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Sammanfattning 
Gotland har under de senaste åren lidit utav vattenbrist under somrarna och på grund av 
klimatförändringarna är det möjligt att vattenbristen kan komma att öka i framtiden. För att 
hitta en lösning har Svenska Miljöinstitutet (IVL) och region Gotland fått i uppgift att anlägga 
en testbädd på Storsudret på södra Gotland, där olika hållbara lösningar ska testas. En möjlig 
lösning är att höja vattennivån i sjön Mjölhatteträsk på Storsudret för att på så vis kunna lagra 
mer vatten. Den här masteruppsatsen har fokuserat på hur sjöns vattenbalans ser ut för att 
förstå om det är möjligt att lagra mer vatten i sjön och hur stora områden som skulle bli 
översvämmade vid en ökning av vattennivån. Detta har gjorts med hjälp av en kombination av 
fältstudier med geofysiska mätningar, hydrauliska tester, vattendjupmätningar och 
flödesmätningar tillsammans med digitala databaser från Lantmäteriet och Sveriges 
Geologiska Undersökning (SGU) samt modellering med verktygen MIKE SHE och MIKE 
HYDRO River som skapats av DHI och även GIS.  
 
Resultatet för den här masteruppsatsen visade att det finns ett mycket tunt jordlager med 
eventuellt högt ler och silt innehåll väster om sjön. Vid botten av sjön finns ett tjockt lerlager 
som minskar den hydrauliska förbindelsen mellan sjön och omgivningen. Potentialen att lagra 
och utvinna vatten i sandlagret i väst är därmed liten. Däremot finns det potential att 
producera tillräckligt med vatten i sjön för att kunna uppfylla vattenbehovet på Storsudret, 
enligt modellen skapad i MIKE SHE. Detta skulle innebära en dam vid en föreslagen punkt 
vid utflödet som har en höjd på 0.12 m. 
 
 
Nyckelord: MIKE SHE, MIKE HYDRO, GIS, grundvattenmodellering, hydrogeologi, 
hydrologiska cykeln, vattenbehov 
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Abstract 
During the recent summers, Gotland has suffered from drinking water shortage and due to the 
climate change, the water shortage can possible increase in the future. To find a solution, the 
Swedish Environmental Research Institute IVL and Region Gotland are going to build a 
testbed at Storsudret located on the south of Gotland, to investigate different sustainable 
solutions. One possible solution is to increase the water level in Lake Mjölhatteträsk, located 
at Storsudret, to increase the water storage. This master thesis has focused on the water 
balance of the lake to understand whether it is possible to store more water in the lake and 
how large areas that would be flooded in the event of an increase in the water level. This has 
been done using a combination of field data sampling with geophysical methods, hydraulic 
tests, water depth measurements, existing hydrometeorological data from Lantmäteriet and 
the Geological Survey of Sweden (SGU) and modelling with the tools MIKE SHE and MIKE 
HYDRO River created by DHI and also GIS. 
 
The result of this master thesis showed that there is a very thin soil layer with possibly high 
clay and silt content to the west of the lake. At the bottom of the lake, a thick clay layer exists 
which reduces the hydraulic connection between the lake and the surroundings. The potential 
to store and extract water in the sand layer in the west is therefore small. However, there is 
potential to produce enough water in the lake to meet the water demand at Storsudret, 
according to the model created in MIKE SHE. This would require a dam at a suggested location 
at the outflow with a height of 0.12 m. 
 
 
 
Keywords: MIKE SHE, MIKE HYDRO, GIS, groundwater modelling, hydrogeology, 
hydrologic cycle, water demand 
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1. Introduction 
Stress on the water supply is a result of an increase in global water consumption. The increase 
of water demand is due to a population rise as well as a higher industrial and agricultural need. 
Climate change is another factor that has an impact on the drinking water storage and 
providing freshwater. This will in turn lead to an increased vegetation season while the 
recharge period will decrease. Therefore, it is important to find solutions that will improve the 
drinking water storage. 
 
During recent years, Gotland has had severe drinking water shortages several times during the 
summer.  The reason for this is that the population increases on the island due to tourists and 
summer residents, and also since the groundwater recharge is almost non-existent due to high 
evapotranspiration. The south part of the island, Storsudret, has been greatly affected of the 
water shortages. As a result of the water situation, it is no longer allowed to build additional 
houses and has caused a concern amongst the residents, entrepreneurs and farmers (IVL, 
2018a). 
 
With the climate change, warmer temperatures during the summers can be expected and the 
water shortage can increase in the future. Therefore, it is important to find solutions that will 
increase the amount of water to be able to meet the demand during the summer months. One 
way to increase the water supply is by large-scale desalination plants to desalinate the brackish 
water that surrounds Gotland, although those plants have a high energy demand and are not 
a sustainable solution. For this reason, the Swedish Environmental Research Institute (IVL) 
and Region Gotland are going to build a testbed at Storsudret to investigate different types of 
small-scale, energy efficient and sustainable solutions.  
 
This master thesis will assess the water storage potential on Storsudret, specifically of Lake 
Mjölhatteträsk and its surrounding areas. The geology, soils, soil thickness, water chemistry 
and climate data are going to be analysed and used to build a model to assess the surface- and 
groundwater movement in the study area. Further, electrical resistivity and ground 
penetrating radar techniques will be used to gain a better understanding of the 
hydrogeological conditions. 
 
 

1.1 Background  
Gotland is the largest island of Sweden and is located southeast of the mainland. It has distinct 
differences regarding its climate at the coastline and the mainland. The mean temperature 
between the coastline and mainland varies with 1.5°C during the coldest month, while the 
mean temperature during the warmer months is fairly equal across the island. The 
precipitation tends to be slightly higher in the middle of the island, around 600 mm/year. 
While it tends to be lower at the shore, around 500 mm/year. This depends on the location of 
the climate stations and also since less precipitation reaches the coastline due to wind. (SMHI, 
2017a)  
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A large part of the precipitation is lost due to evapotranspiration. The difference between 
precipitation and evapotranspiration is called effective precipitation. The effective 
precipitation is the amount of water that can lead to groundwater recharge. The precipitation 
and evapotranspiration are varying during the year and therefore the effective precipitation 
does the same. During the colder months of the year, from October to March, the precipitation 
is higher than the evapotranspiration and the most groundwater is produced during these 
months. For the warmer months of the year, from April to September, the evapotranspiration 
is higher than the precipitation. This is since the warmer temperatures results in higher 
evaporation from the soil and ponded water and also due to a higher transpiration from the 
vegetation. This is the reason why groundwater recharge is almost non-existent during the 
warmer months of the year. In total, the effective precipitation is 100-200 mm/year at 
Gotland. (Djurberg, 2017)  
 
The amount of precipitation that falls on Gotland’s is sufficient to cover the water supply for 
the entire island (Dahlqvist et al., 2017a). Although, the challenge is to store the available water 
since most of the precipitation will result in a fast runoff out in the Baltic Sea due to the thin 
soil layers on Gotland (IVL, 2017). One other reason for the fast runoff is the drainage of 
wetlands and lakes that were built during the 1800 century. Reconstruction of the old wetland 
or increasing the water level in lakes will increase storage capacity. The increased storage 
results in a longer transport time of the water, which creates better conditions for groundwater 
recharge. In addition, it will increase the natural purification of the water when it is 
transported through the soil layers with a longer duration instead of having a water flow with 
short transport time, which is common during the colder months of the year. Important to 
remember is that the groundwater recharge directly connected to the lake or the wetland is 
usually small since the bottom of the wetland and lake usually consists of mud. (Dahlqvist et 
al., 2017a) 
 
 

1.1.1 Storsudret  
Storsudret is a peninsula that is located in the southernmost part of Gotland (Fig. 1). On the 
peninsula, there are both permanent and seasonal houses, where most of those are located in 
the north in the city Burgsvik. At the moment, there are no municipal drinking water sources 
available at Sudret. Instead, the drinking water comes from the north for those with municipal 
water. There exists a few individuals dug wells according to the well archive and residents, 
which provides relatively large amounts of water. (Palmer Streama et al., 2011) It is estimated 
that 300-600 l/hour is possible to extract from the wells and more than 2000 l/hour per well 
for exceptional cases at Storsudret (Dahlqvist et al., 2017b).  
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Figure 1:  Map of Gotland and Storsudret (Google 2019). 

 
Storsudret consists mainly of limestone but there is a stretch of sandstone on the west side of 
the peninsula. The bedrock at Storsudret can be divided into different stratifications which are 
named after places at Gotland. (Palmer Streama et al., 2011) The top part of the bedrock 
consists of the Sundre and Hamra beds, followed by the Burgsvik, Eke and När beds. The 
thickness of the Sundre and Hamra beds are decreasing in the northwest direction and when 
reaching the western shore of the peninsula, the Burgsvik bed is reaching the top of the 
bedrock. The Eke and När beds are never reaching the top of the bedrock at Storsudret. 
(Dahlqvist et al., 2017b) 
 
Hamra and Sundre beds are both dominated by limestone. The Hamra formation consists of 
muddy algal limestone, smaller reef complex and finely crystalline crinoidal limestone while 
the Sundre formation consists of layered, coarse crystalline and often reddish crinoidal 
limestone and reef limestone. For the Burgsvik beds, the top 5 m consists of a layer of 
limestone followed by a 10 m layer of sandstone. The other part of the 50 m thick Burgsvik 
beds consists of limestone, siltstone and also mudstone and marble stone. Below the Burgsvik 
formation, the Eke formation is located, which consists of homogeneous limestone. The När 
beds have a thickness of 70-80 m of mudstone with a high content of carbonate, clayey 
limestone and marl. (Dahlqvist et al., 2017b) 
   
Storsudret mainly consists of rocky ground and outcrops with low vegetation. The thickness 
of the soil varies over the peninsula but is mostly small. (Dahlqvist et al., 2017b) Generally, the 
thickness of the soil is less than 1 m but there are places with a higher thickness where the 
thickness is up to 10 m (Palmer Streama et al., 2011). The development of the Baltic Sea after 
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the last ice age has affected the soils geology at Storsudret but also the entire Gotland. During 
the ice age, a thick ice layer was located on top of island. When the ice melted, Gotland was 
located under the sea level. Slowly, Gotland started to rise and became an island. During the 
rising, the island was affected by coastal processes. (Dahlqvist et al., 2017b) This resulted in 
that the most common soils at Storsudret are wave-washed sand and gravel, but also peatland 
and clay till can be found (Fig. 2.). Generally, the thickness of the soil at Storsudret is 0-5 m 
(Fig. 3). 
 

