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Abstract 
A groundwater assessment of north Vindö in Värmdö municipality has been 
conducted using a spatial analysis tool that is under development. Vindö is a 
coastal community characterized by surfaced-, or shallowly covered crystalline 
rock. Water testing in the area implies that over extraction takes place in several 
locations as 30 % of the private wells in the area show increased concentration of 
chloride, pointing towards saltwater intrusion. The tool is based on the theoretical 
background of the GW-Bal program and provides the user with visual maps 
presenting reservoir water content on a pixel basis. The assessment is made in the 
lights of projected climate change for Stockholm County, presented by the United 
Nations International Panel for Climate Change in their 5th assessment report 
released in 2013. The results show a large spatial variance in remaining water 
content over the year. Many areas remain intact even over the summer season 
when the inhabitants of the community triples, and some areas show severe 
reservoir water content impact already in the beginning of the season. Further, the 
results show that the localization of the wells plays has more significance to the 
reservoir water content than the specific climate scenarios. The study points to the 
need for the spatial aspect in groundwater assessment, especially in areas where 
aquifer quality is sensitive to unbalance and the supply heterogeneity is great – 
such as in coastal areas with reservoirs in crystalline rock. 

	  

	   	  





	  

Sammanfattning 
En grundvattenutvärdering har genomförts på norra Vindö, I Värmdö Kommun 
genom ett rumsligt verktyg som för närvarande är under utveckling. Vindö är en 
kustort med mestadels kristallint berg i dagen-, alternativt endast ytligt täckt. 
Brunnstester i området pekar på ett överuttag av grundvatten då cirka 30 % av de 
privata brunnarna i området visar förhöjda halter av klorid – vilket indikerar 
saltvatteninträngning. Utvärderingsverktyget är baserat på samma teoretiska 
bakgrund som GW-Bal (Olofsson, 2002) och förser användaren med visuella kartor 
som på pixelnivå presenterar det kvarvarande vatteninnehållet i reservoarerna i 
området. Grundvattenutvärderingen är utförd i ljuset av de kommande 
klimatförändringarna för Stockholms län, som presenterades i Förenta 
Nationernas International Panel for Climate Change vars femte rapport utkom år 
2013. Resultatet från studien utförd på Vindö pekar på en stor rumslig variation i 
reservoarernas kvarvarande vatteninnehåll över året. Många områden på Vindö ter 
sig helt opåverkade, till och med över sommarmånaderna när öns invånarantal 
tredubblas. Andra områden på Vindö visar en grav nedgång i reservoarernas 
vatteninnehåll redan innan sommarsäsongen inletts. Studien pekar också på att 
brunnarnas lokalisering spelar större roll för det kvarvarande vatteninnehållet än 
vad de specifika klimatscenarierna gör. I stort pekar studien på behovet av den 
rumsliga aspekten i grundvattenutvärdering, speciellt i områden där akvifererna är 
känsliga för yttre påverkan, samt där tillgången är svårbestämd – så som i 
kustområden karakteriserade av kristallint berg. 
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Introduction 
Groundwater reservoirs are an important source of water. In Sweden, more than 50 
% of the serviced water originates from groundwater. Water is needed for cooking, 
cleaning and drinking as well as in production, irrigation and medical treatment. 
Aside from a few exceptions, Sweden is a country with water in abundance, where 
the natural water balance between precipitation and evapotranspiration is well on 
the plus side (Svenskt Vatten, 2017). However, on a local level, the distribution of 
groundwater is irregular and the groundwater availability may vary. The volume of 
groundwater available for extraction is dependent on the hydraulic conductivity, 
groundwater level and storage volume in the soil (Earon, 2014). These parameters 
vary in different directions due to the heterogeneity often found in the ground. 
Some soil types, such as gravel where the hydraulic conductivity ranges between 
100 to 10-2 meters per second enables water flow and serves well as an aquifer. 
Others are impermeable and inhibit flow, such as clay or silt, where the hydraulic 
conductivity may be as low as 10-8 to10-10 (m/s). In crystalline bedrock the level of 
heterogeneity is high and the hydraulic conductivity varies from 10-2 to 10-8 (m/s) 
(Knutsson and Morfeldt, 2002). The solid structure of the crystals in the rock 
material makes is virtually impervious, which means the groundwater flow in 
crystalline bedrock aquifers is dependent on the magnitude, frequency and 
direction of fractures. This means that the available water supply from granite rock 
materials is directly linked to the kinematic porosity, which is a measure of the 
ratio of pores available for water flow.  The kinematic porosity in Swedish bedrock 
is normally from 0.001 % to 0.05 %, which is low compared to for example sand 
where it ranges from 10 % to 40 % (Olofsson, 2013). Therefore, it is difficult to 
estimate the supply volume in an aquifer in crystalline rock without field testing, 
and also to predict the radius of influence. A highly developed fracture connectivity 
enables water to flow long distances. This could mean that the water supply 
availability is good, but in coastal areas it leads to an increased risk of salt water 
intrusion.  

When inhabitants of island- and coastal regions increase in number it puts the 
water system under stress. Historically in Sweden rural coastal regions outside 
communal water networks have been populated largely by cottage houses. These 
cottage houses are often built as a seasonal home lasting over the Swedish warm 
season (generally May to September with a peak between June and August). 
Individual private wells provide water for seasonal residency. The ground water 
storage capacity is often limited and during periods of intense withdrawal, or 
during periods of poor ground water formation, the level may be severely declined 
(Ojala et al., 2007). The trend in Sweden is an increase of housing along the coast 
as well as a transition of cottage houses to permanent housing. The greatest 
challenge for coastal groundwater systems is over summer when precipitation is 
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low.	  It leads to a limited recharge of the groundwater, while at the same time the 
water withdrawal often increases (Boman, D. & Hansson, G., 2004). 
 
In 2013 the International Panel for Climate Change (IPCC) released the 5th 
Assessment report on global climate change. The report consists of observations 
and analyzes from scientists across the globe. One of the major implications of 
climate change presented is the temperature change, where historical records show 
that the global mean temperature has been increasing rapidly in the second half of 
the last century. From 1901 to 2012 the global mean temperature increased 0.89 ˚C 
where 0.85 of these occurred in the last three decades (Field et al., 2014). The 
global mean temperature in 2016 was 1.1 ˚C higher than preindustrial values, 
which makes 2016 the warmest year of instrumental records (WMO, 2017). Apart 
from a global mean sea level rise, due to ice melting on the poles, the temperature 
increase is also likely to have an impact on local weather phenomena where 
extreme events such as storms and heavy rain will be more frequent in the future. 
Another impact may be a change in precipitation patterns with longer summer 
periods, leading to drought and depleted water levels.  According to the IPCC 
report, the projected increase in global temperature is likely to have a significant 
impact on water systems worldwide over the next century (Wong et al., 2014).  

In order to meet the challenges that the climate changes are likely to impose it is 
important to develop mitigation and adaption plans for all societies. That in turn 
implies a need for tools used to assess and identify sites that are more likely to be 
affected by climate change impacts. Sensitive hydrological environments such as 
coastal reservoirs in crystalline rock need to be especially monitored as they play an 
essential role for the water supply in coastal societies. There are several methods 
for analyzing groundwater reservoirs and possible drinking water supply. They can 
be either static, dynamic and mathematical modeling calculation methods such as 
Static water balance calculation, GW-Bal and Mike-SHE. The estimation of 
groundwater flow and supply is complex with many different processes taking 
place, as well as prone to uncertainties. It is also an important part of municipal 
planning and development and estimations must be readily accessible. Therefore 
the balance between complexity and user-friendliness is sometimes difficult to 
achieve. For example MIKE-She takes into account complex soil processes such as 
those in the unsaturated zone but puts high demands on the user in terms of 
hydrogeological knowledge and mathematical modeling skill. On the other hand 
the Static water balance calculation necessitate only general hydrological and 
hydrogeological knowledge, but does not take into account reservoir volume or 
recharge variance over a year – aspects that may cause a water supply decline 
during some periods of the year. A more in depth description of some groundwater 
assessment methods can be found in Lång. L-O et al (2006). 
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According to Sazvar, P. (2010) the method that provides the most accurate results 
is GW-Bal. GW-Bal is a dynamic groundwater supply assessment method 
developed by Olofsson, B. (2002). The program consists of one part where the 
hydrogeological expert provides information about the geological properties in the 
area. The second part is for the user and necessitates knowledge on housing and 
extraction data (Lång. L-O et al 2006). GW-Bal takes into account the balance 
between precipitation and evapotranspiration over the year, thus the variance in 
recharge volume. It also takes into account the storage capacity of a reservoir, 
meaning that the available water volume is taken into account. The available water 
volume is dependent on storage capacity and recharge volume. In successive years 
of drought the groundwater level may be not fully restored to maximum storage 
capacity and thus the amount available for extraction decreases over time. During 
wet years the recharge potential is great, however the storage capacity is the 
maximum available water volume and when it has reached its maximum the 
reservoir cannot store more water. This means the excess precipitation does not 
lead to a buffer of water for extraction. The result determines how many wells and 
how large a population that the water balances in a certain study area is able to 
support with drinking water (Lång. L-O et al 2006). 

