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A Risk Assessment Analysis; 

The risk of saltwater intrusion into freshwater wells and the effects of a 
future sea level rise on the Baltic Sea island of Öland 

Marcus Eriksson 

Abstract 
Freshwater is essential for a functional society and the human well-being. However, it should not be 
taken for granted. Freshwater aquifers in coastal are subject to current and future risk of becoming 
saltwater contaminated – reaching a tipping point. Freshwater security on islands is vulnerable. The aim 
of this empirical study is to identify the effects of a 2-meter sea level rise and the current risk of well 
salinization at the Baltic Sea island of Öland, Sweden. A Geographical Information System (GIS) was 
used to conduct a quantitative risk assessment analysis. Natural and physical parameters affect the risk 
of intrusion into wells including hydrology, geomorphology, and climatology. Anthropogenic causes 
and climate change also add to the risk of salinization. However, they are not included in the quantitative 
study. The spatial distribution of the current risk is mapped in this study and can be used as a tool to 
identify wells at risk. Moreover, a future sea level rise has been visualized and show that 3% of all wells 
on the island will get directly inundated along with 5% of the total land area. Important land such as 
urban areas, nature reserves, and animal protection areas will get inundated including the loss of 
environmental and socio-economic values. A precautionary approach needs to be implemented in future 
planning since many wells are already at risk of salinization. The complexity of the problem is vast, and 
this study aims to fill the gaps in literature and previous research in a more multi-criterion way. 
Nevertheless, the political discussion urgently needs to address the topic and a mitigation and adaptation 
strategy must be on the agenda.  
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1. Introduction 
Freshwater is a precious resource and a fundamental building block in the society (Naiman & Dudgeon, 
2010) (Rushton, 2003). This natural resource is finite, if misused or externally influenced. The resource 
is also vulnerable to climate change and human activities – especially on islands surrounded by 
saltwater, generally a region with naturally smaller and limited aquifers (White & Falkland, 2010). The 
construction and use of wells provide the society with freshwater. This, in turn, increases the risk 
salinization of freshwater aquifers (Cozzolino, Greggio, Antonellini, & Giambastiani, 2017) which 
consequently result in wells becoming unusable as a source of freshwater (i.e. a tipping point). Saltwater 
intrusion is not only an effect of human activities but also natural processes (Werner & Simmons, 2009). 
This study will look at two aspects affecting the Baltic Sea island of Öland, on the east coast of Sweden, 
in various ways. The first aspect aims at visualizing a 2-meter sea level rise as a result of climate change, 
and the direct inundation of wells along with other losses. The second aspect considers physical and 
natural factors contributing to the current risk of salinization into wells (2017). It is noteworthy to add, 
that the water in the Baltic Sea is brackish, although referred to and generalized as saltwater in the text 
of this study.  

Key topics: 

• Visualize a future 2-meter sea level rise and the following consequences 

• Identify and map potential areas and wells susceptible to saltwater intrusion 

A Geographical Information System (GIS) was used to process spatial data and map the quantitative 
analyses in this study. As a part of the result, a variety of maps were created. A final multi-criterion risk 
analysis was conducted to provide information on wells currently at risk of saltwater intrusion. 

1.1 Why is this subject important? 
Sea levels are rising and coastal areas are more at risk. However, many wells are already at risk of 
salinization, and with rising sea levels the risk increases. Generally, the preparations for future climate 
change in many of Sweden’s municipals are too low or non-existent (von Oelreich, Svenfelt, Wikman-
Svahn, & Carlsson-Kanyama, 2012). As a consequence, the outcome can have high environmental and 
socio-economic costs. It is a threat to human well-being when freshwater security is at risk and when 
inundation causes loss of land. Adaptation and mitigation strategies are necessary. 

Previous quantitative studies, looking at effects of sea level rise and the risk of salinization is limited, 
regardless of its possible significance (Werner & Simmons, 2009). However, some previous studies try 
to address the effects of sea level rise, considering a variety of environmental and anthropogenic factors 
but repetitively miss the fact that multiple factors contribute to the risk (Ebert, Ekstedt, & Jarsjö, 2016). 
Hence the need and importance of further research with more detailed multi-criterion analyses.  

1.2 Future risk - sea level rise 
According to The Intergovernmental Panel on Climate Change (IPCC, 2013), 95% of the world’s ocean 
areas will be affected by a sea level rise by 2100, hence increasing the risk of inundation and intrusion 
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in coastal aquifers. Sea level rise is a result of thermal expansion of water caused by global warming 
and the addition of liquid water that comes with melting glaciers and ice sheets on land (Gregory, 2013). 
To what extent sea levels will rise in certain regions is dependent on the geographical location and on 
future climate change (Carson, et al., 2016). Nevertheless, one thing is certain; sea levels are rising and 
at an increasing pace (IPCC, 2013). Many municipals in Sweden do not have a strategy for a future sea 
level rise beyond the year 2100, since the projections of the pace and extent of a future sea level rise are 
uncertain (von Oelreich, et al., 2012), thus complicating decision-making regarding this topic. More 
recently, many scientific publications predict a global mean sea level rise around 1-2 meters until 2100, 
for the worst case scenario climate projections (von Oelreich, et al., 2012). However, local sea level rise 
varies from global mean sea level rise, which partly depends on the relative local postglacial uplift of 
land (Ågren & Svensson, 2007). In the southern parts of Sweden, the uplift is less profound than in the 
north which means that a change in sea level will be more noticeable in the south, and thus on the island 
of Öland (von Oelreich, et al., 2012). This study will project a 2-meter relative sea level rise as the future 
scenario when visualizing the inundation and losses on Öland, not focusing on the time perspective.  