 
Figure 2: Different common soils at Storsudret. Source: Quaternary deposits from ©️SGU in scale 1:100’000, 

topographic background: GSD-terrängkarta ©️Lantmäteriet. 
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Figure 3: Thickness of the soil at Storsudret. Source: Depth to bedrock from ©️SGU in scale 1:100’000, 

topographic background: GSD-terrängkarta ©️Lantmäteriet. 

 
 

Lake Mjölhatteträsk 
The study area for this report is the largest lake at Storsudret, called Mjölhatteträsk. It has a 
size of about 90 ha and is located northwest of the peninsula (Fig. 4). It was previously part of 
the bay of Östersjön but was disconnected from the sea due to the land rise and is currently a 
shallow lake. The area around the lake consists of lush vegetation of mixed forest and an 
increasing lower canopy layer. (Dahlqvist et al., 2017b) 
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Figure 4: Map of Storsudret and Mjölhatteträsk (Google 2019). 

  
 
Mjölhatteträsk has a low resistivity, around 25 Ohm-m, which continues down under the lake 
and towards the southeast. There are two different possibilities to explain this. The first one is 
that the water from Mjölhatteträsk is slowly moving to the bedrock where the groundwater is 
moving to the storages located southeast and northwest. This would mean that it would be 
possible to extract relatively large amounts of groundwater southeast of Mjölhatteträsk. The 
other possible explanation is that Mjölhatteträsk is located above a bedrock with low hydraulic 
conductivity and that is the reason for the low resistivity. (Dahlqvist et al., 2017b) 
 

Nature reserve Västlands 
A nature reserve exists southwest of Mjölhatteträsk called Västlands (Fig. 5). The area is 
around 40 hectare and comprises of forest, wetland and grassland. The landform alvar exists 
as well in the nature reserve, which is an environment on a limestone plain with a thin soil, 
resulting in a sparse grassland vegetation. This type of landform is often caused due to shallow 
exposed bedrock. Alvars are often habitats for rare plants and animals, one reason for rare 
plans is due to crevices and cracks in the limestone which leads to protection from grazing. 
The forest is dominated by pine and birch trees. (Länsstyrelsen Gotlands Län, 2016) 
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Figure 5: Nature reserve (= Naturreservat) Västlands marked with a green line southwest of Lake 

Mjölhatteträsk. Source: Map from Länsstyrelsen Gotlands Län (2016), background: ©️Lantmäteriet Geodata.  

 
 

1.2 Earlier studies 
Earlier studies have been conducted of Storsudret which has been used as an initial literature 
study of the area. The first study was a master thesis written by Almqvist (2018) with the aim 
to identify suitable locations for increasing the fresh water storage, specifically lakes, 
controlled drainage, wetland and subsurface dam. Another master thesis conducted by 
Skoglund and Engström (2018) was a continuation on the suggested sites for subsurface dams 
by Almqvist (2018) since it needed further investigation to determine the accuracy. Lastly, a 
bachelor thesis by Söderberg and Hermansson (2018) estimated the total water consumption 
at Storsudret and its variation over the year.  
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2. Aims and Objectives 
 
The overall aim of this master thesis is to estimate the potential to store water in Lake 
Mjölhatteträsk and in the surrounding soil layers. This will be done by increasing the surface- 
and groundwater in the area to ensure a sustainable water supply for Storsudret.  
 
The main objectives of this study are: 
 

- Estimate the water volume that could be stored and over which period of the year the 
water could be produced. 

- Assess where it could be necessary to locate a dam to decrease the runoff to the sea and 
estimate the necessary height of the dam. 

- Assess how the neighbouring areas could be affected by the change of increased water 
level in Mjölhatteträsk if dams are built.  

- Investigate the groundwater movement and the connection between the surface- and 
groundwater. 

 
To achieve the objectives, a literature study will be conducted to collect data and information 
about the study area. A conceptual model will be created as a basis to build a model in MIKE 
SHE. In addition, GIS will be used to further analyse spatial information.  
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3. Method 
The method for this study has been divided into four categories: data collection, conceptual 
model construction, field visits and modelling. The first category includes the collection of the 
necessary data for the hydraulic modelling, by carrying out a literature study and a database 
collection. The second category explains the method for the conceptual model construction to 
gain a better understanding of the water cycle for Mjölhatteträsk. The third category includes 
the description of the two field visits and the different measurements and tests carried out. 
Lastly, the fourth category explains how the GIS analysis was carried out and the model setup 
for the surface- and groundwater model in MIKE SHE and MIKE HYDRO River respectively.  
 
 

3.1. Data collection 
This section describes all the available data which was collected and from where, for the 
analysis in GIS and modelling in MIKE SHE. This data did not need to be processed, instead 
the data that was processed is described in 4.3 Data used for MIKE SHE. 

3.1.1 Water demand 
The total water demand for Storsudret has been investigated in a bachelor thesis by Söderberg 
and Hermansson (2018) at KTH. The demand was in the study divided into the categories 
household, animal husbandry, irrigation and service. The water demand for one year was 
estimated and divided into the respective months, see Table 1. The consumption of water from 
household varies throughout the year and has its maximum values during the summer months 
due to holiday homes. The animal husbandry category includes the water demand of livestock 
animals and their food. The third category includes irrigation required for cultivation, 
although it is assumed that the water is used from surface storage dams for this purpose. 
Lastly, the service consumption includes hotels, campings, restaurants, stores, schools and 
similar functions which increases due to tourists in the summer months. This estimation was 
based on the number of residents in year 2017 in the following parishes: Fide, Öja, Hamra, 
Vamlingbo and Sundre. The number of residents in Storsudret varies depending on the year, 
but is usually around 900 people (Demografen, 2018).  
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Table 1: Water demand of one year for Storsudret (Söderberg & Hermansson, 2018). 

 
Household 
[m3] 

Animal 
husbandry[m3] 

Irrigation 
[m3] 

Service  
[m3] 

Total  
[m3] 

January 5’100 5’880 0 89 11’069 

February 5’100 5’880 0 89 11’069 

March 5’100 5’880 0 89 11’069 

April 8’796 7’440 0 89 16’325 

May 8’796 7’440 20’000 445 36’681 

June 14’340 7’440 60’000 1’780 83’560 

July 14’340 7’440 60’000  1’780 83’560 

August 14’340 7’440 60’000 1’780 83’560 

September 8’796 7’440 20’000 445 36’681 

October 5’100 5’880 0 89 11’069 

November 5’100 5’880 0 89 11’069 

December 5’100 5’880 0 89 11’069 

Total 100’008 79’920 220’000  6’853 406’781 

 

3.1.2 Vegetation period 
One climate indicator is the vegetation period which can be defined as a period of time where 
the daily mean temperature exceeds a certain limit, typically between +3°C and +5°C. This is 
when the plants begin to transpire through their leaves. Since it is difficult to determine the 
exact date when the daily mean temperature exceeds the limit each year, the start and the end 
of the seasons are instead an average value of a 10-year period to achieve a more uniform 
temperature pattern. The first bar in each chart (Fig. 6, 7 and 8) represent the 10-year period 
between 1961 to 1970, while the last bar represents the 10-year period between 2009 to 2018. 
(SMHI, 2019a) 
 
The diagrams (Fig. 6, 7, and 8) are based on 20 stations in southern Sweden (SMHI, 2019a). 
It can be seen that the vegetation period has increased over the years and is currently around 
209-213 days (Fig. 6). The beginning of the growing season is currently on the 7th of April and 
the end is on the 6th of November (Fig. 7 and 8).  A rapid change is shown where the vegetation 
period is increasing up to 27 days since 1960, as well as the beginning of the growing season 
begins up to 23 days earlier than before (Fig. 6 and 7). The growing season is expected to 
increase in the future, especially in southern Sweden which needs to be accounted for when 
performing climate model simulations (SMHI, 2019a). 
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Figure 6: Ongoing 10-year average values of the vegetation period for southern Sweden (SMHI, 2019a) 

 
 

 
Figure 7: Ongoing 10-year average value of the start of the vegetation period of southern Sweden (SMHI, 

2019a). 

 
Figure 8: Ongoing 10-year average value of the end of the vegetation period of southern Sweden (SMHI, 2019a) 

 
 

3.1.3 Climate data 
Climate data was collected from the database of SMHI (2019b). The data that was collected 
were the wind speed, atmospheric pressure, net radiation, precipitation, relative humidity and 
air temperature. The closest active climate station that is measuring the mentioned climate 
parameters is Hoburg A that is located in the southern part of Storsudret, approximately 12 
km south from the southern part of the lake. Data was extracted from 1st of January 2014 to 
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31st of December 2018. There are some missing data during these five years regarding wind 
speed, atmospheric pressure and relative humidity. To fill the gaps of missing data, the closest 
climate station that is located on the western side of Gotland was used. This was Visby 
Flygplats which is located around 80 km north of the climate station Hoburg A. The data for 
the precipitation that was collected from SMHI (2019b) and is used for the hydraulic model 
(Fig. 9). The rest of the data that was collected needed to be processed and is therefore shown 
in the result in section 4.3 Data used for MIKE SHE.   
 

 
Figure 9: Precipitation over 5 years. Data collected from SMHI (2019b). 

 

IVL measuring stations 
There exist 12 measuring stations located on Storsudret belonging to IVL which are connected 
to the cloud-based data acquisition and management software system named Stevens 
Connect. Four of these stations are located in the vicinity of the lake (Fig. 10). The stations 
MY1 and MY3 measure the water level, water temperature and total flow at the in- and outflow. 
The level and the total flow are recorded every 5 minutes. The station MY2 was placed 
northeast in the lake and provided data such as water level and water temperature from 25th 
of November 2018 until 9th of February. From 21st of March, this station was replaced with 
an offline station that is only measuring the water level. The station MGV1 consist of a sensor 
located in a groundwater pipe which measures the groundwater depth and the water 
temperature. This sensor takes measurements every 10 min. Lastly, there is a groundwater 
pipe to the west of the lake named MGV2, but is not connected to Stevens connect. 
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Figure 10: Measuring stations of IVL around Mjölhatteträsk (Google 2019). 