A spatial version of GW-Bal is under development, described in detail in Earon 
(2014). A spatial analysis would enable larger areas to be assessed and also give an 
overview of the spatial variances in reservoir reaction to extraction. The GW-Bal 
tool enables an analysis of reservoir water content, depending on climate, housing 
and extraction parameters. The method is based on point and/or pixel specific 
values that result in a visual raster map where the ground water level is presented 
in each pixel. The spatial GW-Bal tool provides the user with information on local 
differences, regardless of the regional water balance (Earon, 2014). In regions that 
are sensitive to climate and extraction variations, such as coastal regions, a spatial 
information tools may provide the planner with information on what sub regions 
that have insufficient water coverage and thus should not be further exploited, as 
well as information needed for climate change impact mitigation. 

Project Aim 
The aim of this project is to investigate the sensitivity of the water accessibility of 
coastal communities in Sweden under the lights of projected climate change 
impacts presented by the Intergovernmental Panel for Climate Change 5th 
assessment report as well as regional reports provided by the European 
Environment Agency and the Swedish Meteorological and Hydrological Institute. 
The study will be conducted as a case regarding the reservoir water content in 
North Vindö, Värmdö municipality, a coastal society with a high population growth 
and a high level of private wells in crystalline rock. The assessment	  tool	  is	  the	  spatial	  
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version of GW-Bal currently under development (Earon, 2014). The scenarios will 
be made to represent a development from present day to 2050.	  

Research questions 
The questions to be answered in the report are: 

-‐ What is the current ground water balance in the study area according to the 
GW-Bal Tool? 

-‐ What are the main climate change impacts that are likely to affect the study 
area as well as Sweden as a whole according to Assessment Report no. 5 from 
the IPCC? 

-‐ What influence will the localized climate change impacts projected by the IPCC 
have on the ground water balance in the study area according to the digitalized 
GW-Bal model, compared to present time? 

-‐ What sensitive areas can be identified regarding extraction, well location and 
geophysical characteristics? 

-‐ What conclusions about the model tool strategy can be drawn from the 
generated results? 

Groundwater 
Groundwater aquifers are formed by percolation of infiltrated precipitation 
through the ground, either directly or as recharge from surface water reservoirs 
such as lakes and streams. Groundwater is often less sensitive to pollution than 
surface water and easier to sanitize as the infiltration and percolation process 
cleans the water from many chemical compounds and microbials. The level of 
purification is dependent on the chemical properties and the hydraulic conductivity 
of the soil. A rapid percolation to saturated zone has little chance to purify the 
water, why it is more desirable to pass it through soil with a lower hydraulic 
conductivity that prolongs the exposure of the water to purifying chemical and 
organic processes in the ground (Knutsson and Morfeldt, 2002). The water 
volumes in the ground vary greatly with soil properties and topography. The 
heterogeneity of the soil makes it difficult to predict the flow of water precisely. 

A common way of assessing the water availability is to use a catchment based 
groundwater balance calculation. The groundwater balance equation is a mass 
balance with given in-, and outflow parameters limited by the geological barriers of 
the catchment.  The general water balance equation is as follows: 

𝑃 = 𝐸 + 𝑅 ± ∆𝑆 

Where P = is the yearly precipitation over the whole area [mm/year]  
E = the evapotranspiration over the whole area [mm/year]  
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R = the run-off as well as the extraction, which are volumes lost to the system 
[mm/year] 
∆𝑆 = the change in storage over a year [mm/year] 
 
(SMHI, 2012) 
 
The yearly precipitation normally exceeds the yearly evapotranspiration, leaving a 
net precipitation to refill the system. When the reservoirs are filled to their 
maximum the excess net precipitation becomes run-off. The run-off depends of the 
topography and the soil capacity to retain and infiltrate water. The storage 
coefficient mirrors the natural	  fluctuations that take place in the water balance 
during a year. Traditionally in Sweden the snow melt in spring and the high 
precipitation levels in fall are the major contributors to groundwater recharge. 
During these periods the water levels in the aquifers are at their maximum and the 
run-off volume at its peak, which can be observed above ground as ditches fill up 
and small streams expand. During the summer the precipitation levels are lower 
and the warm temperatures pushes the evapotranspiration to high levels, which 
means there may be no groundwater recharge and depleting groundwater levels for 
the entirety of the warm season (SGU, 2010).	  

Coastal Aquifers 
One of the water systems that is very sensitive to climate variance is freshwater 
reservoirs in saltwater proximity, such as island-, and coastal zones. In Europe 
around 70 million people live less than 10 km from the coastline and it is estimated 
that the coastal population increase and density is up to 1/3 higher than hinterland 
communities (EEA, 2006). The coastal water reservoirs are recharged by 
infiltration and upstream flow. When the water reaches the coastline the salt water 
acts as a natural barrier, haltering the groundwater flow.  The salt water has a 
higher density than freshwater (how much higher depends on the salt 
concentration), creating a lens of groundwater in the pores of the soil material, 
lying on top of the saltwater (Barlow, 2016). There is some mixing activity in the 
interface area between the fresh-, and salt water but as long as the pressure balance 
remains the freshwater reservoir is kept intact. If the fresh water table is lowered 
there is a risk of saltwater intrusion. This could lead to a depletion of the fresh 
water quality and it may lose its sufficiency for many uses (such as irrigation) as 
well as potent supply (EEA, 2006). The projected forthcoming climate changes may 
disturb the balance by drought leading to a decreased fresh water table, sea level 
rise leading to the salt water barrier permanently moving up-shore, as presented in 
Figure 1. 
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Figure	  1.	  Conceptual	  view	  of	   impact	   in	  coastal	   freshwater	  reservoirs	   from	  seal	   level	  change	  (Geoscience	  
Australia,	  2015).	  

What happens is the coastline is moved up shore, resulting in some wells ending up 
outside of the natural freshwater network, but also decreasing the size of the 
freshwater lens due to a redefined pressure balance.  
 
Furthermore a variable and increasing human extraction due to increased coastal 
housing and industry and lack of a sustainable water plan contributes to the 
challenge of maintaining secure water accessibility in coastal regions (Jiménez 
Cisneros, B.E. et al., 2014). The increased 
extraction that coastal areas face, 
especially during the tourist season may 
lead to salt water intrusion as presented 
in Figure 2.  If the extraction rate exceeds 
the groundwater inflow for a specific area 
the pressure balance keeping the fresh 
water lens intact is disturbed, which 
enables saltwater intrusion and thus 
pumping of chloride polluted water. 
However these conditions are general for 
coastal areas and in particular where the 
shore consists of soil material such as 
sand or gravel. In the Swedish coastal 
zones the water is brackish and the shore 
commonly consists of surfaced 
crystalline rock, which means the 
conditions are slightly different. The salt 
water in Stockholm archipelago, which 
surrounds the study area Vindö, is 
brackish and thus has a lower chloride 

Figure	  2.	  Fresh	  water	  reservoir	  in	  salt	  water	  
proximity	  (USGS,	  1999).	  
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concentration than the one in the great oceans. This means that the density 
difference between the fresh groundwater and the salty sea water is less, leading to 
the groundwater reaching deeper and the mixing zone to be greater. According to 
Ghyben-Herzbergs equation the brackish water of Stockholm archipelago leads to a 
pressure balance where every meter of fresh water above sea level equals 250 meter 
of freshwater below sea level. This means that if the groundwater table is elevated 4 
meters above sea level, the salt water is theoretically located approximately 1000 
meters below (Olofsson, 2017). Under these conditions undertrusion of saltwater is 
unlikely. The salt that has been observed in coastal private wells in Sweden occurs 
due to the nature of crystalline rock. Flow channels through fracture zones enables 
water to flow long distances. Normally the gradient is turned out towards the sea 
water, but in the case of over extraction from a well and there is a fracture 
connection between the fresh water reservoir and the sea, the gradient may turn in 
the other direction, enabling salt water to flow into the fresh water fracture network 
(Sazvar, P. 2010). 
 
In aquifers that consist of fractured crystalline rock the risk of saltwater intrusion is 
hard to predict. There is a strong heterogeneity in the rock material and also a high 
level of uncertainty when assessing the local water supply. When testing, two 
adjacent bore holes may show one with a great volume of water, and the other 
completely dry, as the direction, magnitude and connectivity of fractures decides 
the flow of water (Knutsson and Morfeldt, 2002). Some fractures are disconnected 
from the major network and thus unavailable as resource supply, even as they hold 
water. At the same time one fracture channel may travel the whole length of the 
network. This means that a fracture observable at the very coastline may be 
connected to flow far inland and in the case of saltwater intrusion chloride pollute 
reservoirs far from the shore.  

Climate Change 
Between the years 1901 to 2012 the global mean surface temperature increased by 
0.85˚C. In comparison to 0.89 ˚C over the past century (1901 to 2012) it makes the 
last three decades the successively warmest in instrumental record (Field et al., 
2014). The global mean surface temperature in 2016 was 1.1˚C higher then pre-
industrial period, which makes it the warmest year ever recorded (WMO, 2017). 
The increase in global mean temperature is likely to continue, which will have 
consequences on the global water systems. A global temperature increase may lead 
to changes such as prolonged droughts, sea level rise, water cycle disruptance, and 
increased frequency of extreme weather events. Without adaptation the water 
quality and resource depletion that may follow from the climate change 
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occurrences many communities worldwide will lack a reliable and sustainable 
water resource (Wong et al., 2014).  

The intensity of future climate change in IPCC’s the 5th Assessment Report is 
modeled using different scenarios called Recipient Concentration pathways 
(RCP’s). The Scenarios are made to represent the development based on emission 
of Green House Gases into the atmosphere from present time to the year of 2100 
(IPCC, 2017). The Green House Gas concentration in the atmosphere is translated 
to a prognosed radiation balance development on earth by the year 2100. RCP 4.5 
is a medium intensity scenario and represents a 4.5 W/m2 radiation increase and 
RCP 8.5 is a high intensity scenario and represents 8.5 W/m2 radiation increase. 
This in turn is a translation of different development paths of the world climate 
politics presented below. 

