
order to achieve a proper selection a thorough understanding of the system/s of study and the 
factors determining vulnerability are needed (Kropp et al. 2007). In this study the indicator 
identification and selection process was based on Wittgren (2009). The starting-point for this 
process was the report Sweden before the climate changes – threats and possibilities (SOU 
2007:60). Simple and composite indicators were used because of their abilities to represent 
the different nature of the systems, their relations to the influencing factors of interest and to 
illustrate the potential synergic or antagonistic effects the hazards can cause.  

4.2 Simple indicators 
 
A simple indicator is, in this study, considered to be a measurable factor quality or quantity 
for which synergic or antagonistic properties are not taken into consideration but that are still 
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able to reveal something of interest (Kropp et al. 2006). The ones identified and chosen are 
qualitative or quantitative characteristics that reflect upon the relative susceptibility of a 
system to a specific climate change impact. Physical vulnerability is also, in some cases, 
considered to be a spatial phenomenon. This means that a simple indicator can be a system 
attribute, a spatial location or a topological relationship.  

4.3 Composite indicators 
 
In order to facilitate decision processes simple indicators can be combined and integrated in a 
modelling procedure resulting in system vulnerability indexes that provide a measure for the 
combined contribution from a number of factors to the total vulnerability (Faris et al. 2005). 
To be able to achieve this, physical vulnerability has to be considered to be computable 
meaning that it is possible to estimate it from mathematical operations. The resulting features 
of this procedure in which the contribution of the simple indicators to the physical 
vulnerability is in focus are called composite indicators (CI). The term index will in this study 
be used to describe the resulting values provided by the combination of simple and/or 
composite indicators. One of the main advantages with using CI:s is that they have been 
recognized as being able to measure multi dimensional and complex concepts like 
vulnerability (OECD 2008). The CIs are also considered to be quick and relatively 
inexpensive mechanisms able to characterize the states of systems in terms of vulnerability 
and they can also be used to define thresholds for management applications (Kaly 2002). 
Another positive characteristic is that these are usually easier to interpret than a large number 
of simple indicators (OECD 2008). An important consideration when working with CIs is that 
they should be constructed in a way that communicates a direct and clear understanding of the 
state of the system meaning that transparency of the whole process, from selection and 
construction to application, is of vital importance (Kaly 2002; OECD 2008.) The construction 
of the composite indicators was done with a modelling procedure in which simple indicators 
were aggregated to provide information about the physical vulnerability of the systems. The 
hazards, the underlying simple indicators and the composite indicators are described below. 

4.4 System definitions 

4.4.1 System 1: Water and sewage pipe networks 
 
In order to be able to perform properly the pipes of the networks have to have a certain 
dimension. For water and waste water pipes this is determined by the amount of water they 
are meant to be able to transport. The materials of the pipes differ, much depending on what 
time-period they were installed (Cech 2005). For pipe systems landslides have been identified 
as the main climate induced threat in terms of increased breakage risk. It is assumed that 
increased levels of precipitation and extreme rain following the changing climate will increase 
the probability for landslides to occur, especially in areas that at present have an increased 
risk (Westen & Castellanos 2008). The susceptibility of the network-systems has been 
modelled as a function of the factors (simple indicators): the type of material, the pipe 
dimension and the age of the network segments. The age of the pipe segments is related to the 
year of installation. 

Hazard: Landslides causing pipe breakage 

Indicators: The landslide risk layer is used as a simple indicator that provides a value of 0 or 
1 meaning that either a pipe segment is in the risk zone otherwise it is not. The risk for 
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breakage layer (C1) is a composite indicator constructed from the simple indicators pipe 
material (S1), pipe dimension (S2) and the age of the pipe segment (S3). 

The combination of the simple indicator Landslide and the CI risk for breakage provide an 
index value indicating the physical vulnerability of the (water) and sewage network. The 
evaluation unit for this analysis is the vector-lines representing the pipe segments. 

Breakage risk (C1) = Material*w + Dimension*w + Age*w  w = weight 

System 1 Pipe Vulnerability Index = C1 x Landslide risk   

 

Figure 2. Conceptual model of pipe network vulnerability index 

4.4.2 System 2: Water Supplies  

Water supplies are very valuable because they provide fresh water from surface and ground 
sources. This is especially true in the Stockholm region (Törneke & Tilly 2007). Increased 
levels of precipitation and higher frequency of extreme rain events increase the risks of 
contamination from a number of different point sources. Two important sources are private 
sewage infiltration systems and areas classified as polluted ground (MIFO) (Naturvårdsverket 
1999 & Törneke & Tilly 2007). Two types of water supplies have been identified. The first is 
private wells that are usually used for smaller scale water extraction. The second is water 
protection areas. These are areas designated to protect active and reserve water supplies with 
different extraction potential. They are also used to protect water supplies that are considered 
valuable for future usage. The risk posed by the pollution sources is in this study considered 
to be a combination of the factors; the distance between the pollution source and the water 
supply, the hydrological conductivity of the soil types in the area and the placement of the 
features in relation to the elevation of the terrain  

Hazard A:  Leakage from private sewage infiltration systems 

Indicators: Sewage infiltration systems, especially those with infiltration, use either surface 
or groundwater as a recipient (Lindström et al. 2009). A reduced cleaning process related to 
increased frequencies of heavy precipitation and flashfloods can lead to the contamination of 
water supplies, so private wells are considered to be threatened by this hazard. To be at risk 
the well has to be located within a certain distance (250m) from the pollution sources. The 
distance 250m was decided based on discussions with municipality personnel with water 
expertise. The other constraining factor is that the well has to be located on a lower altitude 

Index 
Physical 

vulnerability 

Risk for breakage 
(C1) 

Material * weight  Dimension * weight  Age * weight  

Landslide risk 
Security distance 

(50m) 
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than the pollution source meaning that it is possible for the contaminated water to flow 
towards the supply. These two simple indicators don’t have a grading; either the water flow is 
possible otherwise it is not.  