  
 
The drilling profile of MGV1 is summarised in Table 2. It is believed to have reached the 
bedrock at 6.1 m below the surface. Overall, it can be seen that the soil mainly consists of 
gravelly sandy silt or gravelly silty till. The last 2.1 m of the drilling profile did not contain any 
information due to a collapse during the installation. The drilling of MGV2 reached the 
bedrock surface at 2.4 m below the surface. The first 0.1 m contained sandy humus, followed 
by 1.5 m of fine sand and then 0.8 m of sandy, silty till. (IVL, 2018b) 
 
 
Table 2: Drilling profile at MGV1 based on data from IVL (2018b). 

From depth [m] To depth [m] Thickness [m] Description 

0 0.1 0.1 Fine sandy humus 

0.1 1.4 1.3 Sandy silt 

1.4 2 0.6 Gravelly sandy silt 

2 2.6 0.6 Gravelly sandy silt 
(possibly till) 

2.6 4 1.4 Gravelly silty till 

4 6.1 2.1 Unknown 
information 
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Another measuring station which is of importance is a climate station located to the south of 
the lake, approximately in the centre of Storsudet. The climate station measures the rainfall, 
air temperature, dew point, relative humidity, relative air pressure, wind speed, wind 
direction, global radiation and wind chill temperature. The climate station was installed 
November 2018 in Vamlingbo. 
 
 

3.1.4 Soils map 
The soils map (Fig. 11) was collected from the Map Generator by SGU (2019) and displays the 
different soils that exist around Mjölhatteträsk from the Quaternary deposits. From the soils 
map, it can be seen that the lake is mainly surrounded by sedimentary rock, which is often 
covered with a thin or discontinuous cover of soil shown by the blue areas with brown dots. 
Another common soils surrounding the lake is clay till or clayey till represented in a greyish 
colour with white lines. To the west of the lake, there is a smaller area consisting of postglacial 
sand shown in orange with small white dots, as well as in the northeast and southeast of the 
map. Some areas with fen peat and wave-washed gravel exist in close proximity which is 
displayed in beige with blue dots and orange with large white dots respectively. 
 

 
Figure 11: Common soils map at study area. Source: Quaternary deposits from ©️SGU in scale 1:25’000, 

topographic background: GSD-terrängkarta ©️Lantmäteriet. 

 
 

3.1.5 Land use  
An orthoimagery map was collected from Lantmäteriet (2019) through the SLU’s geodata 
extraction tool (GET). The map (Fig. 12) is used to identify different land use categories for the 
study area. From the orthoimagery map, six different land use categories could be identified 
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which are buildings, agriculture, pasture, forest, mixed land and wetland. The category mixed 
land represents the areas that can be identified by low-growing grass and shrubs with a few 
trees.  
 

 
Figure 12: Orthoimagery map over the study area. Source: Ortofoto raster ©️Lantmäteriet. 

 
 

3.1.6 Topography 
The topography is collected from Lantmäteriet (2019) through the SLU’s geodata extraction 
tool (GET). The data has a resolution of 2 m. The highest elevation in the study area occurs in 
the south, while the lowest elevation occurs in the lake, as well as the wetland located in the 
nature reserve Västlands (Fig. 13). However, the elevation of the lake represents the water level 
and not the bottom elevation of the lake. Overall, it can be seen that the topography varies up 
to 15.3 m above sea level.  
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Figure 13: The topography of the study area. Source: Höjddata 2 m raster ©️Lantmäteriet. 

 

3.1.7 Depth to bedrock 
The depth to the bedrock was collected from the Map Generator at SGU (2019). This map (Fig. 
14) is based on interpolations of seismic investigations and information from wells and 
drillings. It can be seen that the soil thickness is mainly between 0-3 m around the lake (Fig. 
14). A few areas have a thickness between 3-5 m and in the fracture zones, the thickness is up 
to 10-20 m. There exists a smaller fracture zone to the west of the lake with a thickness between 
5-10 m.  
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Figure 14: Estimated depth to bedrock around Mjölhatteträsk. Source: Depth to bedrock from ©️SGU in scale 

1:50’000, topographic background: GSD-terrängkarta ©️Lantmäteriet. 

 

3.1.8 Catchment  
The study area of lake Mjölhatteträsk is bounded by the catchment of the lake (Fig. 15). The 
catchment of the lake is called The outlet of Mjölhatteträsk and was collected from SMHI 
Vattenwebb (2019). Climate data from 1981 to 2010 indicates that the precipitation is 624 
mm/year, the evapotranspiration is 445 mm/year and the runoff is 179 mm/year.  The 
database also gives information about the outflow from the catchment yearly, monthly and 
daily basis. (SMHI Vattenwebb, 2019) The uncertainty of the data increases the smaller the 
catchment is and also for daily values compared to mean values. The model uses daily flow 
values and the catchment of Mjölhatteträsk is small, therefore the uncertainty is large and can 
be up to ± 45 %. (SMHI, 2017b) 
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Figure 15: The catchment of Lake Mjölhatteträsk (SMHI Vattenwebb, 2019). 

 
 
According to SMHI Vattenwebb (2019), the total area of the catchment is 4.957 km2. The land 
use within the catchment area and its proportion is described in Table 3. The largest one is 
agriculture, followed by the lake which constitutes of approximately 14%. Other land use areas 
in the catchment are forest, heaths and other land, bog and wetland, and densely built up 
areas. The soils within the catchment can be seen in Table 4. This table shows that the existing 
common soils are sandy soils, think soil layer, clay, rough soil, till, silt and peat. The area 
mostly consists of sandy soils, thin soil layer and clay.  
 
Table 3: Describes the proportion for different land use within the catchment area. 

Land use Percentage [%] 

Agriculture 48.88 

Forest 25.3 

Heaths and other land 11.3 

Bog and wetland 0.57 

Densely built up areas 0.11 

Lake 13.86 
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Table 4: Describes the proportion for different common soils within the catchment area. 

Soils  Percentage [%] 

Sandy soils 28.58 

Thin soil layer 19.65 

Clay 15.49 

Rough soil 10.69 

Till  7.44 

Silt 3.59 

Peat 0.71 

 
 
 

3.2 Conceptual model construction 
A conceptual model is a simplified representation or description of an expected behaviour of 
a hydrogeological system. Creating a conceptual model is a continuous and cyclical process 
based or various data sets which aims to achieve an integrated understanding of the model 
domain and its boundaries. (Brown & Hulme, 2o01) This conceptual model was constructed 
by collecting available data. The constructed conceptual model was converted and used in the 
modelling. In the section 2.1 Data collection, it is described from where the data was collected. 
 
Firstly, the model domain was determined by the map of the catchment area for 
Mjölhatteträsk. The boundary conditions of the area was determined by the topography map, 
bedrock elevation map and the orthographic map. Secondly, a water balance for the model 
domain was estimated based on precipitation, evapotranspiration, storage and flow (Eq. 1).  

 
𝑄𝑜𝑢𝑡 = 𝑄𝑖𝑛 + 𝑃 − 𝐸𝑇 − ∆𝑆      (1) 

        
Where  

𝑄𝑜𝑢𝑡 = 𝑜𝑢𝑡𝑓𝑙𝑜𝑤  
𝑄𝑖𝑛 = 𝑖𝑛𝑓𝑙𝑜𝑤 

 𝑃 = 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛  
𝐸𝑇 = 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛   
∆𝑆 = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  

  
The data for the outflow was obtained by SMHI Vattenwebb (2019) and is described in 2.1.8 
Catchment. The calculations for the potential evapotranspiration is described in section 2.4.2 
MIKE SHE and the data collection for the precipitation and all parameters for the calculations 
of evapotranspiration is described in section 2.1.3 Climate data. The data for the 
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evapotranspiration and the precipitation was given in mm/day. These was summed, converted 
into meters and then multiplied with the catchment area, which results in the unit m3/year. 
The outflow was already given in m3/year and did not needed to be processed. The water 
balance was estimated for year 2014-2018.  
 
The potential evapotranspiration needs to be converted into actual evapotranspiration. This 
was done by using crop coefficient and the equation is shown in Eq. 2. The assumptions for 
using this equation is that the vegetation is uniform, has standardized height, has no parasites 
or diseases, is growing in large fields, is reaching full production potential and has no shortage 
of water supply (Pereira & Alves, 2005). To understand how the crop coefficient will affect the 
result of the change in storage in the conceptual model, different crop coefficient was used and 
the change in storage for the different crop coefficient was compared. 
 

𝐸𝑇0 = 𝐸𝑇𝑟𝑒𝑓 ∗ 𝑐𝑐     (2) 
 
Where 

𝐸𝑇0 = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚/𝑑𝑎𝑦] 
𝐸𝑇𝑟𝑒𝑓 = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚/𝑑𝑎𝑦] 
𝑐𝑐 = 𝑐𝑟𝑜𝑝 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [−] 
 
 

3.3 Field visits 
Two field visits were carried out between 25th to 28th of February and 8th to 12th of April 
2019. The following was carried out during the first visit to Storsudret: collection of water 
samples, hydraulic one-way test in MGV1, groundwater level measurements and general 
observations of the area. The second visit was done to perform resistivity and radar 
measurements, as well as measuring the groundwater level at MGV2. 
 
 

3.3.1 Water analysis 
Five water samples were taken in total in the study area during the first field visit. The samples 
type and location are described in Table 5. Two of the samples were taken of the groundwater, 
two were taken in the stream and one was collected from the water in the lake. The following 
samples were sent to the laboratory group Eurofins to conduct a water analysis. The chosen 
analysis was Drinking water chemical (level 3), which contained 32 tests and gave the results 
of 34 parameters.  
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Table 5: The water samples taken in the study area. 

Sample number Type of sample Coordinates 

1 Groundwater (MGV1) 57.023787, 18.227315 

2 Groundwater (MGV2) 57.021281, 18.222859 

3 Outlet (MY1) 57.029177, 18.226460 

4 Inlet (MY3) 57.016405, 18.236493 

5 Lake water 57.024220, 18.240499 

 

2.3.2 Groundwater level 
The groundwater levels in MGV1 and MGV2 were measured with a water level meter which is 
designed to estimate the groundwater level in small diameter tubes and has a flexible cable. 
The end of the cable has a heavy probe and permanent markings exist along the cable. The 
electrical circuit is complete when the probe reaches the water, resulting in a signal that will 
be sent to the reel and a sound will be activated. The water level was estimated by reading the 
markings on the cable (Fig. 16). In addition, a hydraulic one-way test was performed at the 
two groundwater pipes, where water was pumped out from the pipe in a fast rate and the water 
level was quickly measured afterwards with the water level meter. 
 