1.3 Current risk - physical and natural factors 
Other than anthropogenic processes, physical and natural factors add to the risk of saltwater intrusion 
into wells and freshwater aquifers (Werner & Simmons, 2009). Five natural and physical parameters 
have been identified and used in this study, all contributing to the risk of saltwater intrusion in different 
ways. The parameters are distance to the coast, distance to lakes, soil type, mean annual precipitation, 
and elevation above sea level. The individual risk of each parameter are added together to assess the 
final risk of salinization. The conceptualized illustration in Figure 1 shows the interface of fresh- and 
saltwater and the location of a well. The parameters all affect this transition zone and if this zone reaches 
the well, saltwater contamination can occur. If the well is located closer to the coast (an example of one 
parameter), it will get closer to the interface – increasing the risk (Cozzolino, Greggio, Antonellini, & 
Giambastiani, 2017). Furthermore, if precipitation is low, the recharge of groundwater becomes less, 
which in turn can lead to an upward travel of the interface (Klassen & Allen, 2017). Accordingly, 

Figure 1. Illustrating the interface between freshwater and saltwater along with the water table and 
a well. This is a conceptual illustration. Seasonal variations occur in the system. Illustration (Barlow, 

2003) (modified for this study).  
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hydrology, geomorphology, and climatology are all contributing factors when assessing the current risks 
of intrusion.  

1.4 Purpose and research question 
The motivation of this study is the increasing importance of this emerging topic; a topic that, if ignored, 
could result in extensive and costly effects for the society and the environment. The study, in the absence 
of previous research in this scientific area, aims to provide a better basis and understanding in future 
risk assessments for decision makers. This study will try to answer the following questions: 

• How will a future 2-meter sea level rise affect the Baltic Sea island of Öland?  

• What is the current risk of saltwater intrusion into freshwater aquifers and wells?  

1.5 Demarcations 
This study is geographically restricted to the island of Öland. Limited information availability for future 
climate scenarios restricts the calculations in this study. The data found for future projections, with 
changing natural and physical factors, had too low resolution to be able to use in this study at a location 
as specific as Öland. However, the scenario in this study, a 2-meter sea level rise, is based on possible 
future outcomes of global mean sea level (IPCC, 2013). When a 2-meter sea level rise will occur is more 
uncertain than the fact that if it will occur, hence the relevance of visualizing the 2-meter sea level rise.  

Natural and physical parameters (precipitation, distance to coast, distance to lake, elevation above sea 
level, and soil type) are not the only factors affecting the risk of saltwater intrusion. The parameters 
chosen in this study works as a simplified model of reality. Anthropogenic causes are hard to consider 
since it is a relatively unpredictable external factor. The risk of an intrusion into wells can, and should, 
be used as a comparative and relative indication rather than providing a confident prediction. Instead, 
one can compare the susceptibility in one area with another and take action according to the present risk. 
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2. Study area: Öland 
Öland is the second largest island in Sweden and is located in the Baltic Sea on the east coast of the 
country (Figure 2). The island is connected to the mainland by a bridge from the city of Kalmar. Öland 
consists of two municipals, Borgholm in the north and Mörbylånga in the south. The island is ~135 km 
long and ~6-15 km wide with a total area of 1350 km2. The population is relatively small, with 24,987 
(2014) permanent residents (Nationalencyklopedin, 2017). Furthermore, the island inhibits large 
populations of migratory birds. Nowhere else in Sweden, and only at a few other places in Europe, can 
one observe a greater diversity of birds than on the south headland of Ottenby - one of many important 
bird protection areas on the island (Ölands Turistbyrå, 2017). These unique places, among unique natural 
phenomenon and cultural heritage, attract large numbers of tourists every year. Tourism is an important 
source of income, especially during the summer months. Another major source of income is quarrying 
and processing of limestone (GeoPark Öland, 2012). 

2.1 Geology 
The top layer of bedrock on Öland consist of Ordovician limestone, 
created around 480 million years ago. The geology of Öland is unique 
with a rugged and rather flat landscape, dipping slightly towards the 
northeast, with its highest point at 57 meters above sea level (m a.s.l.) 
(Ölands Turistbyrå, 2017). The surface has been shaped and polished 
by the last ice age, resulting in a generally thin layer of soil on the 
island with a characteristic flora and fauna (GeoPark Öland, 2012). 
The landscape, where vegetation is growing directly on the 
limestone, is called Alvar; uniquely found on Öland and only a few 
other places in the world (GeoPark Öland, 2012). Thin layers of soil 
can result in smaller groundwater storage capacities, an increased 
sensitivity of contaminants during aquifer recharge (Kohl, Carlson, 
& Wangemann, 1994), and hence an increased vulnerability when it 
comes to quality and sufficiency of freshwater. The depth of the 
unsaturated zone is shallow in these areas, a zone which is supposed 
to filter the water before it reaches the groundwater table (Figure 1) 
as it percolates down through the soil (Larrson & Rosander, 2015). 