Sewage risk (CI 1) = Load factor*w + Age*w + Soil type*w 

The sewage risk composite indicator (C1) was constructed from the simple indicators; load 
factor (number of connected/dimensioned households), the age of the infiltration system and 
the hydrological conductivity of the soil type of the location.  

Well risk CI 2 = Extraction capacity*w + Soil type*w  

CI2 is a composite indicator constructed from the simple indicators: extraction capacity (l/h) 
and soil type (hydrological conductivity)  

The combination of the two composite indicators CI1 and CI2 and the simple indicators 
distance and elevation will provide a Well vulnerability index value describing the physical 
vulnerability and the evaluation unit is the vector points representing the water supplies and 
the wells. 

System 2 Hazard A: Well Vulnerability Index = C1*w(x) + C2*w * Distance * Elevation  

More than one infiltration system (x) can pose a threat to or influence a well and this means 
that values from C1 are summed if more than one sewage infiltration system is within the 
specified distance and on a higher altitude. 

 

Figure 3.Conceptual model of well vulnerability index 

Hazard B: Contaminated sites (MIFO) 

MIFO is a methodology for a national inventory of contaminated sites (Naturvårdsverket 
1999). The purpose is to provide a basis for assessment regarding the risks posed by the 
contamination associated with a specific location. The methodology uses a 4 graded scale in 
which 1 is the value associated with the most risk. The basis for the assessment is made up 
from information about the toxicity of the pollution, the level of pollution, the preconditions 
for dispersion and the sensitivity and worth of protection of the nearby area. This 
contamination can leak and thus reach both surface and ground water sources. The features at 
risk and the focus of this analysis are the areas classified as water protection areas in the 
region.  The secondary protection zone was chosen as the unit of evaluation and the distance 
between these and the contaminated sites provides a simple indicator. 
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Indicators: The risk classification indicator is based on the classification of sites according to 
MIFO (Methodology for inventory of polluted areas). This indicator will provide a value 
indicating the level of toxicity and the risk for leaching and thus is a type of composite 
indicator. The evaluation unit is in vector-point format and shows the location of the 
contaminated sites. The water protection areas layer includes information about the water 
extraction capacity (m3/day) and this variable is used as a simple indicator. 

System 2 Hazard B: Physical vulnerability Index = MIFO risk classification*w + 
Extraction capacity*w * Distance 

 

Figure 4. Conceptual model of water protection area index 

4.5 Data pre-processing and the construction of composite indicators 
 
In order to model and represent (construct the composite indicators) the interaction between 
the simple and composite indicators (GIS layers), a number of different methods are possible 
to use. This section describes these methods and the general data pre-processing steps. 

4.5.1 Normalization of data 
 
In order to be able to perform the arithmetical operations producing the index values 
(quantifying vulnerability with the modelling procedure) the simple indicator values must 
have the same scale and unit of measurement (OECD 2008 & Chrisman 1997). This is solved 
with a normalization process. The normalization method chosen in this study is of relatively 
simple nature. The values of each simple indicator were converted from interval (quantitative) 
and nominal (qualitative) scale into an ordinal scale. An ordinal class-scale was created and 
the simple indicator data was assigned a value between 1 and 5 based on their individual 
susceptibility to the specified climate change hazard. Five classes (1-5) were used, 5 was 
chosen to be the one contributing most to the physical vulnerability. The features with no data 
value were given the value 5 because of the uncertainty this brings. The number of classes 
was chosen because of the influence on the interpretability, too many classes can cause 
problems and blur the understanding (Eklundh 2003). The classification of the qualitative 
attribute-factors was facilitated by expert advice. Focused discussions with urban water 
system experts (personnel from Tranås municipality and personnel from the consultant 
company CIT Urban water management AB) were conducted to place the qualitative indicator 
attributes into suitable classes. For the quantitative indicators the “Natural Breaks” 
classification division was used to determine the class intervals and boundaries. This method 
identifies breakpoints in the data by searching for groups and patterns. The values are grouped 
according to an algorithm called Jenks optimization which controls that the supposed variance 
within a class is smaller than the variance between the classes (Eklundh 2003). The class 
ranges produced by this method is specific to the individual dataset and this have to be 

Index 
Water protection 

area 

MIFO risk 
classification Extration capacity 

Distance 
Security buffer 

(500m) 

11 
 



recognized when applying the methodology on a different data set and especially when using 
the methodology on the regional scale.  