 
Figure 16: Measuring water level at MGV1. Photo by: Authors. 
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3.3.3 Electrical Resistivity 
One method to determine the properties of soil and bedrock of the area was by conducting a 
geoelectric methods such as measuring the resistivity. This method was developed in the early 
1900s but increased majorly in use since the availability of computers. Some of the application 
of electrical resistivity method is searching for groundwater sources, monitor groundwater 
pollution, locate types of geological formations, archeology reasons amongst many other 
applications. (Reynolds 2011) 
 
A current is passed through a material between two electrodes where the material resists the 
conduction of the electricity, leading to a potential drop between opposite faces. The resistance 
of the material can be determined according to Ohm’s Law where the resistance equals the 
ratio of the potential drop to the applied current. The resistance is also proportional to the 
length of the material and inversely proportional to the cross-sectional area. Combining these 
two equations will result in the product of a resistance and distance namely resistivity in the 
units ohm-metres. (Reynolds 2011) 
 
For this study, ground contact method was used to determine electrical resistivity in the area. 
The electrodes were placed with a 2 m distance along a 126 m long line, in total 64 electrodes 
per measurement. Pictures from the electrical resistivity measurements were taken in the field 
(Fig. 17). The array that was used for the measurements in this study was a gradient array. 
 

 
Figure 17: Electrical resistivity measurement in field. Photo by: Authors. 

 
 
To interpret the obtained resistivity values, the software RES2DINV was used which was 
obtained by Geotomo Software. The software RES2DINV determines two-dimensional 
resistivity model obtained from electrical imaging surveys. The following values of typical 
resistivity in materials were used as guidelines, see Table 6. Lastly, the obtained resistivity 
values were compared to previously resistivity measurements taken at Storsudret by Dahlqvist 
et al. (2017b).  
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Table 6: Resistivity values (Milsom & Eriksen, 2011). 

Material Resistivity [Ohm-m] 

Topsoil 50 – 100  

Dry sand 1’000 – 5’000 

Wet sand 500 – 5’000 

Gravel 100 – 1’000 

Clay 1 – 100  

Weathered bedrock 100 – 1’000 

Sandstone 200 – 8’000 

Limestone 500 – 500’000 

Marl 100 – 200  

Seawater 0.2 

 
 

3.3.4 GPR 
Ground-Penetrating Radar, GPR, has since the 1980s become widely used, especially within 
the engineering and archaeological fields. There is a wide range of applications of ground-
penetrating radar such as geological, environmental, glaciological, engineering and 
construction, archaeology and forensic science. For geological applications, the antenna 
frequencies used are usually less than or equal to 500 MHz. The GPR consist of a signal 
generator, a transmitting and a receiving antenna, and a control console. The console is used 
to manage the signal generation and the recording. A radargram is created by moving the 
antenna along a profile and by recording the returned signal to the receiver. The transmitter 
antenna generates a pulse of radio waves at a determined frequency which returns to the 
receiving antenna. (Reynolds 2011) 
 
A total of four radargrams were created in the study area, two in the arable land and two in the 
lake (Fig. 18). The measurements taken on land were chosen to emit pulses every meter while 
the measurements taken on the water were chosen to emit pulses every 2nd second. The 
antenna frequency used on land was 250 MHz and the frequency used in the lake was 500 
MHz. The software Reflex2DQuick was used for interpretation of the obtained GPR data, since 
the data could be enhanced in order to facilitate the evaluation of the radargram. The 
geological structures are to be estimated from this, since the velocity of the electromagnetic 
wave is dependent on the physical properties of the medium (Reynolds, 2011). 
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Figure 18: The picture show GPR equipment and the boat that was used to make the GPR measurement. Photo 

by: Authors. 

 
 

3.4 Modelling 

3.4.1 GIS 
GIS was used to analyse the spatial extent of the lake area when the water depth in the lake 
was increased. It was also used to estimate the additional water volume that was produced due 
to the increased water depth. The analysis was made with the topography map over the study 
area with a spatial resolution of 2 m. The altitude of the water level of the lake was 1.84 m 
based on the topographical map. The tool Contour (3D Analyst) was used to visualize how an 
increased water level would impact the surface of the lake. This tool creates a line feature class 
of contour from the topography surface. Specific intervals of elevations, that represent the new 
water level of the lake, was chosen to analyse the possibility of increasing the water level of the 
lake without flooding large areas. When this was done, the tool Surface Volume (3D Analyst) 
was used to calculate the volume between the water level of 1.84 m to the new chosen water 
level.  
 
 

3.4.2 MIKE SHE  
The modelling of Mjölhatteträsk was done with the software MIKE SHE which is a part of the 
MIKE Zero tools. MIKE Zero is, aside from a set of modelling tools, a project management 
interface. The software is developed by DHI Water and Environment and is an integrating 
hydraulic modelling tool. MIKE SHE includes the major processes of the hydrological cycle 
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which are divided into the following modules: evapotranspiration, overland flow, unsaturated 
flow, groundwater flow and channel flow. Each module can handle multiples of descriptions 
and can also interact with other modules (Fig. 19). MIKE SHE can handle variation in both 
spatial and temporal distribution of parameters and is therefore a physically based distributed 
model. Depending on the choice of data used, the software can be used for both simple and 
advanced applications. (MIKE, 2017a) 
 

 
Figure 19: Shows the difference modules of MIKE SHE, the parameters of the modules and the interaction 

between the modules (MIKE, 2017a). 

 
The input data that is required is dependent of the project and its hydrologic processes that 
are included, but generally three basic parameters are required for every MIKE SHE model 
which are the following: model extent, topography and precipitation. Moreover, the reference 
evapotranspiration, air temperature, solar radiation, sub-catchment delineation, stream 
morphology, land use distribution, soil distribution and subsurface geology are also common 
inputs. (MIKE, 2017a) 
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MIKE SHE Model Setup 
The model in MIKE SHE involves the following components: simulation specifications, model 
domain and grid, topography, climate data, land use data, streams and lakes, overland flow, 
unsaturated flow, saturated zone and lastly model calibration and validation.  
 

Simulation specification  

Firstly, the sub-modules that will be included in the model needs to be determined. There are 
different processes in the hydrologic cycle that can either be chosen to be included or 
discluded. By default, the model considers precipitation where the water either evaporates, 
infiltrates or becomes runoff after reaching the ground. In this study, a total of five sub-
modules were chosen for the model setup. Firstly, the runoff was included by activating 
Overland Flow (OL), where a finite difference method was chosen. The Overland Flow is 
required when coupling with MIKE HYDRO River in MIKE SHE, to count for lateral runoff to 
the stream and lake. The second sub-module selected was Streams and Lakes (OC) to be able 
to link a MIKE HYDRO River model of Mjölhatteträsk together with its inlet and outlet. 
Thirdly, the Unsaturated Flow (OC) was activated where a 2 Layer UZ was used. Fourthly, 
Evapotranspiration (ET) was selected to account for evaporation and transpiration. The last 
process that was included was Saturated Flow (SZ) with a finite difference method.  
 

Model Domain and Grid 

The model domain was defined by the catchment area which was collected from SMHI 
Vattenwebb (2019) and inserted in the model with a shapefile. The coordinate system was 
chosen to SWEREF99_TM and the grid size was set to 20 m, otherwise the model would be 
extremely complex and time consuming to run.  
 

Topography  

The topography defines the upper boundary of the MIKE SHE model (MIKE, 2017a). The 
topography was inserted as point data which was interpolated with Inverse Distance Squared 
with the search radius of 100 m in MIKE SHE. Where the data was collected can be found in 
section 2.1.6 Topography.  
 

Climate data 

The climate data that was needed in MIKE SHE was precipitation and reference 
evapotranspiration. The data was from SMHI (2019b) and more information about the data 
collection can be found in section 2.1.3 Climate data. A simplification was done where it was 
assumed that the precipitation consisted solely of rain and that no snow would appear in the 
study area. The reference evapotranspiration (ET0), also called potential evapotranspiration, 
was calculated by the FAO Penman-Monteith equation.   
 

Potential Evapotranspiration 

The FAO Penman-Monteith method is recommended by the MIKE SHE (2017a) to use when 
calculating the ET0. This method relies on data such as the mean air temperature, wind speed, 
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net radiation at the crop surface, soil heat flux density, saturation vapour pressure deficit, 
slope vapour pressure curve and a psychometric constant, see Eq. 3. (Zotarelli et al., 2018)  
  
 

𝐸𝑇0 =
0.408∆(𝑅𝑛−𝐺)+𝛾 900

𝑇+273𝑢2(𝑒𝑠−𝑒𝑎)

∆+𝛾(1+0.34𝑢2)      (3) 

 
Where 

𝐸𝑇0 = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚
𝑑𝑎𝑦⁄ ] 

∆ = 𝑠𝑙𝑜𝑝𝑒 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐𝑢𝑟𝑣𝑒 [𝑘𝑃𝑎
°𝐶  ⁄ ]  

𝑅𝑛 = 𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑐𝑟𝑜𝑝 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 [𝑀𝐽
𝑚2𝑑𝑎𝑦⁄ ] 

𝐺 = 𝑠𝑜𝑖𝑙 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑀𝐽
𝑚2𝑑𝑎𝑦⁄ ] 

𝛾 = 𝑝𝑠𝑦𝑐ℎ𝑟𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝑘𝑃𝑎
°𝐶⁄ ]  

𝑇 =  𝑚𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 2 𝑚 ℎ𝑒𝑖𝑔ℎ𝑡 [°𝐶] 

𝑢2 =  𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 2 𝑚 ℎ𝑒𝑖𝑔ℎ𝑡 [
𝑚
𝑠 ] 

𝑒𝑠  =  𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 [𝑘𝑃𝑎] 
𝑒𝑎  =  𝑎𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 [𝑘𝑃𝑎] 
𝑒𝑠  − 𝑒𝑎  =  𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑒𝑓𝑖𝑐𝑖𝑡 [𝑘𝑃𝑎] 

 
The slope vapour pressure curve, Δ, was approximated by Eq. 4 for different temperatures. 
 