2.2 Climate 
The mean annual precipitation on the island is very low. It receives 
some of the lowest amounts of yearly precipitation in Sweden, 500-
650 mm/year (SMHI raster data, 1991-2013), and it also receives the 
most hours of sunshine per year in the country. The lack of 
precipitation, in combination with one of the most lake- and river 
scarce areas in Sweden, is contributing to the occasional problems 

with freshwater availability. The problems arise particularly in the summer months when the population 
increases drastically due to tourism – resulting in an increased demand for freshwater.  

Figure 2. Study area, location 
in Scandinavia, topography, 

hydrology, urban areas, and 
main roads. 
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3. Methods and data 
The study was conducted in two steps. Firstly, a sea level rise was simulated and analyzed with focus 
on the direct inundation of wells and land areas. Secondly, a risk map was created with an index of the 
risk of saltwater intrusion into wells on the island. The first part simulated a future sea level rise of 2 
meters in order to visualize which areas that will be directly inundated by seawater as a way to 
understand and estimate the number of wells that will be covered in saline water – a tipping point for 
where a freshwater source becomes unusable. Following steps summarize the method for the first part 
of the study (A method flowchart for the first part of the study is provided in Appendix A): 

1. Climate projections were analyzed in order to identify and simulate a possible sea level rise 
2. The simulated sea level rise was visualized using ArcGIS with collected data 
3. The direct inundation of land and wells were quantified 

Following data were used in the GIS-analysis in the second part of the project: 

Table 1. Data used in the risk analysis for saltwater intrusion including references.  

Data	 Format	 Reference	 Production	date	 Resolution	

Digital	elevation	model	(DEM)	 Raster	 Lantmäteriet	 2009	 2m	

Soil	type	 Vector	(polygon)	 SGU	 2014	 -	

Wells	 Vector	(point)	 SGU	 2010	 -	

GSD-Overview	map	 Vector	(polygon)	 Lantmäteriet	 2017	 -	

Mean	annual	precipitation	 Raster	 SMHI	 1991-2013	 4,000m	

 

The second part of the study, the risk assessment analysis, was conducted using several different sources 
of data (Table 1) - collected and combined in ArcGIS. Key parameters affecting saltwater intrusion into 
wells and freshwater aquifers in coastal areas were identified; elevation above sea level, distance to the 
ocean, distance to lakes, mean annual precipitation and soil type. A motivation for choosing each 
parameter was included in the method. All these parameters provided the foundation of the final multi-
criterion risk assessment analysis where different parameters affect the risk of saltwater intrusion 
differently, hence they were assigned different weight factors. Following steps summarize the method 
for the second part of the study (A method flowchart for the second part of the study is provided in 
Appendix B): 

1. Parameters were identified and data was collected and assigned specific weight factors 
2. Data for each parameter was processed, using specific tools in ArcGIS 
3. Each parameter was divided into three subgroups, each with a relative risk value 
4. Calculations were run and visualized by weighted risk values in maps  
5. A final risk map was created, combining all weighted risk values 
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3.1 Wells 

3.1.1 Spatial distribution and well density 

The DEM-data from the Swedish National Land Survey (Lantmäteriet) was combined with the vector 
layer from the Swedish Geological Survey (SGU), containing coordinates for registered wells on Öland, 
to show the spatial distribution of wells on the island. Elevation data from the DEM-layer was extracted 
and exported to the well vector layer attribute table in order to group all wells according to their 
elevation. Color-coded symbols were assigned to each group in order to illustrate the elevation and the 
location of each well. To visualize the density of wells, a point density cloud layer was created.  

3.1.2 Direct inundation  

The creation of a map, with both the simulated sea level rise and the location of all wells, can be used 
to estimate which wells that will become inundated. The field calculator in ArcGIS was used to extract 
elevation data from the DEM-file and joined with the vector layer of wells, adding information about 
elevation for all wells. This allows for an easy classification of wells below and above 2 meters. 
Simulating a direct inundation of wells, in the event of a 2-meter sea level rise, was done by dividing 
the DEM-file into 2 classes. New layers were created, in order to color-code the data points below 2 
meters with one color and the rest transparent. When overlaying this new layer over the DEM-layer, the 
inundation of a future scenario could be visualized. 

3.2 Loss of land area 

3.2.1 Visualization 
The total loss of land due to a 2-meter sea level rise was calculated and visualize using the spatial analyst 
raster calculator in ArcGIS. This tool divides the raster into two categories; one directly affected by the 
sea level rise (same procedure as for the direct inundation of wells (3.1.2)). By overlaying the GSD-
Overview map with the visualized sea level rise layer, different kind of information can be observed in 
the GSD-Overview map (e.g. urban areas and animal protection areas) in order to simulate the extent of 
affected areas. Loss of urban areas, nature reserves and animal conservation areas were all embodied 
within the GSD-Overview map layer and thus in the visualization. Example areas are magnified for a 
more detailed view – allowing for an enlarged overview of the effects of a future sea level rise. 

3.2.2 Calculation 

Possible total loss of land was calculated by multiplying the total amount of pixels in the sea level rise 
raster layer with the resolution of the specific raster file (2x2m). The total loss in m2 could then be 
calculated. The loss of area was divided with the total area of the island, which provided a fraction - a 
valuable number for interpreting future changes to the spatial area.  