4.5.2 Aggregation to form composite indicators 
 
Aggregation of data or information can mean that different types and formats are integrated in 
order to arrive at some specific information of interest were the combination can bring 
something that otherwise wouldn’t be visible. In the context of decision support applications 
and vulnerability quantification Szlafsztein & Stern (2007) suggest that it is often useful to 
choose a relatively simple method. This can promote both method transparency and 
visualization of the results. A method that has been widely used for this is Linear Aggregation 
(OECD 2008). This technique performs a summation of the normalized and weighted simple 
indicators. In this case the sum of the system-specific linear equations shows how physically 
vulnerable a feature or a location is. The choice of the method comes back to the aim of 
providing a synoptic perspective of the regional situation. When using this aggregation 
method it is however important to remember that the values added are not on an interval scale 
and the values don’t provide a quantitative relationship between the factors. The additions of 
the factor values 2+2+2=6 doesn’t necessarily mean the same as 1+2+3=6 (Eklundh 2003). 
When using these methods of normalization and aggregation the absolute value of the 
information is lost (OECD 2008). This is however not completely true because it will be 
possible to perform further and more detailed analysis of the vulnerable features or certain 
hotspots that have been identified by the developed methodology. The method chosen can be 
described as being of parametric type because it assumes that the modelled attribute (Physical 
Vulnerability) can be expressed as a numerical or logical equation (Burrough 1998).  

4.6 The weighting procedure  
 
The linear aggregation methodology does not take into account the interaction and the 
relationship that can exist between the factors (indicators). To solve this problem weights can 
to be placed on each of them (Eklundh 2003; Aller et al. 1987). These weights represent the 
individual influence of the simple indicators on the values provided by the composite 
indicators. Weights are also used to represent the individual influence from the composite 
indicators on the overall physical vulnerability (index value). Weights can be calculated and 
decided by a number of different ways. One of the most basic methods is to relate the 
influence of each individual factor on the overall set of factors and set the weights 
accordingly. This can be done with expert advice but even with that aid it will be a difficult 
and time consuming process when the number of factors is large (Eastman 2006). One of the 
most well renowned methods for this is a weighting procedure included in the Analytical 
Hierarchy Process (AHP) called “pair-wise comparison” (Saaty 1980). The AHP can provide 
means to arrive at the weights of the criteria by decomposing a decision making problem into 
a hierarchy structure (Thirumalaivasan 2001). In cases where the causal relationship between 
the simple indicators isn’t clear the composite indicators often rely on an equal weighting in 
which factors are given the same value (OECD 2008). This approach will be used in the first 
stage of this methodology development. For each composite indicator the value 1 is dived 
between the simple indicators. For example, 4 simple indicators with equal contribution to the 
physical vulnerability would each get the weight of 0.25. This discussion about the usage of 
the AHP weighting methodology should be seen as a suggestion that needs further 
investigation before implementation.  
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4.7 Sensitivity analysis 
 
Subjectivity and uncertainty is something that usually is inherent in the development of 
models and thus in the development of indicators (Nombre et al. 2007). The development of 
the composite indicators used in this study involves assumptions, judgments and choices that 
are more or less subjective, for instance the selection of the simple indicators, the 
normalization process and the choices of the aggregation and the weighting methods. A 
sensitivity analysis has been described as the modellers’ equivalent to orthopaedists x-rays 
and the parameters involving subjectivity or uncertainty are the bones of the model or the 
composite indicator (OECD 2008). For a model to be useful the assumptions and choices 
made need to be sound and this means that the confidence of the model needs to be evaluated. 
It is also important to identify the sources of the uncertainties, to measure them and to 
understand the level of error propagation and its effects. This can improve robustness and 
promote the transparency which in turn can improve the practical usability (Zhang and 
Goodchild 2002; Kang 2002). A practical application of a sensitivity analysis is to study the 
relationship between the information flowing in and out of a model, in this case a composite 
indicator, with the aim of identifying how the output variation is apportioned between the 
sources. The design of this type of analysis is depending on the application in question and the 
analyst needs to identify and select the relevant sources of uncertainty that needs to be 
evaluated (OECD 2008). In this study two sources of uncertainty was chosen: the influence of 
the simple indicators weights on the composite indicator values and the influence of the buffer 
distance on to the results. The weight sensitivity was analysed by varying the weight value of 
the simple indicators in four steps; +25%, +50%, -25% and -50%. The distribution of the unit 
classification was then compared with a base run where the simple indicators had equal 
weights. This shows the relative importance of the simple indicators on the composite 
indicator values. The other parameter analysed was the distance buffer. Each distance of the 
three system/hazard combination was varied in four steps; +25%, +50%, -25% and -50%. The 
resulting values showed how many segment units (pipes) and points (sewage infiltration and 
contaminated sites) that were considered in the analyses. These results were then compared 
with the results from the base runs. Sensitivity analyses were not performed on the composite 
indicators in system 2 hazard A because these values were randomly assigned.  

5 Results 
5.1 Data availability, data format and data pre-processing 

5.1.1 System 1 water and sewage pipe network 

Data 

The data of these pipe systems are available for most of the region in the format of digital 
vector layer maps. This data generally includes information about the pipe dimensions, the 
material and the age along with a lot of other related information. For more information about 
the data and the regional availability see Wittgren et al. (2009).  Data of the pipe systems were 
requested from the one of the three system managers in the Stockholm region. The pilot area 
is in the sphere of activities of Stockholm Water AB. The data of the sewage network and the 
related GIS layers were delivered from the Givas geo-data base in ArcGIS shape-file format 
and Sweref 99 coordinate system. Two layers were identified as being of interest for this 
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assessment; the “Avloppsledningslayer” and the “Avloppsservislayer”. The water network 
system could at this point not be delivered or accessed because of security issues.  

The landslide risk layer was provided by Tyréns AB, a Swedish consultant company, 
(Skredriskområden inom Stockholms län) and it is a synoptical regional inventory of areas at 
risk to landslides. Areas where clay or mud occurs in connection to lakes, bays, the Baltic Sea 
and larger water courses are represented as vector lines in. Areas classified as bog or marshes 
are also included in the layer. The data format is ArcGIS shape and the coordinate system is 
RT90 2,5 g V. The data owner is Regionplane- och trafiknämnden, Stockholm läns landsting. 