∆ =
4098[0.6108exp ( 17.27𝑇

𝑇+237.3)]

(𝑇+237.3)2     (4)

      
 
The saturation vapour pressure, es, was estimated by Eq. 5 which takes the mean daily 
temperature into account. The actual vapour pressure, ea, could in turn be estimated by Eq. 6 
where RHmean stands for the mean daily value of the relative humidity. 
 

𝑒0(𝑇) = 0.6108𝑒𝑥𝑝 [ 17.27𝑇
𝑇+237.3

]    (5) 

 

𝑒𝑎 = 𝑒𝑠
𝑅𝐻𝑚𝑒𝑎𝑛

100
     (6)

  
The psychometric constant, ℽ, varies depending on the atmospheric pressure at a certain 
altitude, see Eq. 7. An average atmospheric pressure between year 2014 and 2019 at the 
climate station at Hoburg was used to find the psychometric constant. The estimated constant 
used in the FAO Penman-Monteith equation was 0.067. 
 

𝛾 = 𝐶𝑝𝑃
𝜀𝜆

= 0.000665𝑃    (7) 

 
The net radiation Rn, mean daily temperature T, and wind speed u2, was collected by SMHI 
(2019b) as mentioned previously in 2.1.3 Climate data. Lastly, the soil heat flux density, G, was 
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not taken into account and therefore assumed to equal zero. Daily average values were 
estimated and used to calculate the evapotranspiration.  
 

Land Use Data 

Areas of the land surface was divided according to the land use and vegetation seen on the 
orthoimagery map over the study area (Fig. 12). The vegetation was chosen to have a station 
based spatial distribution in the model with polygons as the data type. A shape file was created 
in GIS and inserted in the model. The actual evapotranspiration was then calculated based on 
the vegetation properties and the ET0. The vegetation properties defined were the Leaf Area 
Index (LAI) and the Root Depth (RD) and was either specified as a time series or had a 
constant value.  
 

Leaf Area Index 

The LAI is a value to describe the leaf area in an ecosystem. The LAI is defined as the total area 
of one sided leaf per unit of ground surface. (Fang & Liang, 2008) The LAI has the same 
simplification as the root depth where the LAI will be uniform over the land use category, but 
vary depending on the vegetation period and will be identified in the same way as the root 
depth. According to MIKE (2017a), there will be no water removed from the unsaturated zone 
if the LAI is set to zero. Therefore, the root depths that are set to zero for some vegetation types 
during the entire year will not affect the model due to the chosen LAI value. 
 

Root Depth  

The RD in the model represents the depth at which water can be extracted from the 
unsaturated zone and will vary depending on the vegetation in the land use category. In this 
study, a simplification will be done where each of the six land use categories will have its own 
RD which is uniform over of the land use category. The RD is constant over time, except for 
the land use agriculture, where the RD will vary based on the vegetation period. For each land 
use category, the most common type of vegetation and its RD will be determined by the 
orthoimagery map, literature study and field visits. 
 
 

River and lakes 

MIKE SHE needs to be linked to a MIKE HYDRO River simulation in order to model river and 
lakes. MIKE HYDRO River is one of the model types included in MIKE HYDRO. It is a top 
quality river modelling framework that defines and execute one-dimensional river models. It 
has a range of application areas and is the new generation for the existing world-known DHI 
river modelling system MIKE 11. (MIKE, 2017c) 
 
To develop an integrated MIKE SHE and MIKE HYDRO River model, then a MIKE HYDRO 
River hydraulic model needs to be established as a stand-alone model. A rough calibration 
should be performed if possible and a performance test carried out. The MIKE SHE model 
needs to include overland flow and the coupling of the two models is carried out by defining 
branches where they should interact with one another. (MIKE, 2017a) When the two models 
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are coupled together, then river links are created which are placed on the closest edges that 
separate adjacent grid cells (Fig.20) (MIKE, 2017b). 
 

 
Figure 20: Illustration of created MIKE SHE river links (Based on Mike, 2017b). 

 

MIKE HYDRO Model Setup 

Firstly, the model type River was chosen in the Simulation Specifications, and the 
Hydrodynamic river sub-module was enabled which activated the hydrodynamic river model 
simulations and editing of the river model data. The Advection-Dispersion, Water Quality, 
Sediment Transport and Data assimilation were disabled in this setup. Lastly, the simulation 
period was set to have the start date 1st of January 2014 at 6am and the end date 31st of 
December 2018 at 6am.  
 
In Map configurations, the selected map view coordinate system was SWEREF99_TM and the 
Digital Elevation Model (DEM) map was included in the model to use it when creating cross 
sections. The next step was to define the River network, where one stream segment was created 
as a branch and traced from the starting point of the stream southwest of the lake, until the 
outlet towards the Baltic sea. Cross sections were added along the stream and lake, which were 
based on the DEM map but modified according to field observations and results from the 
radargrams.  
 
The next setup was the Boundary Conditions which was required at the open ends of the 
stream, namely where the branch had no further connections. One boundary condition was 
the wind friction on the water surface and was set to a constant value of 4.1 m/s for wind 
velocity and 274.9 degrees for wind direction, based on the climate database from SMHI 
(2019b). The standard boundary conditions that were defined in the model was discharge at 
the inlet and water level at the outlet. The discharge at the inflow was calibrated against the 
water level of the lake, since no data was available. The values for the water level at the 
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downstream chainage was not known. Instead, the flow rate obtained by SMHI Vattenwebb 
(2019) was used for the model (Fig. 21). 
 
 
 

 
Figure 21: Shows how the flow rate out from the catchment varies during the year 2014-2018 (SMHI 

Vattenwebb, 2019) 

 
 
The flow rate needed to be converted to a water depth. This was calculated with Manning’s 
formula which is shown in Eq. 8 and thereafter the elevation of the bottom of the cross section 
was added with the water depth to estimate the water level.  
 

𝑄 = 𝐴 ∗ 𝑀 ∗ 𝑅2
3⁄ ∗ 𝐼1

2⁄ = 𝐴 ∗ 𝑀 ∗ (𝐴
𝑃

) 2 3⁄ ∗ 𝐼1
2⁄    (8) 

 
Where 
 

𝑄 =  𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [
𝑚
𝑠 ] 

𝐴 =  𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑙𝑜𝑤 [𝑚2] 

𝑀 =  𝑀𝑎𝑛𝑛𝑖𝑛𝑔’𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 [
𝑚
𝑠 ] 

𝑅 =  ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 [𝑚] 
𝐼 =  𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑠𝑙𝑜𝑝𝑒 [−] 
𝑃 =  𝑤𝑒𝑡𝑡𝑒𝑑 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 [𝑚]  
 

The cross section of the stream was simplified (Fig. 22) and according to the simplification, 
Eq. 9 and Eq. 10 was obtained which shows the wetted perimeter respective the cross-sectional 
area of flow. When Eq. 9 and Eq. 10 was combined, Eq. 11 was obtained.  
 

𝑃 = 2𝑥 + 𝑏 = 2ℎ
cos 𝛼

+ 𝑏     (9) 
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𝐴 = ℎ𝑏 + 2 (ℎ 𝑦
2

) = ℎ𝑏 + ℎ ∗ ℎ ∗ tan 𝛼  = ℎ (𝑏 + ℎ ∗ tan 𝛼)              (10) 

𝑄

𝑀∗𝐼
1

2⁄ = (ℎ ∗ (𝑏 + ℎ ∗ tan 𝛼))5
3⁄ ∗ (2 ℎ

cos 𝛼
+ 𝑏)

2
3⁄
    (11) 

 
Where 

𝑏 = 𝑏𝑜𝑡𝑡𝑜𝑚 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 [𝑚]  
⍺ =  𝑡ℎ𝑒 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 ℎ 𝑎𝑛𝑑 𝑥  
𝑥 =  𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑜𝑝𝑒 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑤𝑒𝑡𝑡𝑒𝑑  
ℎ =  𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ 

 

 
Figure 22: Illustration of the cross section at the stream outflow. 

 
 
The other parameters such as the Manning’s number, channel slope, width of the bottom, the 
angle between the water depth and the length of the slope that is wetted was found through 
estimation and literature review. The only unknown parameter was the water depth and 
MATLAB were used to solve the equation.  
 

Overland flow  

This module simulates the movement of ponded surface water across the topography and 
calculates the lateral runoff to streams. The Finite Difference Method was used in this model 
which used the diffusive wave approximation. The Manning Number (M) was assumed to be 
35 m1/3/s and had a uniform spatial distribution in the model domain. The Detention Storage 
was assumed to be uniform and equal to 2 mm, which represents the depth of water on the 
surface before it will flow as overland flow. The initial global water depth is the water depth 
that is uniform all over the stream except from places that have a local variable. For the deepest 
part of the lake, a local variable was used to set an initial water depth in the lake since this part 
of the stream should have a deeper water depth than the small stream in and out of the lake. 
The global and the local variables was estimated and then inserted.  
 

Unsaturated flow  

The unsaturated zone is usually characterized by different types of soils which makes this zone 
heterogeneous. Water is added through precipitation and is removed by evapotranspiration or 
by groundwater exchange, these processes will affect the fluctuations in the soil. In MIKE SHE, 
it is only the vertical one-dimensional flow that is calculated, this is due to that the unsaturated 
flow is mostly affected by the force of gravity during infiltration. The vertical flow can be 
calculated with different method. The two-layer water balance was chosen for this model. It is 
suitable for areas with a shallow water table and when the evapotranspiration in the root zone 
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is the factor with the most influence of the groundwater recharge. (MIKE, 2017a) A shape file 
of the soils map was created in GIS, based on the quaternary deposits map from SGU (2019) 
(Fig. 11), and thereafter inserted in the model. For each of the common soils, values for the 
water content at saturation, water content at field capacity, water content at wilting point and 
saturated hydraulic conductivity needed to be set.  
 