3.3 Risk parameters of saltwater intrusion 
All numbers in this section can be found in Table 2. The foundation of the multi-criterion risk 
assessment analysis consisted of five identified parameters, visualized in five different raster layers as 
separate maps. These layers were combined in a final risk map. All parameters affect the risk of saltwater 
intrusion in different ways, therefore they were given a weight factor (W) of 1, 2, or 3 before merging 
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the layers together. Each layer was created using relevant tools and processes, due to the difference in 
the types of data being used. The resolution was changed from 2m to 20m, resampled through the nearest 
neighbor technique, in order to optimize processing time. An exception was made for the precipitation 
layer where the original resolution was already much lower (4,000m), hence a lower assigned weight 
factor. Each cell of the five raster layers was given a risk value (R) of 0, 1, or 2 at that specific point of 
the raster. The specific risk value is based on a relative classification of each parameter and its risk of 
saltwater intrusion. Three subdivisions of each parameter was created. As an example, closer proximity 
to the ocean leads to a higher risk of saltwater intrusion, resulting in a higher risk value. More 
precipitation leads to a lower risk of saltwater intrusion, and thus a lower risk value.  

Table 2. Risk parameters of saltwater intrusion used in the risk analysis including subdivisions, risk 
values, and weight factors. 

Parameter	(j)	 Subdivision		
value	

Risk	value	
(R)	

Weight	factor	
(W)	

Weighted	
risk	value	

Distance	to	coast	(m)	
<	300 
300-500 
>	500	

2 
1 
0	

3	
6 
3 
0	

Distance	to	lakes	(m)	
<	300 
300-500 
>	500	

0 
1 
2	

2	
0 
2 
4	

Soil	type	

Coarse	sediments 
Fine	sediments 
Bare	bedrock 
No	data	

2 
1 
0 
No	data	

2	

4 
2 
0 
No	data	

Prec.	yearly	average	(mm)	
<	550 
550-600 
>	600	

2 
1 
0	

1	
2 
1 
0	

Elevation	a.s.l.	(m)	
<	5 
5-10 
>10	

2 
1 
0	

3	
6 
3 
0	

3.3.1 Elevation above sea level 

Higher elevation a.s.l. is equivalent to a lower risk of saltwater intrusion, since the height of the water 
column increases with elevation (Barlow, 2003). The distance to the salt-freshwater transition zone is 
thus greater in these areas lowering the risk of intrusion. 

The DEM-data was used to classifying the elevation data into three subdivision groups, < 5, 5-10, and 
> 10 m a.s.l. The classification was done using the unique values in symbology (the same tool was used 
for all following parameters). Each group was given a risk value of 0, 1, or 2 and a weight factor of 3. 

3.3.2 Distance to ocean 

An increased distance from the coast decreases the risk of saltwater intrusion into wells since the 
transition zone between fresh- and saltwater is pushed deeper into the ground further inland (Barlow, 
2003). In an idealized model of groundwater flow patterns, freshwater is pushed towards the coast, 
preventing saltwater from migrating inland (Barlow, 2003). 



12 

 

The Euclidean distance tool was used to calculate the distance to the ocean for every cell of the map. A 
polygon was first extracted from the GSD-Overview layer to distinguish the location of the coastline. 
The result of the calculation of the Euclidean distance is thus the distance from all cells to the polygon 
surrounding the island (i.e. the coastline). These values were classified into three groups, < 300, 300-
500, and > 500 meters from the coast. Every group was given a risk value of 0, 1, or 2 and a weight 
factor of 3. 

3.3.3 Distance to lakes 
The distance between cells and lakes was calculated in the same way as for the ocean. Instead of using 
the coastline polygon, polygon-data of lakes from the GSD-Overview map was used. The classification 
of the risk values was done in the same way as for other parameters, categorized into three groups with 
risk values ranging from 0-2. This parameter was given a weight factor of 2 since it affects the risk of 
saltwater intrusion less relative the parameters of elevation and distance to the coast.  

3.3.4 Precipitation 

Lower precipitation reduces the recharge of aquifers and thus increases the risk of saltwater intrusion 
(Rushton, 2003). The hydraulic gradient is reduced and less freshwater flows towards the ocean (Klassen 
& Allen, 2017). This increases the risk of saltwater migrating inland, along with a decreased height of 
the water table. 

The input data of the mean annual precipitation, from the Swedish Meteorological and Hydrological 
Institute (SMHI), over Öland had a very low resolution compared to the other data used (4,000m vs 2m). 
The precipitation data is an estimated average, hence the low resolution, and not as precise as the DEM-
data. When classifying the low-resolution data into three groups, < 550, 550-600, and > 600 mm/year, 
the large cells were smoothed, rounded, and generalized by drawing new polygons in order to make the 
map easier to decipher. The pixel size of the raster file was resampled from 4,000m to 20m – equivalent 
to previous parameter layers. Risk values (0-2) were then assigned to each subdivision group and a 
weight factor of 1 was given - due to the lower precision of the data compared to other parameters in 
the study.  

3.3.5 Soil type 
The soil type determines how fast water can penetrate through the ground, both horizontally and 
vertically, and reach the groundwater - the saturated zone. Coarse sediments (i.e. sand particles and 
bigger) have greater permeability and allow for faster infiltration than fine sediments (Karlsson & 
Hansbo, 1992), hence a greater risk of saltwater intrusion into aquifers.  