Normalization tables 

Table 1. Material of pipe segments  
    Reclassified value 
Polyeten (PEH, PEM, PEL), Polyeten (Perk/ 
drän), Polyeten (ej Perk/drän), Polypropen, 
polyvinylclorid (PVC), PVC Terra 

1 

Glasfiberarmerat hob, Glasfiberarmerat plast, 
Hobasrör, FSP Armerad plast 

2 

Asbest rör, Betong, Germax, Kanmax, Alfa 3 
Segjärn, Gråjärn/gjutjärn, Stålrör 4 
Odefinierat 5 
 
Table 2. Material of servis pipes  
    Reclassified value 
Polyeten (PEH, PEM, PEL), Polyeten (Perk/ 
drän), Polyeten (ej Perk/drän) 

1 

Polypropen, Polyvinylclorid (PVC) 2 
Asbest rör, Betong, FSP, Germax, Kanmax 3 
Segjärn, Gråjärn/gjutjärn, Stålrör 4 
Odefinierat 5 
 
Table 3. Pipe dimension (mm) 
   Reclassified value 
901-2000 1 
534-900 2 
351-533 3 
50-350 4 
Null, 0 5 
 
Table 4. Age of pipe segments 
   Reclassified value 
1999-2009 1 
1984-1998 2 
1970-1983 3 
1952-1969 4 
Undefined 5 
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GIS operations 
 
This section describes the software (ArcGIS) specific steps that have been taken in order to 
arrive at the system specific indexes. The different spatial operations and analyses that have 
been performed to construct the simple and the composite indicators are described. 
For the landslide layer the first operation performed was to create buffers around the lines 
representing the landslide risk-areas. These buffers represent a security distance and pipe 
segments within these buffers are at risk and thus needs special attention. The buffer distance 
was set to 50 meters. The option “dissolve all” was selected in order to remove unnecessary 
buffer overlaps. For the sewage network two layers were relevant (Avloppservis layer and 
Avlopplednings layer). The operation “select by attributes” and the logical operators (AND & 
OR) were used together with the “Field Calculator” in order to assign the normalized values 
to attribute tables of the layers. In order to arrive at a value showing the susceptibility of the 
pipe network to the landslide hazard the three simple indicators were combined arithmetically 
using the “Field Calculator”. Each indicator was multiplied with a weight and the products 
were added resulting in the susceptibility of each of the layers. The entities of interest in this 
analysis are the pipe segments that are within the landslide security buffer. A method suitable 
to perform this task is the overlay operation “Intersect” in the ArcGIS Analysis Toolbox. This 
operation is often used to combine geo-coded layers geometrically with the purpose of 
locating overlaps of entities in space (Burrough & McDonnel 1998). The pipe segments 
within the buffers are constructed into a new layer and colour coded ranging from green (low 
susceptibility) to red (high susceptibility). All of the original attributes of the pipe segments 
are preserved in each layer and this provides for possibilities of information assessment, 
extraction and visualization. This means that the method provides an overall perspective that 
can be used to identify vulnerable sections that then can be more thoroughly analyzed.  

5.1.2 System 2 Water Supplies: Hazard A 

Data 

A point layer named water supplies was provided by the GIS department of the county 
administrative board and it shows surface and ground water supplies that are used for larger 
public withdrawal. Reserve water supplies are also included in this layer. This layer contains 
information about the location and the type of water supply (ground or surface) but to be able 
to perform the analysis intended in this study information about the withdrawal capacity was 
needed. The layer representing water protection areas, downloaded from the GIS department 
of the county administrative board, includes this information and was used. This layer also 
includes information about the status (active or reserve) and the type (ground or surface) of 
the water supplies. The construction of layer of private wells layer was guided by design of 
the GIS-layers in the Swedish Well Archive owned by SGU (Swedish Geological Survey) in 
order to make it as realistic as possible. The constructed layer contains information about the 
location, the municipality, the property registration number, date of construction, depth of the 
well, depth to underlying rock, capacity in terms of water quantity (liter/hour – simple 
indicator) and type of usage. It is important to note that this layer does not describe the actual 
situation of the pilot area. The vector points representing the wells have been randomly placed 
within the area and the selection of the number of wells was based only on the basis of 
proving a good visual representation. 

Information about the sewage infiltration system was not available in digital format. A list 
with property numbers and addresses was provided for one municipality. In order to be able to 
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perform the analysis information about the load factor was needed. This information should 
be available at the environmental and health office at the municipality level in the form of 
supervision reports. There is however a known lack of this type of inventory information, 
especially about older infiltration systems. Another possibility is to use information from 
silt/sludge drainage entrepreneurs. For this analysis a vector point layer was created including 
the attributes; load factor (number of households =5pers=1000l/day), age of the construction 
and the property registration and address. The infiltration facilities was randomly placed 
within the study area and randomly assigned different values for the load factor. 

Because of economical limitations elevation data from the Office of Land Surveying 
(Lantmäteriet) could not be used. Instead the Global Digital Elevation Model (GDEM) 
ASTER was used. This 30 meter spatial resolution raster data set is provided free of charge by 
NASA and Japan’s Ministry of Economy, Trade and industry (METI). The data was delivered 
in WGS84 coordinate system.   