The RCP 4.5 represents a development corresponding to: 
-‐ A slight increase in GHG emission, which culminates in the 2040s 
-‐ A global population just under 9 billion in 2100 
-‐ A small areal claim for agriculture due to increase in yield and change in 

consuming patterns 
-‐ Significant programs for forest planting 
-‐ Low energy intensity 
-‐ Forceful climate politics 
 
The RCP 8.5 represents a development corresponding to: 
-‐ Carbon dioxide emissions are three times the present value in 2100 and 

emissions of methane significantly increases 
-‐ The global population increases to 12 billion, which leads to an increase in areal 

claims for grazing and farming in agriculture 
-‐ Technical development towards increased energy efficiency is continuous, 

however slow 
-‐ The world is largely dependent on fossil fuels 
-‐ High energy intensity 
-‐ No intended climate politics 

 
(SMHI, 2015) 
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The Swedish east coast will most likely be affected by climate change impacts 
regarding changed precipitation-, or temperature patterns, such as drought, 
extreme weather events, 
and increased annual 
mean temperature. The 
post-glacial rebound will 
likely counter the 
projected sea level rise, as 
presented in Figure 3. 

The map shows that the 
projected sea lever rise 
will be palpable across 
South and West Europe, 
however in the north half 
of the Baltic Sea it is likely 
to remain negative relative 
to the land rise (EEA, 
2016a). Värmdö 

municipality, in which the 
study area North Vindö is 
a part, is located such as to 

Figure	  3.	  Relative	  sea	  level	  across	  Europe	  projected	  for	  the	  period	  2081-‐2100	  
compared	  to	  the	  period	  1986-‐2005	  representative	  of	  RCP	  4.5	  (EEA,	  2016)	  

Figure	  4.	  Relative	  temperature	  change	  across	  Europe	  projected	  for	  
the	  period	  2071-‐2100	  compared	  to	  the	  period	  1971-‐200	  
representative	  of	  RCP	  4.5	  (EEA,	  2016B)	  
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have 0 to -1 (m) sea level rise. This will protect the coastal aquifers from over wash 
and storage capacity reduction. There is however a projected increase in 
temperature for Sweden, 
as presented in Figure 4, 
that will have an effect on 
other aspects of water 
systems. 
 
An increase in annual 
temperature will lead to 
higher evapotranspiration 
and a prolonged vegetation 
period. The projection for 
Sweden under a medium 
intensity climate change 
scenario is a 1.5 ˚C to 
3.5 ˚C increase for the 
south half and 3 ˚C to 
4.5 ˚C for the north half by 
the year 2100. The 
vegetation period may have 
impacts on the water 
systems as this is the time 
for when plants are active 
and absorb water through their roots. Since this period often coincide with the 
period for when the groundwater recharge is little to none due to high 
evapotranspiration there is a high risk of lowering levels in reservoirs during this 
period. Especially reservoirs of smaller water volumes will be affected by this 
change (EEA, 2016B). 
 
 The climate change projections include a change in weather patterns. The change 
in annual precipitation by the year 2100 is presented in Figure 5. The map shows 
an increase for all of Sweden, with a 10 % to 20 % increase for Stockholm County. 
The increase in precipitation will lead to an increased run-off in most areas and a 
slight increase in storage volume for some of the larger reservoirs in for example 
eskers (EEA, 2016C). 

Method 
The methods to conduct the study consist of a literature research for gathering and 
compilation of a large amount of climate data as well as a multi-scenario modeling 

Figure	  5.	  Relative	  change	  in	  precipiration	  across	  Europe	  
projected	  for	  the	  period	  2081-‐2100	  compared	  to	  the	  period	  
1986-‐2005	  representative	  of	  RCP	  4.5	  (EEA,	  2016C)	  
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in order to obtain data on variance in reservoir water content following climate-, 
and extraction variability. The following section provides a presentation of the 
study area, the GW-Bal model tool functions as well as data collection and 
management. 

Study Area 
Värmdö municipality is located in the archipelago of Stockholm, Sweden. It is a 
municipality that consists largely of coastal properties and islands. 

 

A 

majority of the islands are covered with forested or surfaced bedrock, which mainly 
are of granite and gneiss-type rocks. Due to the rocky environment the extractable 
freshwater is largely limited to fractures in the bedrock, with some buffer storage in 
thin layers of soil in some areas. There are permanent housing present on the larger 
islands and on the smaller ones there are mainly seasonal cottages. Aside from 
larger conurbations such as Gustavsberg, which obtains its water from the big city 
region inland, a majority of the dwellers rely entirely on private wells for their 
water supply (Värmdö kommun, 2017b). The limitation of coastal water provision 
along with an intense tourist season each summer and an increasing number of 
permanent inhabitants have put the resilience of the local aquifers under stress 
with salt water intrusion at a high risk. The private well owners within the 
municipality are recommended to hold their permanent extraction below 500 liters 
per household and day in order to maintain a sustainable water supply. Water 
sampling from drinking water wells in the region have shown an increased 

Figure	  6.	  Left:	  Map	  of	  east	  middle	  Sweden	  with	  location	  of	  North	  Vindö	  marked	  in	  red.	  Right:	  Map	  
of	  Värmdö	  municipality	  with	  North	  Vindö	  marked	  in	  light	  (google	  maps	  2017;	  SLU,	  2017).	  
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concentration of chloride in 30 % of private wells in the municipality, implying that 
in some areas the extraction limit may exceed sustainable limits (Värmdö kommun, 
2017).  

In local plans covering many areas of Värmdö municipality a communal water 
network will be built until 2025 (Värmdö kommun, 2017a). This will relieve the 
local coastal aquifers of the stress from many private wells as the future communal 
water network also will obtain water from sites systems inland. One area that is not 
covered by the 2025 plans and no other communal water network plans exist is 
North Vindö, presented in Error! Reference source not found.. Vindö was 
originally its own island but by the post glacial land rise a connection to Djurö 
formed. In the district Vindö-Djurö, an area of 6.3 km2 around 4000 people live 
(SCB, 2016). During the summer months (May to September) the number of 
inhabitants on the island triples as it is a popular location for tourism and summer 
cottages. The soil type distribution of North Vindö is presented in Figure 7. 

 

Figure	  7.	  Soil	  map	  of	  North	  Vindö	  (SLU,	  2017).	  
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The map shows that a majority of the ground consist of bedrock with some soil 
covers of post-glacial clay as well as sandy till in the north part of the island. There 
are a number of areas covered with peat and muddy clay spread across the island. 
The post-glacial clay that is locally covering the rock material across the island is 
capable of storing volumes of water that is likely to be unavailable for extraction 
due to the low hydraulic conductivity (usually around 10-8 to 10-10 (m/s)) 
(Knutsson and Morfeldt, 2002). 

 

Figure	  8.	  Bedrock	  map	  of	  North	  Vindö	  with	  marked	  fractures	  (SLU,	  2017).	  

The rock types of North Vindö are presented in Figure 8. The island is located on a 
granodiorite-granite foundation with a few tectonic lineaments stretching across 
the island. The granite-type bedrock is an igneous formed material which means 
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that the primary porosity is considered zero, leaving water flow to secondary cracks 
and fractures. The hydraulic conductivity of the granite-type rock ranges from 10-2 
to 10-8 (m/s) (Knutsson and Morfeldt, 2002). 

 

Figure	  9.	  Topography	  map	  of	  North	  Vindö	  (SLU,	  2017).	  

The topography of North Vindö is presented in Figure 9. The map shows that a 
large part of the island land is low leveled, with elevation below the sea water table 
to three meters above. In the north is the island there is an area with elevated 
ground, with some peaks exceeding 20 meters above sea level. Similar heights are 
found in a stretch of land from the north-west to the south of the island. 
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Figure	  10.	  Well	  map	  of	  North	  Vindö	  (SLU,	  2017).	  

The wells on North Vindö are presented in Figure 10. The map shows that there are 
a significant number of private wells on the island. In the south there are some 
community wells and spread across the island are a few energy wells, which are not 
taken into account in the model. In the south of the island there is a high frequency 
of wells on close proximity to each other. The same can be said about the north 
part, while the middle part of the island the wells are located much further apart 
and with lower frequency. 

GWBal Tool 
The GWBal tool conducts a ground water balance over a selected region. Geospatial 
information maps provided by the Swedish University of Agricultural Sciences 
(SLU) and the Swedish Geological Survey (SGU) are used to obtain physical 
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geodata that affects the water volume and flow within the selected area. The 
physical geodata used in the model are:  

-‐ Soil types  
-‐ Soil depths  
-‐ Type of bedrock  
-‐ Local fractures in the bedrock 
-‐ Topography 
-‐ Well locations 

The model runs by dividing the map 
based on the well influence radius and 
extraction. The influence radius is the 
area surrounding the well, where the 
ground water table level is affected by an 
extraction taking place, as presented in 
Figure 11. This process is the base of the 
spatial distribution in the model. What 
happens is a well with an extraction rate 
and an influence radius that affects the 
groundwater table as presented in Figure 
12. Outside the radius of influence the 
hydrogeological conditions are assumed 
to prevent impact on the groundwater level. 

In case of several adjacent well their respective overlapping influence radius is 
combined and affects the groundwater table as presented in Figure 12 . 