The vector data from SGU contained detailed information about the soil types around the island. All soil 
types were divided into more generalized groups according to the particle size in the soil; coarse 
sediments, fine sediments, bare bedrock and no data (e.g. lakes). The featured tool used was the 
Grouping Analysis. The European standard scale for particle size (SNA, 2009) was used when dividing 
the soil types into subdivision groups. Each group was given a specific risk value (0-2) and a weight 
factor of 2. 
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3.4 Weighted risk value 

3.4.1 Calculations and mapping 

When conducting the risk assessment analysis of salinization in freshwater wells, calculations from a 
similar study of the island Gotland was used (Ebert, et al., 2016). The method used in their study is 
based on a widely used value-weighing factor method. This method, and similar ones, have been used 
in topics regarding groundwater security and ecological conservation, thus influencing decision-making 
(Ebert, et al., 2016). Another method, the foundation and inspiration of the calculations in this study, is 
called DRASTIC; a method developed by the U.S. Environmental Protection Agency (EPA). These 
kinds of methods use overlaying layers, which show the differing vulnerability of saltwater intrusion 
into wells, where natural and physical processes affect the risk (Gogu & Dassargues, 2000). The final 
risk assessment in this study is the sum of five natural and physical processes using the following 
equation: 

Equation 1. 

𝐷" = 	 (𝑊'×𝑅')
+

',-

 

 

𝐷" = 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑	𝑟𝑖𝑠𝑘	𝑣𝑎𝑙𝑢𝑒	𝑖𝑛𝑑𝑒𝑥	𝑓𝑜𝑟	𝑚𝑎𝑝𝑝𝑖𝑛𝑔	𝑢𝑛𝑖𝑡 

𝑊' = 𝑊𝑒𝑖𝑔ℎ𝑡	𝑓𝑎𝑐𝑡𝑜𝑟	𝑓𝑜𝑟	𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟	𝑗 

𝑅' = 𝑅𝑖𝑠𝑘	𝑣𝑎𝑙𝑢𝑒	𝑓𝑜𝑟	𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟	𝑗 

 

All parameters have been divided into three respective categories, each with a specific risk value (R) of 
0, 1, or 2, (Table 2). 0 represents low risk of saltwater intrusion, 1 represents medium risk and 2 
represents high risk, relative the groups within the same parameter. Additionally, the parameters affect 
the risk of saltwater intrusion to different extents. Therefore, the weighted risk values from each 
parameter weigh differently when summed up. To calculate the weighted risk value, the risk values (R) 
was multiplied by the weight factor (W) of either 1, 2, or 3 to enhance and balance the significance of 
each parameter (Gogu & Dassargues, 2000). All weighted risk values were added together (Equation 
1) resulting in a weighted risk value index (D) for each individual cell, ranging from 0 to 22, where the 
risk of saltwater intrusion increases with higher numbers. Finally, the risk value index was mapped and 
visualized using the Sum Cell Statistics tool – adding the risk of all parameters into one single map. 
Magnified maps of the entire island were included - enabling for a more detailed view of the risks around 
the island. 

3.4.2 Risk classes and number of wells 

Lastly, all wells were assigned specific risk values for each well’s particular location. The data was 
presented in a chart to make it easier to comprehend the number of wells that are at low, medium or high 
risk of saltwater intrusion. This step was done by extracting the added weighted risk values from the 
final risk map into the well point vector layer. The risk index values for each well were export into Excel 
- sorted into groups according to the specific risk index values and counted. A chart was made to show 
the number of wells in each risk index value class. 
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4. Results 

4.1 Well density and elevation 
Well density is highest on the west 
coast of Öland (Figure 3 (I)). This 
indicates areas with a large number 
of inhabitants. Most of the island’s 
larger towns are located here. Many 
wells are also located near the coast 
and at low elevations (Figure 3 (II)). 
Since the groundwater table is 
already close to the surface in areas 
close to the coast and at low 
elevations, the risk of saltwater 
intrusion into freshwater aquifers is 
already high (Tularam & Keeler, 
2006) (Cozzolino, Greggio, 
Antonellini, & Giambastiani, 2017). 
If considering a future sea level rise 
of 2 meters, 99 wells will be directly 
inundated, corresponding to 
approximately 3% of all wells. 
Today, many of the potentially 
inundated wells are being used in 
summer houses, smaller farms, and 
as energy wells (SGU vector data, 
2010). The extent of the direct 
inundation will be more severe in 
locations with a high density of wells 
at low elevations – causing more 
damage to the freshwater aquifer. In 
the north half of the island, in the 
municipal of Borgholm, a majority of 
the wells are located at elevations 
below 10 m a.s.l. This rather flat part 
of the island will be affected the most in the case of a sea level rise greater than 2 meters, compared to 
the steeper and higher elevated parts of the central island.  

Figure 3. (I) Density of wells shown as point density. (II) 
Showing the elevation of all 3438 wells. 99 wells (3% of total) 

are located at or below 2 m a.s.l. These will be directly 
inundated in a 2 m sea level rise scenario.  
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4.2 Inundated land 

4.2.1 Total loss 

In the event of a future 2-meter sea 
level rise, a total area of 67 km2 will 
be inundated, corresponding to 
approximately 5% of Öland’s surface 
(Figure 4 (I)). Inundated areas 
include coastal towns and other 
urban areas but also infrastructure, 
farmland, cultural features, nature 
reserves, animal protected areas, and 
land important for the tourism 
industry. The west coast is more 
densely populated and all major 
towns are located here. This part of 
the island is steeper compared to the 
flatter east and north parts, which are 
slightly sloping towards the Baltic 
Sea. The water will for that reason 
not reach as far inland on the west 
coast compared to other parts of the 
island. The water may reach a few 
hundred meters inland in the 
southwestern parts of the island and 
up to a few kilometers in the northern 
parts. The total loss of land will 
hence be greater in the north and on 
the east coast, inundating larger 
areas.  