The soil type layer was constructed from the detailed soil type map (detaljerad jordartskartan) 
from the geological survey of Sweden (SGU). It provides a measure of the hydrological 
conductivity of the soil types mapped in the area. Hydrological conductivity is an important 
property when discussing groundwater pollution and this physical property describes the 
permeability of the soils, in this study this measure is based on the grain size of the soil types 
(Shepherd 1989). A vector layer was digitized from a soil map of the pilot area downloaded at 
the SGU website. There are actual GIS layers suitable for this purpose available but the cost 
of these proved to be a major constraint. The hydrological conductivity of the classes’ rock 
and water will be a subject for discussion. 

Normalization tables 

Sewage infiltration systems 

Table 5. Load factor of sewage infiltration systems  
 
Connected persons indicator (Data not available) Reclassified value 
 1 
 2 
 3 
 4 
 5 
 
Table 6. Age of sewage infiltration systems 
 
Year of installation indicator (Data not available) Reclassified value 
 1 
 2 
 3 
 4 
 5 
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Wells       
 
Table 7. Water extraction capacity of wells  
                                                                           
Capacity indicator (l/h)   Reclassified value 
100 1 
101-300 2 
301-800 3 
801-3000 4 
3000-6000 5 
 
Table 8. Hydrologic conductivity of surrounding soil layers  

Soil type indicator (Hydrologic conductivity)  Reclassified value 

Rock, water   1 
Glacial clay, mud, mud clay, marsh peat, peat 
bog, postglacial clay  

2 

Cluster sediment clay-silt, Svallad moränyta, 
Postglacial silt, Postglacial finsand,  

3 

Ice river sediment, Ice river sediment sand, 
Postglacial sand,  

4 

Svallgrus, Ice river sediment gravel 5 

GIS operations 

The elevation of the water supplies, the wells and the pollution source was integrated into the 
attribute tables of the layers using the “Surface spot tool” available in the “Functional 
surfaces” toolbox. 

Buffers were created around the wells and a “spatial join” between this layer and the pollution 
source layer was performed. This operation identified the wells that are at risk considering the 
distance to pollution sources. It also transfers the indicator data from the relevant pollution 
sources to the wells layer. This makes it possible to perform a logic operation that excludes 
the relationships were the wells are on a higher elevation than the pollution sources. A new 
layer is created that shows the relations between the wells and the pollution source that meet 
the defined criteria. The next step is to perform a calculation were the composite indicators 
are combined, this provides the Index value. The final step is to aggregate the index layer in 
order to sum the value of the wells that can be influence by more than one pollution source. 
This means that the equation behind the index value of a well that can be influenced by two 
pollution sources looks like this: 

System 2 Hazard A (Equation 3): Physical Vulnerability Index = C1w + C2aw + C2bw * 
Distance * Altitude 
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5.1.3 System 2 hazard B: Contaminated sites (MIFO) 

 Data 

A digital vector point layer of the contaminated sites with regional coverage was provided by 
the county administrative board. The format was shape file and the coordinate system RT90 
2,5 g V. A digital vector polygon layer of the water protection areas with region coverage was 
provided by the county administrative board. The format was shape file and the coordinate 
system RT90 2,5 g V. 

System 2 Hazard B: Physical vulnerability Index = Water extraction capacity*w + MIFO 
risk classification*w * distance 

Normalization tables 

Table 9. Water extraction capacity of water protection areas 

Water extraction capacity indicator (m3/day) 

1-6 1 
7-90 2 
91-1400 3 
1401-275000 4 
0 and 275001-525000 5 
 
Table 10. Classification of contaminated areas  

MIFO Risk classification indicator 

0 5 
1 5 
2 4 
3 3 
4 2 

GIS operations 

A 500m buffer was created around the water protection areas and a “spatial join” between the 
buffer layer and the layer of contaminated sites were performed. These operations results in a 
layer showing the water supplies that have one or more contaminated areas within the buffer 
zone. The (MIFO) values of the contaminated sites are then aggregated and combined with 
the (Extraction capacity) value of the water protection area. This means that a water 
protection area will have an index based on the number of contaminated sites and the 
normalized risk classification values of these. A separate layer of the relevant contaminated 
sites is also provided by this analysis. 
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5.2 Index maps 

5.2.1 System 1(Pipe Network Vulnerability Index) 

These two maps (fig. 5 & 6) show a hotspot of vulnerability located in the western part of the 
study area. Sewage pipe segments are within two different landslide risk areas. 

                                 
Fig 5. Waste water pipe index maps       Figure 6. Close up of fig.5 

5.2.2 System 2: hazard A (Well Vulnerability Index) 

The data used consists of drinking water wells (blue triangles), sewage infiltration systems 
(brown circles) and the security buffers around the wells (light blue). The pipe system is 
included to provide a visual enhancement of the study area. 

                   
Fig 7. Data sets used for the well vulnerability index.   Fig 8. Map of Well Vulnerability Index 
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The map (fig 8.) shows the wells in the study area that are vulnerable to contiguous sewage 
infiltration systems. Because of the lack of authentic data these results are not a realistic 
representation and should be considered as an example. The attribute table associated with the 
results includes information of the addresses of the properties to which the wells and the 
sewage infiltration systems are connected. This can be useful for the dissemination of the 
results.           

5.2.3 System 2: hazard B 

The data sets used (fig 9) show that there are a lot of contaminated sites within the region that 
potentially, in terms of pollution, can affect the water protection areas, which also are 
numerous. 