Figure	  11.	  View	  of	  theoretical	  of	  effect	  from	  
extraction	  on	  local	  ground	  water	  table	  (KGS,	  
1998).	  

Figure	  12.	  conceptual	  view	  of	  how	  the	  groundwater	  table	  is	  affected	  by	  
extraction	  from	  more	  than	  one	  well	  (KGS,	  1998).	  
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In this way the well distribution and frequency is taken into account as a role in 
local groundwater scarcity, instead of only taking into account the extraction 
volume. The geophysical information maps such as soil-, and rock types, provide 
the model tool with information on hydraulic conductivity previously set by the 
user for different soil materials.  

The climate and extraction information is set by the user according to the relevant 
study conditions; however they do contain some default assumption. The inputs 
needed for the model tool are: 

-‐ Precipitation [mm/month] 
-‐ Evapotranspiration [mm/moth] 
-‐ Radius of well influence [m] 
-‐ Extraction per household [l/day] 
-‐ Percent permanent housing [%] 
-‐ Number of months running [-] 

The amount of water available for groundwater recharge in the model is dependent 
on the balance between the precipitation input and the evapotranspiration input. 
For any month where the precipitation has a higher value than the 
evapotranspiration the tool uses the net precipitation for recharge. For any month 
where the evapotranspiration has a higher value than the precipitation the 
groundwater recharge automatically set to zero for that month. 

As it is sometimes difficult or too time consuming to obtain detailed data on 
individual well extraction of permanent versus seasonal residency some 
assumptions are made in the model tool. Firstly a randomized function divides the 
wells that are used for water extraction into permanent housing and seasonal 
housing depending on the ratio of these set by the user. This division is the base for 
the individual extraction. During the summer months (May to September) all wells 
are assumed to be in use, while during the winter months (October to April) only 
the wells in the category Permanent Housing are assumed to be in use. There may 
be different kind of wells in the map such as energy wells used for heating or 
cooling, and the tool picks out those used for household drinking water extraction. 
Amongst these there may be community wells used by several households and an 
assumption is made that one community well supplies an average of 20 households 
(thus for this kind of well the extraction volume set by the user is automatically 
multiplied by 20). 
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 The total groundwater extraction consists of: 

𝑄 ∗ 𝑛 = 𝑄! ∗ 𝑛! + 𝑄! ∗ 𝑛!  

𝑄! ∗ 𝑛! = Permanent inhabitants 

𝑄! ∗ 𝑛! = Seasonal inhabitants 

The groundwater balance is calculated using the equation formulated in the 
original GW-Bal programme described in detail in Olofsson (2002): 

( 𝑁!!
!!! ∗ 𝜑! ∗ 𝐴! ∗ 𝜏! = 𝑄! ∗ 𝑛!!"#

!!! ± ∆𝑆!,!!
!!! )  

𝑁! = 𝑃! − 𝐸𝑇! + 𝑅!  (if 𝑁! < 0  𝑡ℎ𝑒𝑛  𝑁! = 0) 

𝑆! = ∅!!
!!! ∗ 𝑑!  

P = Precipitation [mm] ET = Evapotranspiration [mm] 
N = Net infiltration [mm] Φ = Kinematic porosity [%] 
ϕ = Infiltration factor [%] A = Area [m2] 
τ = Homogeneity factor [%] d = Aquifer thickness  
n = Number of users ΔS = Change in storage [m3] 
R = Artificial groundwater recharge 
[mm] 

Q = Specific groundwater extraction 
[m3] 

j = 1,2…h is different soil and rock types below ground 
g = 1,2…m is different soil and rock types on the surface 
 
(Olofsson, 2002) 
 
 
The result is a spatial map with pixel based values for the reservoir water content. 
Running the model with a 10x10 (m) pixel size the conditions in the study area can 
be viewed in detail. No account is taken to water surfaces and interactive flow from 
these. This means that lakes and sea water in the map is labeled ‘no data’ and is not 
a part of the groundwater balance calculation.  

Model data 
The data forms the base of the present day conditions as well as the foundation of 
the projections made for the year 2050. As there are no historical records of daily 
mean evapotranspiration available and this parameter is necessary to run the 
GWBal toolbox a method generating it as a function of the daily mean temperature 
has been used as estimation. The following section holds a presentation of the data 
management methods. 
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The data collection are in large parts based in historical records of climate 
conditions gathered at the weather station Husarö in Värmdö municipality for the 
study of North Vindö. In the 5th Assessment Report the values that represent the 
present day climate situation are based on mean values from a 30 year period from 
1961 to 1990. For this study the 20 year period of 1971 to 1990 is used as the 
weather stations lack data dating before 1967. 

Precipitation 
Precipitation is the main water refill for all hydrological systems. It comes in the 
form of rain, snow or hail. In Sweden the mean yearly precipitation is 
approximately 550 millimeters (SMHI, 2017a). The precipitation data for the 
model representing present values are gathered as a time series of the daily mean 
from 1971-1990 and then compiled to an average year with monthly values. 

The precipitation data for the model representing the scenario values of RCP 4.5 
and RCP 8.5 are based on the present day time series explained above and the 
projections made by the IPCC for each scenario by the year 2050. The projections 
are divided into different parameters where the resulting precipitation change used 
in this study is a weighted combination of these. The parameters are the yearly 
mean increase and the specific seasonal increase. For the yearly mean increase 
representing the development following RCP scenario 8.5 for Stockholm County 
the year of 2051 have been used instead of 2050 as it better represents the 
surrounding values. The projected values for Stockholm County as well as the 
calculated local values for North Vindö regarding precipitation are presented in 
Table 1.  

Table	   1.	   Data	   on	   precipitation	   for	   the	   study	   area	   used	   in	   the	   model	   as	   well	   as	   projected	   values	   for	  
Stockholm	  County	  (SMHI,	  2017d).	  

Parameter Period RCP 4.5 RCP 8.5 
Projection 
Stockholm 
county 

Local RCP 
4.5 value 

Projection 
Stockholm 
county 

Local RCP 
8.5 value 

Seasonal 
increase of 
precipitation 

Winter 
(dec – feb) 

4 % 7 % 26 % 32 % 

Spring  
(mars – 
may) 

8 % 11 % 
 

14 % 19 % 

Summer  
(june – aug) 

14 % 18 % 7 % 12 % 

Fall  
(sept – nov) 

31 % 36 % 2 % 7 % 

Yearly mean 
increase 

Jan - dec 18 % 18 % 18 % 17 % 
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As can be observed the respective seasonal projection values for Stockholm County 
are lower than the local projection values for Värmdö Municipality, however the 
yearly mean increase values correspond well. A risk of a slight over estimation of 
the precipitation development was preferred over an under estimation as the 
method to obtain evapotranspiration data leads to a slightly over estimated result. 
In order to obtain a water balance in the model the higher region of the 
precipitation data range was chosen. 

Evapotranspiration 
Evapotranspiration is the water evaporating from the ground, vegetation and open 
water surfaces. In Sweden the mean yearly actual evapotranspiration is 
approximately 400 millimeters (SMHI, 2017b).  The evapotranspiration data for 
the model is based on the general method of the Swedish Meteorological and 
Hydrological Institute (SMHI) estimating potential evapotranspiration as a 
function of the daily mean temperature (T). Potential evapotranspiration is the 
maximal volume of water that can evaporate, when the water content in the ground 
is at such a level that the access to water does not inhibit evaporation and 
transpiration. It is therefore higher than the actual evapotranspiration taking place 
(Knutsson and Morfeldt, 2002). The equation is as follows: 

𝐸!"# = 𝐵 𝑡 ∗ 𝑇  for 𝑇 > 0˚𝐶 

𝐸!"# = 0   for 𝑇 < 0˚𝐶 

𝐵 𝑡 = 1+ 𝐴 ∗ sin 2𝜋 !!!
!"#

− !
!

∗ 𝐶!   

𝑇 = Daily mean temperature [˚C] 
𝑡 =number of the day in the year [-] 
𝐴 = Amplitude [-] 
𝛹 = phase shift [days] 
𝐶!  = Parameter of evapotranspiration [mm d-1 ˚C-1] 
Where the amplitude (A) is set to 0.5 [-], phase shift (Ψ) is set to 45 [days] and the 
parameter of evapotranspiration (CE ) is set to 0.19 [mm/d*˚C] according to 
Rodhe, (2004). 
The daily mean temperature (T) data is gathered and compiled similar to the 
precipitation data described earlier. The projections are divided into different 
parameters where the resulting temperature increase used in this study is a 
weighted combination of these. The parameters are the beginning and end of the 
vegetation period, the yearly mean temperature increase and the specific seasonal 
temperature increase. The beginning of the vegetation period is defined as the date 
when the historical mean of the daily mean temperature exceeds 5 ˚C and the end 
of the vegetation period is defined as the date when it falls below 5˚C (SMHI, 
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2017c). The increase of the vegetation period is assumed to be equally distributed 
between the beginning and end of the period. For example if the vegetation period 
is projected to increase by 46 days by 2050 for RCP 8.5 the extension will be 23 
days at the beginning and end respectively.  A comparison of the calculated local 
temperature values for North Vindö used in this study and the projection for 
Stockholm County is presented in Table 2. 

Table	   2.	   Data	   on	   temperature	   for	   the	   study	   area	   used	   in	   the	   model	   as	   well	   as	   projected	   values	   for	  
Stockholm	  County	  (SMHI,	  2017d).	  