4.2.2 Example areas 

Low-lying towns on the west coast 
(e.g. Färjestaden, Borgholm, and 
Mörbylånga) will be affected by the 
sea level rise (Figure 4 (II-IV)) since 
they are all located in close proximity 
to the coast. Many houses, beaches, 

and wells will be affected, not only because of the submerged low-lying parts but also because 
freshwater security will be affected when wells become contaminated with saltwater. Other regions 
around the island, with cultural values or areas of importance to the tourism industry, might also be 
inundated or become greatly affected.  

Since most animal protection areas and nature reserves are located along the coast, they will be affected 
by a sea level rise (Figure 5). Some important bird protection areas and nature reserves will be almost 
entirely inundated and others will drastically change spatially. Within these coastal areas, some new 
small islands will be formed. 

Figure 4. (I) Topography and illustration of a future sea level 

rise of 2 meters accounting for a total loss of 67 km2, 
approximately 5% of the total land area. (II) A future scenario 

showing the inundation of the biggest town of Öland, 
Borgholm, in the case of a sea level rise. (III) Illustrating the 

inundation of Öland’s second biggest town, Färjestaden. (IV) 
Illustrating the inundation of the third biggest town, 

Mörbylånga. 
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Figure 5. (I) Topography and inundation of a future sea level rise. (II) The bird protection area of 
Sandviken will be completely inundated and submerged. (III) The bird protection area of Själgrund 

will be lost and the nature reserves around it will be almost entirely inundated. The new coastline 
will reach up to 1km inland. (IV) The southern headland of Ottenby is an important area for 

migratory bird populations and other natural and cultural values. A large part of this region will be 
submerged. Some new smaller islands will thus be created. 
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4.3 Salinization risk 
The visualization of the parameters used in the risk assessment analysis shows that each parameter 
affects the risk of saltwater intrusion differently. A high weighted risk value implies a higher risk of 
intrusion (red areas in Figure 6). Parameters are visualized individually, allowing for a better overview 
of how various natural and physical factors affect the risk of intrusion. Since each parameter contributes 
to the risk of salinization individually, they all weigh differently when adding the risks together for the 
final risk map (Figure 7). Therefore, the weighted risk values range from 0 to 6 depending on the risk 
value and the weight factor for each particular parameter. The spatial location for these values accounts 
for the varying distribution of patterns within the relative subdivided groups. The three risk groups for 
each parameter are spatially distributed; some more homogenous than others. The risk of intrusion for 
the “distance to the coast”-parameter is more evenly distributed than some other parameters (e.g. soil 
type and elevation).  

 

Figure 6. The spatial distribution of the weighted risk value for each parameter used in the risk 
analysis of saltwater intrusion. These five visualizations are used as a foundation for the final risk 

map (Figure 7). The weighted risk values and other values are presented in Table 2. 

4.4 Risk map 
The weighted risk of all parameters in Figure 6 contributed to the resulting final risk map. Figure 7 is 
the result of the addition of all parameters – a map showing the geographical variety of the final risk of 
salinization. In the magnified maps (Figure 7, II and III), wells are highlighted in order to visualize and 
interpret the individual risk for each well. For a magnified view of other areas of Öland, see Appendix 
C. The addition of the weighted risk values from each parameter result in a risk index ranging from 0 to 
22 (0-6=low risk, 7-14=medium risk, 15-22=high risk). A higher risk value index (red) indicate a larger 
risk of saltwater intrusion into wells and the contrary for low values (blue). Higher values are generally 
found along the coast, greatly influenced by two parameters; distance to the coast and elevation a.s.l. In 
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the north half of the island, the risk values reach higher numbers even further inland – as a consequence 
of it being a low-elevation area with low annual precipitation.  

 

 

Figure 7. (I) Illustrating the risk of saltwater intrusion into wells. Higher index number implies a 
higher risk of intrusion based on the added weighted risk values from Table 2 visualized in Figure 
6. (II) The locations of wells in and around the town of Borgholm and the risk of saltwater intrusion. 
(III) Magnification of the area around the second biggest town, Färjestaden, including the locations 

of wells and the risk index. (See Appendix C for a magnified view of the entire island). 
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4.5 Wells at risk 
Figure 8. Number of 
wells for each risk index 
value. Higher risk index 
values imply higher risk 
and susceptibility for 
saltwater intrusion into 
the number of wells in 
each specific class. Low-
risk classes are color-
coded in blue, medium-
risk classes in yellow and 
high-risk classes in red. 

In the final risk map (Figure 7) one can determine the risk index value for specific wells. In Figure 8 
on the other hand, all wells are grouped according to their particular risk value. Most wells (64% of all 
wells) are located in areas with medium risk of saltwater intrusion (bar 7-14 in Figure 8). Numerous 
wells reside within the highest risk value index groups (bar 15-22) and in the lowest risk groups (bar 0-
6). In the high-risk groups, 604 wells can be found, which account for 17.5% of all wells on the island. 
None of the wells in this study have a risk index value of 0. 