                      
Fig 9. Data sets used                     Fig 10. Water protection vulnerability 
 
The index map (fig. 10) show that Bornsjön is the water protection area most vulnerable, it 
can be considered to be a hotspot of vulnerability which needs further investigation. The map 
and the associated attribute table provide the basis for a thorough assessment of the 
contaminated sites that are within the buffer distance. 

5.3 Results of sensitivity analysis 

5.3.1 System 1  

Pipe susceptibility 

These diagrams show the frequency of pipe segments of a certain class (1-5) and how this 
distribution change when the weights of the three simple indicators is varied. The results are 
expounded in section 6 (Discussion). 
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Material  

 
Figure 11. Results from 5 simulations with different weights applied on the simple indicator 
material  
 
Dimension  

 

Figure 12. Results from 5 simulations with different weights applied on the simple indicator 
pipe dimension  
 
Age 

 
Figure 13. Results from 5 simulations with different weights applied on the simple indicator 
age  
 
The pipe dimension indicator was identified as the parameter that changes the output values 
the most. The largest variation happens when the weight is reduced (fig 12). The most 
variation happens within the classes 1 and 2. The age indicator seems to be most stable 
because the weight variation influences the output the least (fig 13). The material indicator 
has intermediate influence because some class distribution change happens when the weight is 
reduced (fig 14). 
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Buffer distance 

This table shows the frequency of pipe segments that are within the security distance when the 
buffer distance is varied. The results are expounded in section 6 (Discussion). 

Table 11. Number of pipe segments within the buffer when changing the buffer distance. 
 
Base run (50m) 37 
25% (62,5m) 52 
50% (75m) 59 
-25% (37,5m) 27 
-50% (25m) 17 
 
The buffer distance influences the output in terms of how many segments of the pipe systems 
that is vulnerable. It is obvious that larger buffers will mean more vulnerable segments. The 
difference between how big the change in the segment frequency is in relation to the base run 
when the buffer is increased and when it is decreased shows that it is a bigger change when 
increased (table 11).  

5.3.2 System 2 hazard A 
 
Results from sensitivity analysis for system 2 hazard A are visualized as a table (12). The 
table shows how many infiltration systems that is within the buffer distance of the wells. 
 
Table 12. Number of infiltration systems within the buffer when changing the buffer distance. 
 
Base run (250m) 29 
25% (312,5m) 42 
50% (375m) 58 
-25% (187,5m) 13 
-50% (125m) 5 
 
This analysis shows the influence of the buffer distance on the results relative to the base run 
(fig 14) in terms of how many sewage infiltration systems that is included in the specific 
analysis. The change and thus the results are similar to the analysis of the buffer distance in 
system 1. The amount of sewage systems increases the buffer distance is increased and the 
amount decreases when the buffer distance is reduced. The amount of change is equivalent for 
the buffer distance increase and when it is reduced. It seems to be a linear relationship and the 
model is sensitive because the variations are large. 
 
The following maps show the spatial distribution of the buffers, the infiltration systems and 
the changes that occur when varying the buffer distance. 
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Figure 14. Base run      Figure 15. 25% increased buffer distance 
 

 
Figure 16. 50% increased buffer distance   Figure 17. 25% reduced buffer distance 
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Figure 18. 50% reduced buffer distance 

5.3.3 System 2 hazard B 
 
Here the buffer distance around the water protection area is evaluated in relation to the base 
run. The difference in the number of contaminated sites that is within the buffer increases 
considerably less when increasing the buffer in relation to how the number is decreasing when 
reducing the distance (table 13). Reduction of the buffer distance brings considerably bigger 
difference in the number of contaminated sites that are within the security distance. 
 
Table 13. Number of contaminated sites within the buffer when the buffer distance is varied 
 
Base run (500m) 38 
25% (625m) 39 
50% (750m) 42 
-25% (375m) 31 
-50% (250m) 27 
 
The following maps (fig 19-23) show how the results, including the number of wells affected 
and their spatial distribution, change when the buffer distance is varied.  
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Figure 19. Base run      Figure 20. 25% increased buffer distance 
 

 
Figure 21. 50% increased buffer distance   Figure 22. 25% reduced buffer distance 
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Figure 23. 50% reduced buffer distance 
 

6 Discussion and perspectives 
6.1 Physical vulnerability 

Decision making in an environmental context is often characterized by a high degree of 
uncertainty (van Moeffaert 2003). This is perhaps especially true when discussing climate 
change, the wide variety of impacts and the associated vulnerability. Even for a delimited 
system like water and sanitation infrastructure it is difficult to provide a uniform definition 
that takes the important aspects of vulnerability into consideration. As clearly stated during 
this thesis a delimited definition (physical vulnerability) has been used. The reason for this 
was to draw attention to the fact that the approach used for this study differs from the more 
traditional discussion about vulnerability where social and institutional aspect often have a 
central role (Füssel & Klein 2006). This raises the question whether physical vulnerability is a 
useful concept? Does it add anything to the general discussion about climate change 
vulnerability or can it be misleading? These are important questions that can be evaluated 
after having worked with the concept for some time.  

In the beginning of this thesis physical vulnerability was defined as a combination of the 
susceptibility of the system in question and the probability and magnitude of impacts related 
to a specific hazard. Generally speaking this definition has proven to be valuable because it 
provides clear demarcations of what the aim of this methodology is. Turner (2003) argues that 
the human (socio-economic) and the biophysical vulnerability should be treated as a linked 
phenomenon, and an assessment methodology thus should take both into consideration. In this 
study the main focus has been on the physical or technical aspects of vulnerability although 
some factors that can be linked to social vulnerability have been included, for instance the 
extraction capacity of water supplies. It can also be argued that this methodology can be seen 
as exploratory steps that in the future can be useful for wider applications. The results 
provided can be combined with other types of data, such as census data, and with the results 
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from assessments focused on social and institutional aspects of vulnerability. This might be 
especially interesting for the water and sewage pipe systems because some pipes are more 
important than others in terms of how many people or what type of society function they 
serve.  