Macropores in the soil include vertical cracks, worm and root holes which leads to an increase 
of the rate of infiltration through the pores. A simple bypass flow function was chosen to 
describe the flow in macropores. The infiltration occurs either through the soil matrix or 
directly to the groundwater table through bypass flow. By adding a macropore flow, some 
rapid recharge is added to the groundwater table and increases the infiltration recharge to the 
groundwater. (MIKE, 2017a p.51) The default values given by MIKE SHE regarding the 
macropore flow was used for the model setup, namely the maximum bypass fraction was set 
to 0.3, water content for reduced bypass flow was set to 0.1 and the limit on water content for 
bypass flow was set to 0.05. The ET surface depth is defined as the thickness of the capillary 
fringe according to MIKE (2017a). The default values for the ET surface depth provided by the 
software was used in the model, namely 15 cm.  
 

Saturated zone 

The saturated zone is one of the components in the integrated groundwater and surface water 
model. It interacts with all of the chosen components to calculate the groundwater flow in the 
catchment. The method for calculating the flow, was set to Finite Difference Method. With this 
method, a fully three-dimensional flow can be calculated in a catchment with a heterogeneous 
aquifer where the condition is changing between unconfined and confined. The hydraulic head 
is then calculated through the three-dimensional Darcy's equation and is solved by an iterative 
implicit finite difference technique. (MIKE, 2017a) 
 
In the saturated zone two different type of data can be inserted, namely geological layers and  
geological lenses. Lenses can be useful when discontinuous units appear in a model domain. 
The horizontal extent of the lens is specified by a shapefile. Moreover the upper and lower 
level, the vertical and horizontal hydraulic conductivity, specific yield and specific storage of 
the lens need to be specified. If a geological layer is defined, the lower layer, initial potential 
head, outer boundary conditions and internal boundary conditions need to be specified. For 
the top layer, MIKE SHE will set the upper boundary to the infiltration/exfiltration boundary. 
The bottom layer is assumed to be impermeable. (MIKE, 2017a) The lower and upper 
boundary in the study area was inserted as point data from maps created in GIS.  
 
The last setup in the saturated zone is the computational layers. The first setup in this step was 
to choose the type of the vertical discretisation, this was set to explicit definition of lower levels. 
With this setting, each computational layer is defined by the layer’s lower elevation. If a layer 
is too thin, numerical difficulties may appear. Therefore the minimum layer thickness was set 
to 0.15 m. If one layer has a smaller thickness than the minimum, the bottom layer will be 
pushed down to preserve the minimum thickness. 
 
The lower boundary was assumed to be the bedrock surface which was based on the 
topography map from Lantmäteriet (2019), the depth to bedrock map from SGU  (2019) and 
own observations during the field trips. The tool Raster Calculator (Spatial Analyst) in GIS was 
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used to execute a subtraction operation between the topographical map and a created raster 
map with the assumed soil depth to obtain the bedrock surface elevation.  
 

Calibration and validation 
The calibration of the model was performed by altering the discharge of the inflow since this 
was the parameter that there did not exist any data for. It was calibrated against the depth of 
the lake obtained by data from IVL and from observation during the field visits. The measured 
water levels at MY2 was obtained by IVL (2019) (Fig. 23). The figure presents data between 
25th November 2018 until 9th February 2019 and shows that there has been a gradual increase 
during this period. The water level was around 0.22 m at the start and increased to 0.64 m 
during 2,5 months. Other data from IVL was that the water level was around 0.4-0.5 m during 
the summer 2018. Observations from the field visits and the results from the radargrams were 
used for the calibration as well. In addition, the inflow was also calibrated further against the 
water depth at the outflow regarding the start, peak and end of the inflow. 
 

 
Figure 23: Water level at MY2 between 25th November 2018 until 9th February 2019. Source: IVL (2019). 

  
 
Due to the shortage of data, the model was validated by comparing the model and its behaviour 
to the real system and its behaviour. This was performed by comparing the overall water 
balance of the model with average annual evapotranspiration, precipitation and effective 
precipitation provided by SMHI Vattenwebb (2019). 
 

Sensitivity Analysis 
A sensitivity analysis was performed to determine the effect on the model outcome from 
particular variables given the assumptions made. The variables that were analysed are listed 
in Table 7. These were increased by 15% and the mean error (ME) and the mean absolute error 
(MAE) was then measured to see the individual effect. To measure the residual change, MIKE 
SHE needed a dfs0 file with data points before the variables were increased by 15%. The data 
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was extracted every day with the start at 1st of January 2014 for four different locations, this 
resulted in a total of 1825 data points per location. 
 
Table 7: Variables tested in the sensitivity analysis. 

Variables 

1. Precipitation 

2. Potential evapotranspiration 

3. Hydraulic conductivity  

4. Root depth  

5. Leaf area index 

6. Inflow - discharge 

7. Outflow - water level 

 

Scenario 
One scenario was implemented in the created model. This scenario included a dam in MIKE 
HYDRO River, specifically an overflow weir. This was done by creating a new cross section at 
the stream outflow and modifying the bottom elevation of the cross section to the desired 
height of a dam. The purpose of the dam was to decrease the runoff to the sea. The suitable 
location of the dam was identified with help from the result from the GIS analysis (which is 
described in section 2.4.2 GIS) and the necessary height of the dam was estimated. The impact 
of the added dam in the model was studied in the same four points that was described in the 
Sensitivity Analysis to study the impact on the water level and the head elevation in saturated 
zone.   
 

Pre-processing data 
Some of the data needed to be pre-processed before it was inserted to MIKE SHE. The pre-
processing was performed in Microsoft Excel, GIS and MATLAB. The pre-processing is 
described below.  
 

GIS 

The software used for the pre-processing was ArcMap 10.4.1. The topography was converted 
from raster to point data. The soils and catchment needed to be georeferenced and assigned 
in the coordinate system SWEREF 99 TM. Thereafter, these layers, as well as the vegetation, 
was divided into different polygons representing the different soils, boundary of the catchment 
and the different land uses respectively. MIKE SHE did not accept files if there were any gaps 
or slivers between the polygons, those were removed with the tool Integrate (Data 
Management) in GIS.   
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Excel 

MIKE SHE solely reads dfs0 file format when inserting time series data. Therefore, the data 
of the precipitation, evapotranspiration, LAI, RD, water level at outlet and water flow at inlet 
was first collected in Excel and thereafter converted to dfs0 files by the Time Series Batch 
Conversion tool in the MIKE Zero toolbox. It is important that the dates have text format, 
otherwise MIKE Zero can not convert the files. 
 

MATLAB 

To solve the Manning’s formula in Eq. 11, MATLAB was used. Two excel files needed to be 
created, one that was empty that stored the calculated water level and one that included the 
calculated value for the left side of the equation. MATLAB solved the equation by testing 
different water level ranging from 0.001 to 0.9 m with the step length of 0.001 m. This was 
done with a for loop that started with a water level equal to 0.001 m and continued to increase 
the water level with the step length until it found a water level where the absolute error was 
smaller than 0.001. When the water level was found, it was stored in the empty excel file.  
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4. Results 
The results of this study will firstly include the created conceptual model together with an 
estimated water balance of the area. The next part includes the results from the field visits 
such as the analysis of the water samples, the measurements of the groundwater levels, and 
the resistivity and GPR measurements. The third section includes the created and chosen data 
used to build the model and finally the last section involves the modelling results in GIS and 
MIKE SHE.  

4.1 Conceptual model 
The boundary of the conceptual model was defined by the boundary of the catchment area. In 
the northeast part of the catchment there is a stream where surface water from the lake is 
flowing out from the study area to the sea, this is the only outflow from the catchment. There 
is a stream that is flowing into the lake in a south north direction, but the start of this stream 
is just outside the catchment area (Fig. 24). The stream has its starting point at a smaller 
wetland with an area of almost 10 000 m2 which should result in an inflow from the wetland 
to the catchment area during the colder months. Due to lack of data of the inflow, it was 
neglected from the conceptual model.  
 
The boundary conditions for the west, east, south and north boundaries are assumed to have 
a no flow boundary (Fig. 24). The main reason for choosing this was by studying the 
topography map and the soils map. The east, north and south boundary of the area are covered 
in sedimentary rock and clay. Those areas have therefore a thin soil layer or a soil layer with 
low hydraulic conductivity which result in a small groundwater flow and the boundary 
condition is assumed to be no flow. Additionally, there is a fracture zone that is going into the 
model domain in the southeast and then continues in the northwest direction where it is 
crossing the lake. This fracture zone can impact the catchment by groundwater flow in the 
fracture. Since there is no information about the groundwater flow in the fracture, it is 
neglected. On the west boundary there is sand layer closest to the lake and further away there 
is wetlands. Those wetlands may be connected to the lake but since there is no information 
about the connection, it is assumed that the boundary can be no flow in the conceptual model.  
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Figure 24: Boundary conditions of the conceptual model. 

 
The hydraulic cycle is simplified in the conceptual model for the study area (Fig. 25). The 
precipitation that falls over the study area is assumed to be uniform all over the study area, 
but the amount of precipitation is varying during the years. The precipitation can be divided 
into two fractions, one that is falling on the lake and one on the ground. The fraction that is 
falling on the lake is directly contributing to increasing the storage and the water level of the 
lake. The storage of the lake is dependent on the precipitation and evaporation rate, the surface 
water inflow and outflow, the run off to the lake and the groundwater recharge and discharge. 
The precipitation that is falling on the ground can either lead to runoff or infiltration. Firstly 
it can be runoff, which can directly lead water to the lake or the runoff can discharge in the 
stream. The precipitation can also infiltrate into the ground. If the water infiltrates in the soil, 
it is assumed to continue to percolate vertically down through the unsaturated zone. When it 
reaches the saturated zone, the water will follow the groundwater flow. Depending on the 
location of the water table and the RD, vegetation may reach water in both unsaturated zone 
and the saturated zone.  
 
Surface water from the lake and water in the soil can evaporate and depending on the RD of 
the vegetation, water in the unsaturated and water in the saturated zone can transpire. The 
amount that can evapotranspirate is depending on the available water in the storage of the 
lake, the unsaturated zone and the saturated zone.  
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Figure 25: Conceptual model for Lake Mjölhatteträsk. 

 
 

4.1.1 Water balance 
The study area has a varying vegetation with different growing periods and also different crop 
coefficient. All crop coefficient for the different vegetation was simplified to one single value 
that is trying to consider the different vegetation. After studied one report of Allen (2013) and 
one book of Allen et al (1998), the crop coefficient was approximated to 0.6. This is a 
simplification since the crop coefficient varies during the year and for different crops but the 
value is only used to get an approximated water balance. The result is shown in Table 8 and 
shows that the change in storage is negative in the years 2015 and 2018 which means that water 
depth of the lake or from the groundwater has decreased during these years. To remember is 
that the inflow is not taken into account, this term should be added as a positive value to the 
delta S which would result in that the year 2015 and 2018 would have a smaller decreased 
storage and that the year 2014, 2016 and 2017 would have an increased storage. 
 