Parameter Period RCP 4.5 RCP 8.5 
Projection 
Stockholm 
county 

Local RCP 
4.5 value 

Projection 
Stockholm 
county 

Local RCP 
8.5 value 

Seasonal 
increase of 
temperature 

Winter 
(dec – feb) 

3.4 [˚C] 3.4 [˚C] 3.1 [˚C] 3.3 [˚C] 

Spring  
(mars – 
may) 

2.8 [˚C] 2.8 [˚C] 
  

2.0 [˚C] 2.7 [˚C] 

Summer  
(june – aug) 

1.6 [˚C] 1.6 [˚C] 2.2 [˚C] 2.4 [˚C] 

Fall  
(sept – nov) 

2.0 [˚C] 2.0 [˚C] 2.4 [˚C] 3.0 [˚C] 

Yearly mean 
increase 

Yearly  
(Jan – dec) 

2.4 [˚C] 2.4 [˚C] 2.9 [˚C] 2.8 [˚C] 

Increase of 
vegetation 
period 

Yearly  
(Jan – dec) 

33 days 33 days 46 days 35 days 

Radius of well influence 
The radius of influence from extraction on North Vindö is set to 250 meters 
mirroring the low storage capacity and fracture connectivity of crystalline bedrock. 

Extraction per household 
The extraction data are based on the current records of water use volumes and 
population in each municipality respectively. In Värmdö municipality an 
assumption has been made that the general water use is relatively high due to an 
acclaimed high standard life style of the citizens within the area (Mörk et al., 2015). 
The average volume of water per day and person in Sweden is 150 
(l/household*day), and the value in Värmdö is estimated to be higher (Olofsson, 
2017). Therefore the daily volume of water per person has been set to 190 liters per 
day for present time extraction scenario. As there are still many cottage houses in 
North Vindö and the trend towards rebuilding or extension of these are prognosed 
to continue, leading to a further rise in standard, the municipality estimation is that 
the water use will be close to 210 liters per day and person in the near future. The 
municipality citizen records present an average number of persons in each 
household as 2.5, which have been used for the present situation as well as for the 
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future scenarios (Mörk et al., 2015). For the seasonal housings the extraction is 
assumed to be 100 (l/household*day) and is only active from May to September.	  

Permanent housing percentage 
The prognosis of permanent housing ratio versus the seasonal dwelling made by 
Värmdö municipality is that in the future the majority of new permanent 
residencies will be connected to a municipal water network. This means that the 
rebuilding of existing seasonal housing with private wells to permanent housing 
with private wells will halter. The percentage of permanent housing with private 
wells is estimated to remain on the same current level and is set to 20 % in the 
model (Mörk et al., 2015). 

Kinematic porosity analysis 
In order to analyze the impact of kinematic porosity a parameter analysis has been 
conducted. The kinematic porosity is connected to the soil properties and is thus 
subjected to large uncertainties. The values of kinematic porosity are estimations 
and errors may affect the result in some way. It is important to understand the 
impact on the results from such parameters in order to better interpret them. The 
analysis is made in the north-west part of the island, in the month of September 
and with climate data, and extraction data representative of Scenario 2.1. A first 
result is generated with 100 % permanent housing and default values on kinematic 
porosity, in order to eliminate the randomized full-scale extraction over the year. 
Secondly the same scenario is run twice more with values of kinematic porosity 
increased by 20 %, and then decreased by 20 %, as presented in Table 3. Values on 
kinematic porosity with a 20 % variance for parameter analysis.. 

Table	  3.	  Values	  on	  kinematic	  porosity	  with	  a	  20	  %	  variance	  for	  parameter	  analysis.	  

Soil Type Default Values [-] +20% [-] -20% [-] 
Till 0.05 0.06 0.04 
Clay 0.001 0.0012 0.0008 
Gravel 0.3 0.36 0.24 
Sand 0.2 0.24 0.16 
Granite 0.0005 0.0006 0.0004 
Gneiss 0.0003 0.00036 0.00024 
	  

Scenarios 
The model scenarios are divided on the estimated extraction development and 
climate development, which together amounts to 5 different scenarios presented in 
Table 4. 
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Table	  4.	  Overview	  of	  scenarios	  with	  ID	  and	  corresponding	  extraction	  and	  climate	  data	  used	  in	  the	  model.	  

Scenario Extraction 
[l/household*day] 

Precipitation/Evapotranspiration 

0.0 (present situation) 475  Present value 
0.1 525 Present value 
1.0 475  According to RCP 4.5 
2.0 475  According to RCP 8.5 
2.1 525  According to RCP 4.5 
2.2 525  According to RCP 8.5 

Results 
The following section includes a presentation of the results of the climate scenarios 
for the precipitation, evapotranspiration and temperature, as well as a presentation 
of the model scenario results. 

Climate Data 
The result of the temperature projections for the RCP 4.5 and RCP 8.5 representing 
the year 2050 as well as the daily mean of the historical values for the time period 
of 1970-1990 are presented in Figure 13. 

	  

Figure	  13.	  Graph	  of	  the	  mean	  daily	  temperatures	  in	  North	  Vindö	  for	  historical	  as	  well	  as	  projected	  data. 

The result shows that the historical daily mean is significantly lower than the 
temperatures projected for the RCP 4.5 and RCP 8.5 respectively. The maximum 
daily mean temperature occurs at the 2nd of August and amounts to 17.9 ˚C, 25.2 ˚C 
and 26.2 ˚C for the Present value, RCP 4.5 and RCP 8.5 respectively. The yearly 
mean temperatures are 6.3 ˚C for the historical time series, 9.3 ˚C for RCP 4.5 and 
9.7 ˚C for RCP 8.5. This means that the increase in yearly mean temperature by 
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2050 is projected to be 47 to 54 % (RCP4.5 and RCP 8.5 respectively).The projected 
temperature increase for the RCP scenarios are in large part similar over the year, 
with a slightly more rapid development visible for the RCP 8.5.  

The resulting evapotranspiration as a function of the temperature is presented in 
Figure 14. 

	  

Figure	  14.	  Graph	  of	  the	  monthly	  evapotranspiration	  in	  North	  Vindö	  for	  historical	  as	  well	  as	  projected	  data.	  

The result shows that the Present time evapotranspiration is lower than the 
projected values for scenario RCP 4.5 and RCP 8.5 for each month of the year. The 
difference is greatest in the month of May where the present time value is 79.4 
millimeters evapotranspiration and the projected values are 104.2 and 103.1 
millimeters respectively for RCP 4.5 and RCP 8.5. Summarized evapotranspiration 
for the Present time scenario is 527 millimeter.  

	  

Figure	   15.	   Graph	   of	   the	   monthly	   precipitation	   in	   North	   Vindö	   for	   the	   projected	   scenarios	   as	   well	   as	  
historical	  data.	  
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The result of the precipitation projection for North Vindö is presented in Figure 15. 
The result shows that the precipitation will increase from present value to the year 
2050 according to the two future projection scenarios RCP 4.5 and RCP 8.5. In 
scenario 4.5 the projection points toward a significantly higher precipitation in 
September to November than for scenario 8.5 and the present time values. 

 

Figure	  16.	  Graph	  displaying	  the	  difference	  between	  precipitation	  and	  evapotranspiration	  over	  the	  year	  for	  
RCP	  8.5.	  

In Figure 16 the net precipitation for North Vindö representing the RCP 8.5 is 
presented. The result shows that by year 2050 it is likely that the groundwater 
formation is little to none from April to September as the evapotranspiration is 
higher than the precipitation for these months. The groundwater recharge will 
occur during the months of October to Mars. 

 

Figure	  17.	  Graph	  displaying	  the	  difference	  between	  precipitation	  and	  evapotranspiration	  over	  the	  year	  for	  
RCP	  4.5.	  
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In Figure 17 the net precipitation for North Vindö representing the RCP 4.5 is 
presented. The result shows that from April to August it is likely that there will be 
little to no groundwater formation in North Vindö by the year 2050. The recharge 
during fall is relatively high and likely to be rapid. 

 

Figure	  18.	  Graph	  displaying	  the	  difference	  between	  precipitation	  and	  evapotranspiration	  over	  the	  year	  for	  
present	  time.	  

In Figure 18 the net precipitation based on historical values representing the 
present time is presented. The result shows that from May to August the 
evapotranspiration is significantly higher than the precipitation. During this time 
the groundwater formation is little to none. During the winter months of December 
to February groundwater recharge takes place. The total precipitation for present 
time is calculated to 536 (mm) and the potential evapotranspiration 527 (mm).	  

Ground Water Balance 
In the following section the results generated by the model tool for assessing 
groundwater balance are presented. The figures display April to October for each 
scenario as it is during these months that the groundwater levels are affected in the 
model results. For the remaining months (November to Mars) the groundwater 
level ratio is 100% for the whole study area. 

Scenario 0.0 
The model results using the GW Bal tool for scenario 0.0, representing present 
values for the climate parameters as well as the extraction is presented in Figure 19. 
The result shows that in the beginning of the year, in April and May, the impact on 
groundwater levels is very limited, whereas in June and July several areas face 
levels below 50 % (red and yellow areas). The most severe impact occurs during 
September when small portions of the area remain unaffected and the south, north 
and west parts have levels below 25 %. 
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Figure	  19.	  Maps	  of	  the	  groundwater	  balance	  in	  North	  Vindö	  in	  
	  April	  to	  October	  representing	  Scenario	  0.0.	  
	  