Vulnerability is a complex concept and there is no clear definition, especially when both 
socio-economic and bio-physical aspects are considered (Füssel and Klein 2006). The process 
of working with this thesis has indicated that there is a value in addressing vulnerability in 
more specific way, in this case the physical and technical aspects of several specific 
system/hazard combinations. This approach together with the system/hazard definitions has 
provided the basis for a focused discussion. The vulnerability of water and sanitation 
infrastructure is very varied and there are big differences when one is defining the 
vulnerability for these 3 system/hazard combinations. The conclusion is that both approaches 
are needed. It is often rewarding to discuss the general vulnerability of a society or in this case 
a specific system, but it is also important to get more specific in order to be able to provide 
focused or specific improvements. When discussing the methodology and the usage of the 
results it is of vital importance that it is clear what it is showing, that it doesn’t take all aspects 
of climate vulnerability of water and sanitation infrastructure into consideration. A general 
definition might be misleading so each index should be explained to him/her. This is probably 
dependent on the user and his/her level of knowledge regarding these subjects. It is also of 
vital importance that the methodology is transparent in terms of data processing and GIS 
operations. This can facilitate future work in terms of development and improvement both 
regarding how the system/hazards have been treated in the GIS/modelling environment, how 
the indicators have been selected and what assumptions have been made. It is also possible to 
add system/hazard combinations and thus extending the methodology. 

Adaptive capacity is also important in the discussion of vulnerability (Füssel and Klein 2006). 
This aspect hasn’t been discussed much during this thesis and one reason for this is that the 
adaptive capacity can be expected to be similar within the region. This might not however be 
completely true because of the large number of municipalities and their diverse preconditions 
in terms of economic resources, knowledge resources and institutional capacity. For the pipe 
systems the situation is not the same because there are only three companies owning and 
managing them, but there might be big difference between these as well. An example of this 
is the differences in GIS and spatial data capacity. When performing regional assessments 
these are important considerations that can bring additional value to an overall assessment. 
Though the frequency and the magnitude of the climate change impacts are expected to be the 
same for the entire region, this might not be the case. There might be big variation in the 
preconditions for some areas in terms of the influencing variables. The landslides risk might 
for instance be much higher in some areas because these will experience more rain than other 
areas within the region, other areas might have soil types more susceptible to precipitation. If 
this type of information is or becomes available it is possible to combine it with the index 
values provided by this methodology. 

6.2 Indicators and GIS 
 
Simple and composite indicators have been used to represent and measure specific states and 
complex situations and relationships related to the systems and their physical vulnerability 
(Kropp et al. 2006; Nardo 2005). Many different types of qualitative and quantitative data 
were processed through fairly coarse normalization and aggregation methods. This means that 
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some degree of information inevitably has been lost (OECD 2008). The question is if too 
much information was lost during the data processing steps. The answer to this question 
depends much on for what purpose the results will be used and how thoroughly the 
methodology and its results are described. The GIS specific operations used for modelling the 
distance indicators (buffer and overlay) are also coarse. The assumptions made about the soil 
type indicators and their related hydrologic conductivity and the elevation indicator can also 
be considered to be coarse. The level of detail provided by the three system/hazard indexes 
can, in relation to other types of vulnerability analyses, be considered to be low. It is however 
considered to be high enough to fulfil the purpose of providing synoptical overviews of the 
regional situation. There are more sophisticated GIS related data pre-processing methods 
available to use for indicator development such as for instance fuzzy sets for normalization 
and standardization (Wood & Dragicevic 2007; Eastman 2006) and artificial-intelligence and 
neural networks for data aggregation (Kropp et al. 2006; Christodoulou 2009). When applied 
correctly these methods can provide a more detailed and realistic representation. There are 
however tradeoffs that have to be considered, a high level of complexity can introduce a non 
transparency and thus limit usability. It is also a matter of being able to practically perform 
the studies on the regional scale because data intensity is an important consideration. Another 
perspective is that the models (composite indicators) might take too many parameters into 
consideration. It is no use to include superfluous data or use a higher degree of detail than 
necessary. An example of this that was discussed during the methodology development is the 
buffer distance. The starting point was that the distance should be a graded indicator meaning 
that a closer distance would contribute to a higher index value. The including/excluding 
buffer operation was considered to be sufficient for the regional view. The method developed 
for the system 2 hazard A (sewage infiltration and wells) is an exception because the 
municipal level has been identified as a more suitable scale of application. Indexes and the 
use of these are often challenged by many ambiguities such as the selections of the simple 
indicators, their relationships with vulnerability, the modeling process, the weighting 
procedure and the optimal scale of usage (Deressa et al. 2008; Luers et al. 2003; Barnett et al. 
2008). These are issues that should be continuously discussed by the users. Vulnerability is 
about values at risk and according to Barnett (2008) this implies that there should be more 
input from a broad array of people with specific and relevant competence when indexes are 
being developed, tested and assessed. 