Table 8: Shows the water balance of the catchment.  

Year Precipitation  
[m3/year] 

Evapotranspiration 

[m3/year] 
Discharge 

[m3/year] 
∆S 

[m3/year] 

2014 2’388’736 1’769’272 545’098 74’367 

2015 2’070’304 1’707’884 579’226 -216’806 

2016 2’429,408 1’855’868 501’120 72’420 

2017 3’458’112  1’632’400 1’044’613 780’099 

2018 1’678’960 1’947’061 85’138 -1’119’487 
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To compare the effect of the crop coefficient, it was changed to 0.4 respective 0.8 and the result 
is shown in Table 9. What can be seen from the result of Table 9 is that the crop coefficient has 
a large influence. For example when changing the crop coefficient from 0.6 to 0.8 the change 
in storage changes from a positive change to a negative change in storage during year 2014 and 
2016.  
 
Table 9: Shows how the storage of the catchment is changing during the years for different crop coefficients. 

  ∆S [m3/year] 

Year  crop coefficient = 0,4 crop coefficient = 0,6 crop coefficient = 0,8 

2014 664’124 74’367 -515’391 

2015 352’489 -216’806 -786’101 

2016 691’042 72’420 -546’203 

2017 1’324’232 780’099 235’966 

2018 -470’466 -1’119’487 -1’768’509 

 

4.2 Results from field visits 

4.2.1 Water analysis 
The results from the water analysis can be seen in the Appendix 1. In this section the most 
significant result from the analysis will be discussed. The alkalinity was firstly analysed, which 
represent the measure of the water’s buffering capacity, namely its ability to neutralize 
acidification. The estimated alkalinity was particularly high in all the five samples, especially 
in the two groundwater pipes, indicating a good buffer capacity against acidification. 
Generally, the alkalinity in groundwater at Gotland is much higher (> 180 mg/l) compared to 
the rest of the country. This is since areas with calcareous bedrock or soils which are more 
easily weathered gives better protection against acidification. The inlet had also a high value, 
which could indicate a source of groundwater. (Havs- och Vattenmyndigheten, 2018) 
 
The second parameter that was analysed was the conductivity, which is a measure of the total 
salinity of the water. High values of the conductivity exceed 70 mS/m which occurred in the 
two groundwater samples. This could indicate high chloride values. Analysing the measured 
values of chloride showed that the two groundwater samples indeed had high chloride content. 
MGV2 had a chloride content above 50 mg/l which may be due to influence of salt water, 
sewage, landfill or road salt. MGV1 had a chloride content above 300 mg/l which is not fully 
acceptable for drinking water and gives and aesthetic and technical remark. High chloride 
content can lead to changes in taste and accelerate corrosion risks. (Svensk Vattenanalys, n.d) 
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High levels of potassium (>10 mg/l) occurred in the groundwater samples, indicating a rapid 
flow path between the soil surface and groundwater in agricultural areas since potassium are 
firmly fixed in the soil (SGU, 2013). Another parameter analysed was calcium, which had a 
value between 67-110 mg/l in all the five samples. This could be due to the calcareous bedrock, 
indicating that there is a connection between the surface- and groundwater. The highest value 
occurs in the inlet, which may indicate signs of groundwater intrusion.  

 
Storsudret was previously below the highest coastline, meaning that is was below the sea level 
during the glacial period (SGU, 2013). Seawater may have remained in areas below the highest 
coastline, so called relic water. This could be one of the explanations to high levels of for 
instance chloride and sodium in the groundwater samples, especially in MGV1. Another 
explanation for this may be due to seawater penetrating the area since it is close to the coast. 
In addition, there exist a few fracture zones in the area which may have impacted on the sea 
water intrusion as well. Another parameter, which had significantly high values in the 
groundwater samples was sulphate, which could be another explanation to easily weather 
bedrock and indication of saltwater intrusion (SGU, 2013). 
 
One conclusion can be drawn from the water analysis that there is possibly a groundwater 
intrusion at the inlet due to high values of alkalinity and calcium. Another interpreted 
conclusion is that the groundwater samples have been affected by either relic water or 
seawater intrusion due to significant high values of chloride, sodium and sulphate. Although, 
it is more likely to be due to relic water, since the water does not flow upwards. Worth to 
mention is that the parameters ammonium, ammonium nitrogen and iron were not 
considered in the groundwater samples due to the influence of the pipe, but also the mentioned 
parameters did not exceed limit values in the samples from the lake and streams. 
 

4.2.2 Groundwater levels 
The result from the hydraulic one-way test is obtained by IVL (Fig. 26). The test was carried 
out the 28th of February which can be seen on the figure where the groundwater level drops 
to zero. The first time the level drops to zero is when the groundwater level was measured 
manually the 26th of February, and the sensor was placed outside the pipe. The measured 
levels in MGV1 is obtained by IVL’s measuring station. It can be seen that the groundwater 
level started at 2.74 m and has gradually increased until the test was performed. It increased 
until approximately 4.31 m and dropped to 2.67 m after the test. The water level has slowly 
increased, but has not fully recovered since the test. The recovery period is extremely slow, 
which could indicate a weak hydraulic connection between the pipe and the surrounding soil. 
Another explanation could be that the pipe is placed in a soil layer with a low hydraulic 
conductivity.  
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Figure 26: Groundwater levels at MGV1 with respect to date. Source: IVL (2019) 

 
 
Other observation made during the field visit was that four test pits were dug out with an auger 
nearby MGV1 where the groundwater level was seen to exist approximately 35 cm below the 
ground level. On the other hand, manual measurements of the groundwater level in MGV1 was 
measured to be 1.64 m below the ground level. It is possible that the test pits were dug in a 
water bearing soil layer. 
 
The water level at MGV2 was measured to be 1.29 m below the ground level during the first 
visit, the 27th of February 2019. The water was pumped out during the hydraulic one-way test 
and measured thereafter 1.97 m below the ground level. The level increased to 1.93 m after 
three hours. During the second field visit, the water level was at 0.91 m below the ground 
during the 11th of April 2019. 
 

4.2.3 Electrical Resistivity  
A total of four lines were drawn for the resistivity measurements where each colour represents 
one line in the figure (Fig. 27). Line 1 was measured firstly and was drawn from west to east. 
Line 2 was drawn from the lake, close to MGV1, towards the arable land. Line 3 was drawn 
from MGV2 towards MGV1. Lastly, line 4 was drawn from east to west. Each point on the map 
illustrates a GPS coordinate which was taken in the start, middle, and end of each line drawn 
where one line of measurement was 64 m. Each measurement consisted of two lines drawn, 
therefore, 5 GPS coordinates were taken for each resistivity measurement. 
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Figure 27: Resistivity measurements carried out in the study area. Background image: Ortofoto raster 

©️Lantmäteriet 

 
 
All the resistivity values have been compared to Table 6 to interpret the different soil and 
bedrock layers. Seven iterations were carried out for each measurement. The total errors for 
the four measurements were 1.76%, 4.3%. 1.53% and 2.3% respectively. These were all below 
5% which indicates acceptable measurement and results. In the second and third 
measurements, a few negative resistivity values occurred. This could be due to an electrical 
fence which was observed during the field visit, or could possibly indicate that there exist 
extremely conductive clay. The negative values were disregarded in this study, since it is 
believed to have been caused by the electrical fence.  
 
From the first measurement (Fig. 28), it can be seen that the area close to MGV1 had a thicker 
soil layer, up to 6 m. This is consistent with the results from the borehole drilling at MGV1 
which was believed to have reached bedrock at 6.1 m below surface. The lower soil layer close 
to MGV1 had a resistivity value around 200-320 Ωm which could indicate a mixture of wet 
sand and gravel based on Table 6. The top layer with a dark purple colour had a resistivity of 
around 500 Ωm, these spots are believed to mostly contain sand. In addition, some lower 
resistivity values existed in the top soil between the sand layers with a value of around 125-150 
Ωm which could have been a mixture of sand, gravel and especially clay (or silt) which lowers 
the resistivity. This coincides with the observations made during the field visits, where it was 
seen that the arable land contained gravel and clay. Lastly, the white dotted line represents the 
interpreted division between the soil and bedrock where the dark blue colour is believed to 
represent the bedrock which in this case had a significantly low resistivity, between 5-60 Ωm, 
which could represent saturated marl.   
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Figure 28:  First resistivity measurement, drawn from west towards the lake. 

 
 
The first 50 m of the second measurement (Fig. 29) shows a thin soil layer with relatively low 
resistivity values, between 125-200 Ωm, which could represent a clay layer with elements of 
sand and gravel. The soil layer becomes thicker after 50 m, where the first and second line 
intersect (Fig. 27). The top soil layer with a dark purple colour had a resistivity of around 500 
Ωm which could represent a wet sand layer. The lower soil level beneath the sand layer had 
resistivity values between 245-350 Ωm, this could possibly indicate a mixture of gravel, silt 
and sand. The last 40 m of the second line had a larger range of resistivity values, which is 
between 200-500 Ωm representing a mixed soil layer with sand, gravel and clay. The bedrock 
for this measurement occurred at 1.5 m below the surface in the beginning, but occurred up to 
6 m below the surface after 50 m. The bedrock here consisted mainly of marl, but had some 
areas with a much higher resistivity which could indicate areas with either limestone or 
sandstone, possibly with elements of marl. 
 

 
Figure 29: Second resistivity measurement, drawn from north close to MGV1 towards the south. 

 
 
The third measurement (Fig. 30) had a more uniform bedrock surface which mainly occurred 
between 2-3.5 m below the surface. The soil layer in this measurement had fairly low values, 
which could be due to a soil mixture of silt, clay and sand with a high water content. This was 
also observed during the field visits. Some areas around 160-190 m of the line drawn indicated 
a higher resistivity value, around 350 Ωm, which could be due to a higher sand and gravel 
content. The top layer of the bedrock is believed to consist of either limestone or sandstone, 
and the underlying bedrock of marl. Some areas in between the two layers is believed to 
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indicate a limestone or sandstone formation with elements of marl based on the resistivity 
values.  
 