Scenario 0.1 
The model results using the GW Bal tool for scenario 0.1, representing present 
values for the climate parameters and increased extraction is presented in Figure 
20. The result shows that some areas are affected in May and in September the 
north, south and western part the groundwater reservoirs hold less than 25 % of its 

Remaining	  water	  content	  
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maximum. At the same time some areas, especially around the inland middle part 
of the island, show a relatively small impact. In the north-west part of the island 
some streaks with little to no impact can be observed in the middle of areas that are 
severely impacted. 

 

Figure	  20.	  Maps	  of	  the	  groundwater	  balance	  in	  North	  Vindö	  
	  in	  April	  to	  October	  representing	  Scenario	  0.1.	  

In Figure 21 the change in water content in September for Scenario 0.1 compared to 
Scenario 0.0 is displayed. The comparison is presented as the water content per 
pixel for Scenario 0.0 subtracted from the water content per pixel for Scenario 0.1. 
The result shows that for a majority of the study area the water content in 
September for the two scenarios differs within a range of -0.06 to 0.09 and is 

Remaining	  water	  content	  
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considered the same. In the south, north and north-west of the study area the 
comparison map indicate some difference in impact on water content for the 
scenarios. Some values ranges from -0.06 to -0.3, which indicates that the water 
content is more depleted for Scenario 0.1 than for 0.0 in these areas. 

 

Figure	  21.	  Change	  in	  reservoir	  water	  content	  in	  September	  in	  Scenario	  0.1	  
	  compared	  to	  0.0.	  
	  

Scenario 1.0 
The model results using the GW Bal tool for scenario 1.0, representing RCP 4.5 for 
the climate parameters and present values for the extraction is presented in Figure 
22. The most severe level depletion is during August when values reach below 25 % 
in the north, south and western part. The result shows that some areas are affected 
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in April, although only severely affected in the south. In September a majority of 
the reservoirs are refilled and only some sparsely spread areas show an impact of 
having 75 % to 90 % of maximum groundwater level. In October the reservoirs 
across the island are refilled. 

 
Figure	  22.	  Maps	  of	  the	  groundwater	  balance	  in	  North	  	  
Vindö	  in	  April	  to	  October	  representing	  Scenario	  1.0.	  

In Figure 23 the change in water content in September for Scenario 1.0 compared 
to Scenario 0.0 is displayed. The comparison is presented as the water content per 
pixel for Scenario 0.0 subtracted from the water content per pixel for Scenario 1.0. 
The result shows that there is a great variance in water content of September 
between the two scenarios. The green areas in the comparison-map represent the 
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least difference in water content with difference values ranging from -0.06 to 0.09. 
For a majority of the reservoirs in the comparison map the values indicate that the 
water content for Scenario 1.0 is greater than the one for Scenario 0.0. 

 

Figure	  23.	  Change	  in	  reservoir	  water	  content	  in	  September	  in	  Scenario	  1.0	  	  
compared	  to	  0.0.	  
	  

Scenario 1.1 
The model results using the GW Bal tool for scenario 1.1, representing RCP 4.5 for 
climate parameters and increased extraction is presented in Figure 24. The result 
show some groundwater level impact in April, where an area in the south the 
remaining level is less than 25% of its maximum. There is also an area in the mid-
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north that shows some level of impact, however in May this area is unaffected. The 
most widely spread impact can be observed in September when a majority of the 
reservoirs face some grade of impact on groundwater levels. 

 

Figure	  24.	  Maps	  of	  the	  groundwater	  balance	  in	  North	  Vindö	  	  
in	  April	  to	  October	  representing	  Scenario	  1.1.	  

In Figure 25 the change in water content in September for Scenario 1.1 compared to 
Scenario 0.0 is displayed. The comparison is presented as the water content per 
pixel for Scenario 0.0 subtracted from the water content per pixel for Scenario 1.1. 
The result shows that there is a great variance in water content of September 
between the two scenarios. The green areas in the comparison map represent the 
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least difference in water content with difference values ranging from -0.06 to 0.09. 
For a majority of the reservoirs in the comparison map the values indicate that the 
water content for Scenario 1.1 is greater than the one for Scenario 0.0. 

 

Figure	  25.	  Change	  in	  reservoir	  water	  content	  in	  September	  in	  Scenario	  1.1	  
	  compared	  to	  0.0.	  

	  

Scenario 2.0 
The model results using the GW-Bal tool for scenario 2.0, representing RCP 8.5 for 
the climate parameters and present values for the extraction is presented in Figure 
26. The result shows that some areas are affected as early as April. In May locations 
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in the north and south are severely affected with groundwater levels lowered to 
below 25 %, whereas the rest of the area has levels still over 75 % of maximum.

 

Figure	  26.	  Maps	  of	  the	  groundwater	  balance	  in	  North	  Vindö	  in	  April	  to	  October	  representing	  Scenario	  2.0.	  

In Figure 27 the change in water content in September for Scenario 2.0 compared 
to Scenario 0.0 is displayed. The comparison is presented as the water content per 
pixel for Scenario 0.0 subtracted from the water content per pixel for Scenario 2.0. 
The result shows that for a majority of the study area the water content in 
September for the two scenarios differs within a range of -0.06 to 0.09 and is 
considered as not varying. In the south and west of the study area the comparison 
map indicate some difference in impact on water content for the scenarios. Some 
values ranges from -0.06 to -0.3 which indicates that the water content is more 
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depleted for Scenario 2.0 than for 0.0 in these areas. However these areas are small 
and not very spread out. 

 

Figure	  27.	  Change	  in	  reservoir	  water	  content	  in	  September	  in	  Scenario	  	  
2.0	  compared	  to	  0.0.	  
	  

Scenario 2.1 
The model results using the GW Bal tool for scenario 2.1, representing present 
values for the climate parameters and increased extraction is presented in Figure 
28 Figure 24. The result show some groundwater level impact in April, where an 
area in the south the remaining level is less than 25% of its maximum. There is also 
an area in the mid-north that shows some level of impact, however in May this area 
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is unaffected. The most widely spread impact can be observed in September when a 
majority of the reservoirs face some grade of impact on groundwater levels.

 

Figure	  28.	  Maps	  of	  the	  groundwater	  balance	  in	  North	  	  
Vindö	  in	  April	  to	  October	  representing	  Scenario	  2.1.	  

In Figure 29 the change in water content in September for Scenario 2.1 compared 
to Scenario 0.0 is displayed. The comparison is presented as the water content per 
pixel for Scenario 0.0 subtracted from the water content per pixel for Scenario 2.1. 
The result shows that for a majority of the study area the water content in 
September for the two scenarios differs within a range of -0.06 to 0.09 and is 
considered as not varying. The areas with a difference value are quite spread out 
across the island with concentration points in the south, north and north-west. 
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Some values ranges from -0.06 to -0.3 which indicates that the water content is 
more depleted for Scenario 2.1 than for 0.0 in these areas.  

 

Figure	  29.	  Change	  in	  reservoir	  water	  content	  in	  September	  in	  Scenario	  2.1	  	  
compared	  to	  0.0.	  
	  

Study points 
Groundwater level values per month have been extracted from four different study 
points presented in Figure 30. In Figures 32, 33, 34 and 35 time series presenting 
the water content per month over one year is presented for each study point 
respectively. 
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Figure	  30.	  Map	  of	  study	  points	  for	  extracted	  monthly	  	  
groundwater	  level	  values	  on	  North	  Vindö.	  

The different points are chosen to represent different conditions on North Vindö 
regarding number of wells and location in regards to the coastline. Point 1 is chosen 
as it is an area with a large number of wells located tightly together on low elevated 
ground. Point 2 is chosen as it an area with a medium high frequency of wells 
located on high ground. Point 3 is chosen as it is an area with a scarce amount of 
wells and Point 4 is chosen as it is an area with a high frequency of wells and the 
groundwater balance results in the previous section implies that it is an area easily 
affected by extraction. 
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Figure	  31.	  Graph	  displaying	  the	  monthly	  groundwater	  levels	  in	  study	  	  
point	  1	  in	  North	  Vindö.	  

The results from study point 1 are presented in Figure 31. The result shows that the 
different climate and extraction scenarios follow the same patterns except for 
scenario 1.0 and 1.1 where the ground water levels are restored in September, 
whereas for the other scenarios they are below 11 %. For scenario 2.1 the 
groundwater levels are zero. 

 

Figure	  32.	  Graph	  displaying	  the	  monthly	  groundwater	  levels	  in	  study	  	  
point	  2	  in	  North	  Vindö.	  

The result from study point 2 is presented in Figure 32. The results show that the 
groundwater reservoirs are empty for all scenarios between June and August. That 
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remains the case in September for all scenarios except 1.0 and 1.1 for which the 
levels are restored. 

 

Figure	  33.	  Graph	  displaying	  the	  monthly	  groundwater	  levels	  in	  study	  	  
point	  3	  in	  North	  Vindö.	  

The result from study point 3 is presented in Figure 33. The result shows that the 
groundwater levels are not significantly affected for any of the scenarios. The 
lowest value is for scenario 2.1 in September where the level is depleted to 53 %. 

 

Figure	  34.	  Graph	  displaying	  the	  monthly	  groundwater	  levels	  in	  study	  	  
point	  4	  in	  North	  Vindö.	  
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The result from study point 4 is presented in Figure 34. The result shows that the 
groundwater levels are severely depleted for all scenarios early on during the warm 
season. For Scenario 1.1 23 % of the original water level remain in April and in May 
13 %, which are the lowest values reached during these months. The Scenario that 
affects the water levels in point 4 the least is the present day values of scenario 0.0. 
For scenario 1.0 and 1.1 the levels are restored in September.	  	  