5. Discussion 

5.1 A rising sea 
Climate is changing and along with it, the seas are rising. Coastal areas are hence at high risk of 
experiencing the effects of a sea level rise. Important land such as urban areas, nature reserves, and 
protected areas of animal conservation are often located along coastal areas and thus exposed to high 
risks. The human population will be affected by the rising sea due to environmental, socio-economic, 
and cultural losses. As presented in this study (Figure 4 and Figure 5), 3% of Öland will be inundated 
in the case of a 2-meter sea level rise. The sea level rise will not only inundate 5% of all wells directly, 
but simultaneously move the transition zone of fresh- and saltwater inland (Werner & Simmons, 2009). 
This results in an increased risk of saltwater intrusion, not only for the directly inundated wells, but for 
wells located further inland. Previous research on the island of Gotland show that in the event of a sea 
level rise, there is an increased risk of salinization for wells further inland, along with the loss of the 
submerged wells (Ebert, et al., 2016). Nevertheless, sea levels will continue to rise beyond 2-meters 
alongside the increasing losses and complications that comes with it. 

Inundation will not only affect the human population in coastal areas, but also important wildlife. 
Habitats for migratory birds could disappear at a rapid pace when sea levels rise - threatening the 
existence of  bird populations (Nuse, Cooper, & Hunter, 2015). When the coastline migrates inland, new 
islands may form, changing the geographical character of the landscape. The change of important 
habitats might result in the loss of wildlife, as ecosystems are sensitive to rapid environmental changes. 
As the sea migrates inland, non-affected land might replace the inundated habitats. Therefore, new 
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habitats will be in closer proximity to other populations of wildlife or even humans – increasing the 
competition of land. This, in turn, will result in a greater risk of interaction between species, which could 
result in the loss of endangered wildlife. If populations of wildlife adapt to the rising sea level, migrating 
inland, the boundaries of the protected areas must be adjusted in order to secure the habitats. If no other 
replacement habitat types are available, the existence of some species might be threatened (Nuse, et al., 
2015). 

5.2 Freshwater security 
The part of the human population living in areas of risk, will certainly be affected when land area 
decreases and freshwater security is threatened. A direct inundation of saltwater is consequently a 
tipping point for the usage of wells as a freshwater source. At this point, 17.5% of all wells are already 
located in high-risk areas according to the results presented in this study. None of the wells considered 
in this study have a risk index value of 0, thus all wells are at some risk of salinization. The misuse and 
external influences on high risk wells could result in a salinization. Occasionally, inhabitants of Öland 
experience complications with freshwater availability from groundwater wells, especially in the summer 
months. Summers with high groundwater out-take and/or years with low precipitation will affect the 
status of freshwater aquifers. The problems surrounding this topic could increase in the future, with a 
growing population and increasing tourism. An increasing demand of freshwater will result in additional 
stress on an already sensitive system. If the recharge of water is lower than the out-take in a freshwater 
aquifer, a shortage could be experienced - resulting in a possible salinization. The salinization would be 
expected to initially occur in wells located in areas with higher risk index values.  

5.3 Costs and actions 
Socio-economic and environmental losses are inevitable. Mitigation and adaptation strategies to prevent 
some of the effects are required. However, the procedures can be very costly and in some cases 
impossible to implement. A sea level rise will consequently induce direct costs to society, especially in 
densely populated areas where the loss of property could be extensive. Long term costs, from a decrease 
of tourism due to the loss of land (e.g. beaches, camping grounds, and hiking trails), could be a result of 
inundation. Since many wells are in high risk areas of salinization, the cost of ensuring freshwater 
supplies could be large - if not planned and executed in a sustainable manner. 

This study can be used by decision-makers for planning of infrastructure. New wells could be drilled in 
areas with lower risk index values, to mitigate potential complications of intrusion by saltwater. Current 
locations of wells are usually found close to the source of usage. In other words, wells in urban areas 
are used by the people and the facilities in that particular area. Consequently, as the inhabited areas are 
located along the coast the risk index value increases. The risk analysis in this study could, in conjunction 
with the location of wells, be used to identify potential areas susceptible to saltwater intrusion. The index 
should be used as a relative evaluation tool rather than providing absolute answers (Gogu & Dassargues, 
2000). Nevertheless, this mapping method allows for a quantifiable and comparable analysis of risk 
parameters.   

In order to reduce the pressure on the freshwater system in certain risk areas, alternative methods could 
be implemented. For example, freshwater could be transported from areas with lower risk index values, 
enabling high risk wells to recover from over-pumping (Mossmark, Hultberg, & Ericsson, 2008). A 
possibility to import water from the mainland through pipes could be desirable, seeing that other regions 
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in Sweden have sufficient, and in some areas an excess, of freshwater. A desalination of seawater could 
be another possible solution to ensure a sustainable water supply.  

Shutting down and relocating some wells to lower risk areas would have to be done to prevent an 
inundation at low elevations. Wells that are drilled further inland, that have a lower susceptibility of 
intrusion, could be used more intensely - allowing for a greater out-take of freshwater in the interest of 
the entire island. Wells in need of maintenance can, and should, be reinforced. Building sea walls to 
hinder the sea level rise is also possible - protecting the most important areas. In densely populated areas 
this might be more cost effective. For natural and environmental protection, the strategy could probably 
be less applicable due to natural and economic reasons.  