6.3 Usability and visualisation of results  
 
There are a number of things that have to be taken into consideration when discussing the 
usage of decision support applications and the level of complexity and detail related to it. Van 
Moeffert (2003) identifies two types of problems related to implementation of complex 
analysis processes. The users can react with hesitation and distrust towards the results. It can 
also go the other way around leading to an excessive faith in the results. The only way to get 
around these problems is to inform about the methods and processes that generate the results 
before implementing the method. As have been clearly stated, transparency is of great 
importance and it can facilitate important aspect of decision support application because it 
provides the basis for a systematic approach for an assessment of the methodology 
(Christodoulou 2009). GIS has been identified as a toolbox able to facilitate dialogue and 
cooperation within the climate adaptation context between the research community and other 
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users such as municipalities, regions and businesses (GISprocess 2008). Maps are useful for 
multiple parameter result presentations such as the indexes because they can facilitate 
interpretation of spatial distribution (Bryan 2003) Another aspect of usability of GIS 
technology is what software platform is used. It is often a good idea to use commercial “off-
the-shelf” software running on windows (Moxley & White 1998). This improves the 
probability of the method to become widely used by different organizations. ESRI shape files 
and the software Arc View are used because of the wide popularity. This file format provides 
opportunities for data exploration, visualisation and further analysis. Another file format that 
might be useful for result distribution is the Google Earth® KML/KMZ. Using this open 
access software provides the opportunity of combining the shape files with high resolution 
aerial photography. This makes it easier to relate the index datasets with the actual 
environment and their characteristics. It also improves information accessibility because it 
does not require expensive software. An interesting area of application for this is to inform 
house owners about the physical vulnerability of their wells. 

6.4 Sensitivity analysis and method robustness 
 
Input data of a model is usually subject to many sources of uncertainty that might have 
important influence on the output. The aim of this sensitivity analysis was to identify the 
parameters with the highest capacity to influence the results of the three models (Chen 2009). 
Different parameters were varied and the output was evaluated. 
 
System 1 
The dimension indicator (fig 12.) was identified as the parameter that changes the output 
values the most. The largest variation happens when the weight is reduced. The most variation 
happens within the classes 1 and 2. The age indicator (fig 13.) seems to be most stable 
because the weight variation influences the output the least. The material indicator (fig 11.) 
has intermediate influence because some class distribution change happens when the weight is 
reduced. 
 
The buffer distance (table 11.) influences the output in terms of how many segments of the 
pipe systems that is vulnerable. It is obvious that larger buffers will mean more vulnerable 
segments. The difference between how big the change in the segment frequency is in relation 
to the base run when the buffer is increased and when it is decreased shows that it is a bigger 
change when increased. This parameter should be further evaluated. 
 
System 2 hazard A 
This analysis (fig 14-18.) shows the influence on the results relative to the base run in terms 
of how many well are considered vulnerable and how many sewage infiltration systems are 
posing a risk. The change here is similar. The number of infiltration systems considered in the 
analysis increases and decreases in similar ranges when the buffer distance is increased or 
reduced. It seems to be a linear relationship and the model is sensitive because the variations 
are large. For this analysis when the data is not correct the results and their spatial distribution 
is not that interesting. The maps are however included in order to provide a picture of what it 
might look like when the actual data is used. This can make understanding easier and provide 
input on how this type of analysis can be used in a “sharp” situation analysis. 
 
System 2 hazard B 
Here the buffer distance around the water protection area is evaluated in relation to the base 
run (table 13.). The difference in the number of contaminated sites that is within the buffer 
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increases considerably less when increasing the buffer in relation to how the number is 
decreasing when reducing the distance (fig 19-23.). The buffer distance 500m is a subject for 
further research and this sensitivity analysis shows that additional focus should be given if 
this distance is reduced. The visualization of the spatial distribution of the sensitivity analysis 
results can provide the basis for a manual prioritization process. 

6.5 Data availability and regional application 
 
The most important aspect for performing the analyses on the regional scale is data 
availability and index approaches are often limited by this (Luers et al. 2003). This means that 
data compatibility in terms of software format, coordinate systems and data structure, the 
ownership and price situation, the access issues related to security and privacy and the issue 
of coordinating multi jurisdictional data are all subjects that will require further focus in the 
continuation of this project. This will be vital for actual implementation of the proposed 
methodologies.   

For system 1 it is probably possible to perform a regional analysis. The main concern is the 
security issues related to both the water and sewage pipe system data. From the 1st of January 
2010, new stricter regulation has been implemented. This will influence who is allowed to 
perform analysis and how the results can be disseminated and used. For practical reasons it 
will be best to perform 3 analyses, one for each sphere of activities (Stockholm Vatten AB, 
Käppalaförbundet AB and SYVAB). This would reduce data intensiveness and possible 
problems with data format and structure compatibility. An initial focus, which was lifted 
during discussions with potential users, could be to perform the analyses on the main and 
most important parts of the pipe systems.  

For system 2 hazard A the main limitation is that at present there is no regional geo referenced 
data coverage of the sewage infiltration systems. Some municipalities are working with this 
issue but it will take time to be able to provide a regional view of the situation. A better scale 
for application is to perform the analysis in municipalities. This can provide the basis for a 
warning system for wells at risk. Another possible area of application is for the results to be a 
basis for clarification and assistance in permission processes related to private sewage 
infiltration on the municipal level.  
 
The data situation for system 2 hazard b is satisfactory. A possible subject for concern is to 
which level these data sets are updated. This analysis methodology might also be useful for 
the water protection area of Mälaren. A possible useful application is to use the results in 
decision processes concerning assessments of water security areas, including the spatial 
coverage. In these cases it might be useful to have information about how the water supply is 
affected, by what point source and to what extent it is at risk.  
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