Extraction Sensibility 
A natural groundwater balance scenario for RCP 8.5, where the extraction data in 
the model is set to 0, has been conducted. The numbers of months running are set 
to 9 as September have been observed as the month where reservoir impact is the 
highest in previous results. The resulting groundwater balance is presented in 
Figure 35, and shows that the island reservoirs are unaffected. 

 

Figure	   35.	   Map	   of	   model	   result	   after	   simulating	   a	   natural	   groundwater	   balance	   from	   January	   to	  
September	  

The result of setting the extraction to 1 liter per day and household for RCP 8.5 is 
presented in Figure 36. Only a number of pixels are affected, however some show a 
remaining water content of less than 25 %. Some of the areas with affected pixels 
show a nonorganic pattern. 
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Figure	  36.	  Map	  of	  model	  result	  with	  extraction	  set	  to	  1	  (l/day*household)	  from	  January	  to	  September	  

The result of setting the extraction to 30 liter per day and household for RCP 8.5 is 
presented in Figure 37. The result shows that the water content in some areas, 
especially the north and south, are severely affected even at low extraction volumes. 
A majority of the affected reservoirs show groundwater levels of 50 % to 90 %, 
however most remain unaffected. 

 

Figure	  37.	  Map	  of	  model	  result	  with	  extraction	  set	  to	  30	  (l/day*household)	  from	  January	  to	  September	  
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The result of setting the extraction to 1000 liter per day and household for RCP 8.5 
is presented in Figure 38. The result show that there are several major flow 
channels connected throughout the island where the water content in the reservoirs 
within the network are depleted to less than 25% or maximum. In the middle of the 
island there is an area that shows no impact despite the severe extraction rate. 
There are also streaks in the north part of the island that show the same. 

 

Figure 38.Map of model result with extraction set to 1000 (l/day*household) from 
January to September 

Kinematic porosity sensitivity analysis 
The result of the parameter sensitivity scenario with default values on kinematic 
porosity is presented in Figure 39. Result of scenario 2.1 with default values on 
kinematic porosity and 100 % permanent housing, conducted in the north-east part 
of the island. The result shows that a majority of the reservoirs have a decreased 
water content of some level. The reservoirs depleted to less than 25 % are quite 
spread out and covers a large part of the north peninsula. In the south there are 
some areas that are unaffected. 
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Figure	  39.	  Result	  of	  scenario	  2.1	  with	  default	  values	  on	  kinematic	  porosity	  and	  100	  %	  permanent	  housing,	  
conducted	  in	  the	  north-‐east	  part	  of	  the	  island.	  

In Figure 40. Result of scenario 2.1 with +20% values on kinematic porosity and 
100 % permanent housing, conducted in the north-east part of the island. the result 
of increasing the values of kinematic porosity according to Table 3 is presented. 
The result shows that the reservoirs in the north peninsula suffer widespread 
severe depletion. In the middle of the peninsula and in the south of the map there 
are some areas where the water contents remain unaffected.  
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Figure	  40.	  Result	  of	  scenario	  2.1	  with	  +20%	  values	  on	  kinematic	  porosity	  and	  100	  %	  permanent	  housing,	  
conducted	  in	  the	  north-‐east	  part	  of	  the	  island.	  

In Figure 41. Comparative map between kinematic porosity scenarios with default 
values and +20 %. a comparative map between the kinematic porosity scenario 
with default values and the one with 20 % increased values is presented. The 
comparison is presented as the water content per pixel for the scenario with 20 % 
increased values subtracted from the water content per pixel for the scenario with 
default values. The result shows that in a majority of the reservoirs the water 
content changes very little between the kinematic porosity scenarios (from -0.06 to 
0.09). In some areas across the island however, the water content change ranges 
between -0.3 to -0.06, indicating that in the scenario with increased values on 
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kinematic porosity the water content is higher in the reservoirs than in the scenario 
with normal values. 

 

Figure	  41.	  Comparative	  map	  between	  kinematic	  porosity	  scenarios	  with	  default	  values	  and	  +20	  %.	  

In Figure 42 the result of decreasing the values of kinematic porosity by 20 % 
according to Table 3 is presented. The result shows that the reservoirs in the north 
peninsula suffer widespread severe depletion, stretching down to the south part. In 
the south there are some patches that are unaffected; however the large majority of 
the reservoirs have less than 75 % of their water content remaining.  
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Figure	  42.	  Result	  of	  scenario	  2.1	  with	  -‐20%	  values	  on	  kinematic	  porosity	  and	  100	  %	  permanent	  housing,	  
conducted	  in	  the	  north-‐east	  part	  of	  the	  island.	  

In Figure 43 a comparative map between the kinematic porosity scenario with 
default values and the one with 20 % decreased values is presented. The 
comparison is presented as the water content per pixel for the scenario with 20 % 
decreased values subtracted from the water content per pixel for the scenario with 
default values. The result shows that in a majority of the reservoirs the water 
content changes very little between the kinematic porosity scenarios (from -0.06 to 
0.09). in some areas across the island however, the water content change ranges 
between 0.09 to 0.04, indicating that in the scenario with decreased values on 
kinematic porosity the water content is less than in the scenario with normal 
values. 
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Figure 43. Comparative map between kinematic porosity scenarios with default 
values and -20 %. 

Discussion 
The results show that coastal areas in Sweden with characteristics such as 
crystalline bedrock and many private wells are likely to face water supply issues in 
the future without proper planning and adaptation. The different maps in the result 
section point to the complexity and variety of storage and sensitivity of reservoirs in 
heterogenic soil material. It is clear from the results that large scale and/or 
assessments with low detail is not sufficient to ensure a sustainable water supply 
for all individual wells in similar areas – especially if there are uncertainties 
regarding location and magnitude of available water resources such as in crystalline 
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rock reservoirs. The fact that several of the results point to an overall small impact 
on the reservoir water content (e.g. in May for all the scenario results presented in 
pages 32 to 42j), but some areas are severely impacted indicate that the general 
water balance over the area points to less water supply issues than what may 
actually be the case for some of the inhabitants. 

In the remaining water content maps (pp 32-42) the trend throughout all the 
scenarios is an increasing impact in the reservoirs in some specific areas. This goes 
on until typically September (except for scenario 1.0 and 1.1 where the 
precipitation/evapotranspiration balance show recharged reservoirs already in 
September) and in October the results show that the reservoirs are refilled. At the 
same time some reservoirs in the study area remain intact, even in September 
when the general impact is at its peak. This can be traced to several different 
aspects. One may be the soil material and the corresponding flow properties. 
Observing the soil type map of Vindö on page 15, many of the unaffected patches in 
the remaining water content maps on pages 32 to 42 seems to be clay. A layer of 
clay is able to hold volumes of water due to relatively high porosity, but at the same 
time the hydraulic conductivity is so low that this water is typically not available for 
extraction. Other reasons for these unaffected areas may be that they are outside 
the radius of influence of any well in the area. Looking at the large unaffected area 
in the midsection of the study area and then observing the well map on page 18 it is 
clear that it is an area of only a few scarcely distributed wells. 

Common traits amongst the areas with the highest influence on reservoir water 
content are mainly topography and a tight well distribution. For all scenarios it is in 
the south, the northeast and the west part of the island that impact occurs at the 
earliest point of the season, and becomes most severe. In the topography map (pp 
17) it can be observed that the northeast and west parts are low elevated ground, 
both of which also have a rather high amount of wells in a relatively tight 
distribution. In the south the ground is mid-high elevated but there is a tight 
cluster of wells, matching the area with the highest impact on reservoir water 
content in the maps (pp 32-42). 

The maps of reservoir water content from April to September (pp 32-42) show that 
there is large variance in water content impact, both over the island as well as over 
the year. For example in April, four of the scenarios point to an overall high water 
content, however one area in the south of the study area show an early severe 
impact with water content less than 25 %. This knowledge is essential for the 
residents in the area whose only water source is this local reservoir; since what can 
also be observed in the maps is that this area with severe impact is relatively small. 
North of this area there are areas with very little impact year round and in planning 
for the future development of the study area this information is important.  



	   50	  

The results of the climate data calculations show mainly that the difference 
between the two climate change scenarios is rather small by the year 2050. Both 
have higher values on evapotranspiration and precipitation than the scenario 
representing the present conditions, which follows what can be expected as impacts 
from the projected climate changes. The results for 2050 should, however be taken 
with a grain of salt, at least on the basis of number of millimeters in increase of 
precipitation and evapotranspiration. A projection made for the future always hold 
uncertainties and in regards of natural phenomenas even more so as the nature 
rarely behaves in a linear manner and the different parameters and processes 
affecting the climate is complex. There is also the issue of building results of a 
model from results of another model. For example the evapotranspiration 
calculation holds several steps that each includes some level of simplification 
and/or generalization. In short it is a model based on another model, which in turn 
is based on a third model (ie. The evapotranspiration as a function of daily mean 
temperature, the daily mean temperature whose increase is based in the IPCC 
modelling of climate change impacts), and is most likely slightly over estimated due 
to the nature of the different calculation methods. For example the equation 
making evapotranspiration into a function of daily mean temperature results in 
potential evapotranspiration, which often has a higher value than the real one. The 
purpose of this study is not to generate climate values in detail. The purpose is to 
give implications as to what direction the development in the future may hold, and 
from this further investigate the impacts on the groundwater in the study area. This 
is why it is not recommended to hold for certain that for example the precipitation 
in August in the year of 2050 will be exactly 67 millimeters following RCP 4.5. 
Although some level of increase in both evapotranspiration and precipitation is to 
be expected according to the climate data results. 