5.4 A precautionary approach 
Islands are cut off from the mainland, not only geographically but groundwater-wise. Freshwater is 
therefore more vulnerable to scarcity. In the case of a salinization of the groundwater, impacting 
parameters will become more influential than on the mainland – hence the need to be precautious. This 
study has addressed the present risk of salinization of wells by looking at multiple natural and physical 
parameters. But there are other factors that additionally can affect the risk and become an irreversible 
tipping point including factors such over-pumping of groundwater, deep drill holes (SGU vector data, 
2010), the quality of the well construction, climate change, drought, storm surge (Klassen & Allen, 
2017), or cracks in the limestone formations (GeoPark Öland, 2012). Anthropogenic factors, like the 
withdrawal of freshwater and the depth of the well, affect the  flow pattern of the groundwater through 
aquifers - causing saltwater to migrate to the artificially created low-pressure area underground 
(Rushton, 2003) (Eissa, et al., 2016). External factors like this have not been taken into account when 
conducting this study, but they do influence the risk – especially for the wells with an already high risk 
index value. The risk map should be used comparatively, locating and providing information about wells 
at risk and give an indication on wells in need of additional attention and protecting maintenance. 

There are major uncertainties when predicting future scenarios. Many wells and large areas along the 
coast of Öland are at risk of becoming irreversibly affected by a sea level rise and saltwater intrusion. A 
precautionary, sustainable, approach could mitigate future changes, but some direct effects are 
inevitable. In these cases, adaption to the new circumstances will be necessary. When using the risk map 
and the maps of inundation presented in this study, one can understand that there are various risk factors 
that add to the final assessment of the complicated problem. The natural system is more complex than a 
simplified model, and external forcing can push a system over a tipping point. This study aims at 
supplying a background on which dialogue and debate of this potentially urgent topic could be based, 
and simultaneously promote a precautionary approach for decision-makers and residents on the island 
of Öland.  

5.5 Uncertainties 
This study did not look at the increasing risk of saltwater intrusion after a sea level rise or account for 
the present climate scenarios set by IPCC. This study has looked at the present risks and the direct effects 
of a 2-meter sea level rise. Data and models of future climate change and implications was available. 
However, the resolution was unsatisfactory and could therefore not be used in this study at such a 
specific location as the island of Öland. If data that are more detailed could be produced, it would have 
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been interesting to incorporate them in the risk assessment analysis – comparing present and future risks 
according to different climate scenarios.  

Furthermore, precipitation is very seasonal and changes from year to year; hence, why the resolution of 
the data used in this study was much lower than other data. The parameter for precipitation was assigned 
a weight factor of 1 in order to compensate for the uncertainties due to the variation of annual 
precipitation and low-resolution data. However, precipitation might also change in the future resulting 
in either an increase or decrease of the risk of saltwater intrusion. Further studies are indeed required. 

6. Conclusions 
When sea level rises with 2 meters, 5% of the land area of Öland will be inundated, corresponding to 
67km2. Important land will be lost along with environmental and socio-economic values. Freshwater 
security will be threatened, and thus the well-being of the human population on the island. 99 wells will 
be directly inundated, corresponding to 3% of all wells. However, many wells on the island are already 
at risk of saltwater intrusion. The risk index map conducted in this study show the distribution of wells 
and their risk of intrusion - where 17.5% of all wells are located within the high-risk classes and 64% 
within the medium-risk classes. Consequently, there is a requirement of additional attention and 
protecting maintenance of wells since external factors contribute to the risk of saltwater contamination. 

The potential importance of this complex problem is becoming more apparent and needs to be dealt with 
sooner rather than later. Many factors contribute to the current and future risks that include climate 
change and the misuse of freshwater. The solution to the problem is not straightforward; one action 
cannot mitigate the negative effects and decrease the risks. Hence, a precautionary and sustainable 
approach is required.  

The importance of this research is therefore valuable for decision-makers and residents on the island of 
Öland. This study aims to fill the gaps in literature and approach the complexity of the problem in a 
more multi-criterion way than previous research. The purpose is to serve as background in a political 
discussion by providing indications of potential risks of intrusion on the island. Many municipals in 
Sweden do not have a strategy plan for sea level rise past the year 2100, and after conducting this study, 
the need of a sustainable plan for Öland is apparent. 
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Appendices 
Appendix A 

Flowchart for the first part of the study including input data, featured tools, and output/result. 

 
Appendix B 

Flowchart for the second part of the study including input data, featured tools for each parameter, 
featured tools for the final risk map, and output/results. 

   

DEM-file	+	SGU	vector-file	
of	wells

Tools	Used:
Desity	Point	Cloud	of	vector	

file
Well	Density	Map

Tools	Used:
Extraction	of	elevation	
from	DEM-file	to	vector	

attribute	table

Well	Elevation	Map

Tools	Used:
Raster	calculator	->	

extracting	raster	points	
below	2m

Sea	Level	Rise	Maps

DEM-file	+	...

Tools	Used:
Unique	Classification	of	

elevation	data

Weighted	Risk	Map
Elevation	a.s.l

+	GSD	Overview	layer
Tools	Used:

Euclidean	Distance	tool	to	
coast	polygon

Weighted	Risk	Map
Distance	to	coast

+	GSD	Overview	layer
Tools	Used:

Euclidean	Distance	tool	to	
lake	polygon

Weighted	Risk	Map
Distance	to	lakes

+	SMHI	Precipitation	Data
Tools	Used:

Reshape	Feature	->	
generalize	polygons

Weighted	Risk	Map
Precipitation

+	SGU	Soil	Type	Data
Tools	Used:

Grouping	Analysis	of	soil	
types

Weighted	Risk	Map
Soil	type

Final	Risk	Index	Map
Tools	Used:

Cell	Statistics	->	Sum	of	five	
raster	files
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Appendix C 

Magnified view of the entire island - illustrating the risk of saltwater intrusion into wells.  
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