In the results of the study areas the remaining water content in the reservoirs 
differs significantly between the different study points, and only some between the 
different scenarios. In study point 4 (pp 49) the water content is severely depleted 
as early as May in most of the scenarios, whereas in study point 3 (pp 48) the water 
content does not fall below 50 % - even in September, which in the general results 
is the month with the most severe impact. It seems as though the location of a well 
has a greater influence on the reliability of the water supply over the year than 
which of the climate scenarios will be the dominant one in the future. 

The extraction volume analysis shows an important aspect, which is that the tool is 
extraction based. This means that the natural reservoir water content fluctuation 
over the year, due to run-off, plant absorption and low recharge is not taken into 
account. This could imply that the resulting impact on the reservoir may in some 



	  51	  

cases be underestimated. However this depends on the vegetation type, land use 
and flow connectivity. 

Groundwater assessment is complicated. In contrast to surface water assessment 
the actual volume of water in a reservoir cannot be seen with the naked eye. The 
knowledge that is gathered on local soil properties, climate processes and physical 
and chemical characters of different soil materials enables estimations to be made. 
However few soils are of completely homogenous material and properties whereas 
estimations about changes and variances in these have to be made as well. For 
example the impermeable barriers below ground are impossible to know in detail 
and so in order to estimate the groundwater catchment for groundwater balance 
calculations an assumption is made that the below ground barriers follow the ones 
visible on the surface. This may, however, not be the case as a local impervious 
layer, not visible on the surface may lead the groundwater flow in other directions 
than what can be asserted from the surface topography. In crystalline bedrock there 
is also a high level of connectivity uncertainties due to fractures. It is difficult to 
estimate an area representative of a catchment in bedrock, as the water is limited 
only to fractures. Some fractures can often be visible on the surface and 
experienced geologists are able to estimate below ground magnitude of these. The 
connectivity and non-visible fractures remain uncertain parameters regardless, 
without extensive field-testing. 

What is not taken into account in the spatial GW-Bal tool is the flow exchange 
between different fluid sources. For example there are several fresh water lakes 
present on the island Vindö, apart from the saltwater channels reaching far into the 
island. During the summer months when groundwater recharge is low and 
extraction is increased it is likely that there is some inflow from these freshwater 
lakes into the groundwater system through connected fracture channels. In terms 
of water volume, the inflow may act as a buffer for the groundwater reservoirs in 
the lake proximity. This, however, does not mean that the wells in the adjacent area 
do not suffer the risk of water supply deficit. The measure of reservoir water 
content should be seen as a measure of useable water, or likely potent water. A 
rapid inflow of untreated, uninfiltrated surface water into the groundwater system 
may carry harmful microbials and chemical compounds making it not suitable for 
drinking. The same goes for the saltwater intrusion taking place along the coast. 
There is likely a inflow of saltwater through fractures, into the groundwater system, 
as extraction turns the pressure potential towards inland instead of towards the 
sea. In both these cases the rapid inflow of untreated or chloride concentrated 
water the quality of the groundwater is depleted and it may even become 
undrinkable without further cleaning processes for some time. 
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In this study mean values are used for the yearly precipitation and 
evapotranspiration, which means that year-to-year variance in these parameters 
are evened out. An aspect that is not a part of this study but is interesting for 
further study of both the spatial GW-Bal tool and certain study areas is the effect of 
extreme weather conditions such as dry-, or wet years. In particular dry years are of 
interest as these affect the groundwater recharge negatively and thus putting the 
water supply at risk. In case of extreme events the year-to-year variance is likely 
greater than the one between the different climate change impact scenarios by 
2050. This means that a high return period drought may impact the local reservoir 
water content more than for example RCP 8.5 in 2050. These events are relevant as 
they are not necessarily in the future, but very much in the present. Climate change 
impact projections also tell that these extreme events are likely to increase in 
frequency as the global temperature rises (EPA, 2016). The weather phenomena 
change presented in this study represents a general development over time, as in 
mean conditions today compared to probable mean conditions in the future. For 
the people living in areas with a private well as only water source, two, or even one 
year of extreme drought will have a large impact on their water supply, even if the 
general mean condition remains the same. 

As the spatial GW-Bal tool is currently under development it is important to note 
that the visual results obtained should be viewed as general implications until 
further parameter studies have been done. In the maps presenting the extraction 
sensitivity (pp 48-49) there are sections of the study area with no impact even 
when the extraction is set to a 1000 (l/day*household). Some of these can be traced 
to the soil material and the corresponding kinematic porosity, while other such 
areas are due to the radius of influence input set by the user. In the section where 
the result sensitivity to the parameter kinematic porosity is investigated (pp 50-54), 
the results show that in the scenario when the kinematic porosity is increased by 20 
% the impact decreases, and vice versa when the kinematic porosity is decreased by 
20 %. This implies that parameter errors and sensitivity may lead to 
underestimation or overestimation of the results, should they not be taken into 
account. It is also important to note that the results do not represent a volume of 
water. The water content impact is dependent on the amount of water in the soil 
material under saturated conditions (ie. After a recharge period during spring), 
which means that soil material that hold no water will not suffer an impact in 
reservoir water content due to extraction.  

They can however be used as an indication of impacts on the reservoirs, should a 
similar change in climate parameters take place. 

The spatial GW-Bal tool requires some understanding of hydrogeological processes 
in order to interpret the implications of the results. It also requires some skill in 
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using model software. Apart from this the tool is readily accessible and generates 
fast results. In this study the climate data preparation was the most time 
consuming part, except for the initial part where and understanding of the tool 
structure and functions had to be obtained. As mentioned there are many different 
methods to assess the groundwater situation in an area, all of which have different 
strengths and weaknesses. According to Sazvar (2010) the method that generates 
the most accurate result is the GW-Bal method that the spatial tool used in this 
study is based upon. The strength of the spatial GW-Bal is the strong theoretical 
base from the original tool in Olofsson (2002), combined with the possibility of 
conducting the calculation over large areas, without having to define catchment 
borders or spatial physical geo-data. The digital information is gathered from the 
Swedish Geological Survey as well as the Swedish University of Agricultural Science 
and hold data from continuous surveys conducted by these institutions. The power 
that lies with the user is the characteristics specific for each of the materials defined 
in the physical geo-data maps, such as kinematic porosity, as well as extraction and 
housing data.  

In Sazvar (2010) a study of groundwater balance in Vindö is conducted using the 
original GW-Bal tool. The results show a similar pattern as presented in the results 
in this study, where August and September are the months where water content 
depletion is the most severe. The 2010 study is conducted dividing the area into 
three sub-areas and is thus not spatial. This means the reservoir balance is 
conducted for the whole area and its inhabitants and not for separate reservoirs as 
in this study. The results of the 2010 study show that at a permanent housing 
percentage of 50% the area is theoretically able to cover the drinking water need for 
3900 inhabitants (calculated for 2.5 people per household and with summer 
residents included), without depleting the water content to less than 20 %. The 
number of inhabitants today is approximately 4000 and the percentage of 
permanent inhabitants is 20-30%, which means that theoretically the water supply 
demand in the area is covered, with some room for error. However as mentioned 
before, for those inhabitants living in an area where the reservoir water content is 
sensitive to extraction and there is a risk of saltwater intrusion or other water 
supply hazards, there is little comfort in the theoretical water supply coverage.  

The spatial GW-Bal should be useful for planners in all categories dealing with 
water supply projects, as the tool enables the user to generate own physical geo-
data objects. For example a further analysis for this study would be to place a few 
new wells in the model and investigate the impact of these in different locations. 
Modifications like these can be made in a short time, as long as the model 
foundation data is in order, and thus answers to many different questions 
regarding planning options are rapidly generated. 
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Conclusion 
The study points towards a large spatial variance in reservoir sensitivity on Vindö 
island. The location and distribution of wells, as well as soil type and ground 
elevation are parameters that have a large impact on the remaining water content 
over the year. The investigation of the study points implies that the well localization 
has a larger significance for the water supply coverage than specific climate data. 
This holds both promises and problems for planners and island inhabitants. The 
fact that a spatial analysis can be conducted and ideally lead to further settlements 
being placed in areas with less sensitive reservoirs, means that the reliability of the 
water supply in the future can be increased in these sensitive coastal areas. 
However the fact that the general climate situation does not seem to have a 
significant impact on reservoir water content implies that the problems are not in 
the future and very much in the now. The mean values on climate data used in this 
study leads to results portraying a less severe situation than if for example two or 
three years of drought were to happen now. This means that it is crucial to adapt 
mitigation and adaptation plans now and not in 2050. However as the mean values 
imply, the general situation is likely to change, which calls for plans to prepare for 
the future situation as well. 

The GW-Bal tool takes into account many of the important aspects of groundwater 
balance, such as storage volume and recharge variability. In combination with the 
spatial reference this results in fairly easy access overviews and indications of 
problem areas, or areas that may require further field investigations. However, the 
development stage of the spatial GW-Bal tool implies that further parameter 
analysis should be conducted before the results are taken as absolute truth – 
especially given the complex nature of groundwater assessment in general. In any 
case it is clear that the spatial aspect combined with the strong theoretical base of 
the GW-Bal program may prove a useful tool for planners and groundwater experts 
when large or heterogenic areas need to be analyzed.	  
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