 
Figure 30:  Third resistivity measurement, drawn from southwest close to MGV2 towards northeast. 

 
 
The soil layer for the fourth measurements had fairly low resistivity values (Fig. 31), indicating 
a layer of clay with elements of gravel. This could also be due to a high water content in the 
soil. Some areas with a higher resistivity value could represent sand layers. The bedrock 
surface for this measurement occurred between 1.5-3 m below the surface, where either 
limestone or sandstone possibly occurred right below the soil layer towards the west from the 
lake. Lastly, marl occurred beneath this bedrock layer.  
 

 
Figure 31: Fourth resistivity measurement, drawn from the lake towards the west. 

 
 
Overall, the resistivity values of the four measurements are relatively low. One of the reasons 
for this could be due to seawater intrusion or relic water. Another reason could be elements of 
fine material such as silt and clay, which lowers the resistivity. Another observation made from 
these measurements was that there are two bedrock formations in the area. This is clearly 
shown in the third measurement, as well as the end of the second and fourth measurement. 
Lastly, the soil thickness seem to be around 1.5 m but up to 6 m in a few areas, especially 
around MGV1.  
 
According to a bedrock map (see Appendix 2) collected from SGU (2019) through the SLU’s 
geodata extraction tool (GET), the bedrock within the study area consisted mainly of marl, but 
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other occurring bedrock are sandstone and limestone. The area to the west of the lake, where 
the resistivity measurements were carried out consisted of either limestone or sandstone. This 
coincides with the interpreted bedrock in the area from the resistivity measurements, which 
shows that there is a rock formation with a higher resistivity value, probably limestone or 
sandstone. This formation lies on top of a rock formation with a lower resistivity value that is 
believed consist of marl.  
 
A study carried out by Dahlqvist et al. (2017b) evaluated resistivity measurements performed 
in four areas of Gotland, where one of them was Storsudret. The measurements were taken by 
SkyTEM which is an airborne electromagnetic measuring system. The obtained resistivity 
values in their study showed that the low-lying areas in northern part of Storsudret dominated 
by a lower resistivity. Dahlqvist et al. (2017b) claim that the reason for this is since the area 
contains marlstone with clayey or organogenic soils. In addition, it is possible that it has been 
affected by saltwater intrusion or relic saltwater, which reduces the electrical resistivity 
significantly.  
 
Another observation by Dahlqvist et al. (2017b) regarding resistivity values across 
Mjölhatteträsk showed low resistivity levels from the lake continuing downwards toward 
southeast and northwest. One interpretation is that the area southeast of the lake could 
possibly be an area with relatively larger groundwater extraction. Another interpretation is 
that the low resistivity levels is due to an underlying dense bedrock, for instance marl. Test 
drillings would be necessary to investigate the area southwest of the lake further to determine 
its groundwater conditions.  
 
Comparing the obtained resistivity values from this study with the values from the report by 
Dahlqvist et al. (2017b) shows that the areas around the lake has relatively low resistivity 
values overall. As mentioned previously in 3.1 Conceptual model, there exist a fracture zone 
across the lake from southeast to northwest. This could possibly explain the low resistivity 
values measured by Dahlqvist et al. (2017b). In general, the interpreted results from the 
resistivity measurements in this study seem to correspond to the conclusion from the study 
made by Dahlqvist et al. (2017b), indicating a more accurate interpretation. 
 
From the interpreted results of the resistivity measurements, the sand layer to the west of the 
lake seem to be a thin soil layer with a high content of clay and silt. The hydraulic conductivity 
is therefore believed to be small due to the clay content, preventing the water to be transported 
throughout the studied area. Therefore, the potential to store water in this soil layer seem to 
be small. Another observation made during the field visit was that the lake consisted of a 
significantly thick clayey layer at the bottom which had a loose and sticky consistency. This in 
turn lowers the hydraulic connection between the sand layer and the lake. The possibility to 
use induced infiltration is therefore small as a results from the interpreted resistivity 
measurements as well as due to observations made during the field visits. 
 
 

4.2.4 GPR  
The result form the radar measurement is divided into two parts, measurements in the arable 
land and in the lake (Fig. 32 and 33). The starting point of each GPR measurement is marked 
with the number 1, and the end point is marked with the number 2. It can be seen that the 
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third GPR measurement is missing some GPS coordinates in the northeast part of the lake 
(Fig. 33). This is since the GPS ran out of batteries during the measurements in the lake and 
was not noticed instantly. However, the radargram still shows the measurements from that 
part of the lake, only the coordinates are missing. The route of the third measurement 
continued to the northeast, where the measuring station MY2 exists, and thereafter continued 
to the west where the coordinates started to be recorded again.  
 
 

 
Figure 32: Shows where the radar measurement was taken in the arable land. Background image: Ortofoto 

raster ©️Lantmäteriet 
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Figure 33: Shows where the radar measurement was taken in the lake. Background image: Ortofoto raster 

©️Lantmäteriet 

 
 
The result from the radar measurements in the arable land are presented in radargrams (Fig. 
34 and 35). The y-axis to the left represents the time in ns, the upper y-axis represents the 
distance in meter and the y-axis to the right represents the depth in m at a velocity of 0.1 m/ns. 
The first measurement (Fig. 34) was done for a stretch of approximately 530 m and the second 
measurement (Fig. 35) was done for a stretch of approximately 740 m. The arrows in these 
figures represent the turning points when the direction was changed for the drawn lines (Fig. 
32), for instance, the first turn of GPR measurement 1 occurred after approximately 220 m. 
 
The red line drawn in the radargram of the first GPR measurement illustrates the interpreted 
bedrock surface (Fig. 34). According to the radargram, it varies between 1 - 2.5 m below the 
ground surface. At the distance around 180 m and 380 m, there is a thicker soil depth up to 
2.5 m. The yellow line represents the interpreted groundwater table. According to the 
radargram and the interpretation, the groundwater table exists between 0.4 - 0.6 m below the 
ground surface. It is worth mentioning that the measurements were taken in April, which 
would result in a high water table.  
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Figure 34: Radargram of GPR measurement 1. 

 
 
The second radargram shows that the interpreted bedrock surface exist between 1 - 1.8 m 
below the ground surface, see the red line (Fig. 35). It shows a fairly uniform bedrock surface, 
which increases a few decimetres to the west. The interpreted groundwater level for this 
measurement is represented by the yellow line (Fig. 35). The groundwater level seems to be 
fairly uniform, and exist approximately between 0.4 - 0.6 m below the ground surface.  
 

 
Figure 35:  Radargram of GPR measurement 2. 

 
 
The second part of the GPR measurements were carried out in the lake and the results can be 
seen in the radargrams (Fig. 36 and 37). The y-axis to the left represents the time in ns, the 
upper y-axis represents the distance in meter and the right y-axis represents the depth in m at 
a velocity of 0.03 m/ns. The third measurement (Fig. 36) was done for a stretch of 
approximately 3 150 m and the fourth measurement (Fig. 37) was carried out for a stretch of 
approximately 1 500 m. 
 
The red line in the third radargram (Fig. 36) represents the interpreted bottom of the lake. In 
the beginning of the measurement, the water depth is around 0.4 m and increases until 1 m. 
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The results indicate a fairly even lake bottom which varies between 0.7 and 1 m at the deeper 
parts.  
 

 
Figure 36:  Radargram of GPR measurement 3. 

 
 
The fourth GPR measurement did not record the returned signal to the receiver correctly (Fig. 
37). It could be due to the change of battery, which may have been faulty. Therefore, no 
interpretation and analysis was made for the fourth radargram.  
 

 
Figure 37: Radargram of GPR measurement 4. 

 
 
Manual measurements of the water depth at the lake were in addition taken during the field 
visit in April 2019. The water depth was fairly uniform in the lake and was between 0.8 to 1.1 
m deep. The water depth was much lower close to the shoreline, usually around 0.2 to 0.5 m. 
The lowest level occurred around 50 m from the shoreline towards the centre of the lake. 
Comparing the manual measurements and the results from the GPR measurements shows a 
similar water depth, namely between 0.7 to 1.1 m in the entire lake, except at the shoreline.  
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4.3 Data used for MIKE SHE 
In this section, the processed data that was needed to build the model in MIKE SHE is 
presented. The section 3.4.2 MIKE SHE describes the method to obtain these data. The rest of 
the data which was available from the beginning and did not needed to be processed but was 
still used in the model is part of 3.1 Data Collection.  
 

4.3.1 Potential Evapotranspiration  
The estimated potential evapotranspiration in mm/day between year 2014 and 2018 was 
obtained (Fig. 38). The evapotranspiration in Storsudret was estimated by the FAO Penman-
Monteith method. From the graph, it can be seen that the evapotranspiration is at its lowest 
during the winter period each year, usually between 0.05-0.20 mm/day. It increases during 
the spring and reaches its peak during the summer months, usually between 5.3-6.6 mm/day, 
and later on decreases gradually during the fall.  
 

 

 
Figure 38: Estimated potential evapotranspiration based on the FAO Penman-Monteith method. 

 
 

4.3.2 Land Use Data 
A shape file including the polygons of the different vegetation types used for the land use was 
created (Fig. 39). The study area, which had the same shape as the catchment, was mainly 
covered with forest and pasture, as well as some areas with agriculture and wetland. The area 
closest to the lake Mjölhatteträsk was identified as wetland and this areas is often flooded 
during the autumns and the springs when the precipitation is high. Areas close to the lake in 
the western and south direction mostly consisted of forest but also smaller elements of 
agriculture, mixed land and pasture. To the eastern and the northern direction, areas close to 
the lake consisted of forest and pasture but also some elements of agriculture and forest. Only 
small areas with mixed land and buildings existed within the study area. 
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Figure 39: Land use data based on orthoimagery map of the study area. 

 

Root depth 
The RD is varying depending on different vegetation. The land use categories was identified 
from the orthographic map (Fig. 12) and was used to decide different values of RD. For the 
category agriculture, the RD was decided from which types of vegetation the farmers 
cultivated. Many of the farmers at Storsudret are self-sufficient and cultivate cattle food as well 
as other crops such as grain, wheat, canola, oats and grass. This information was based on 
Söderberg & Hermansson (2018). It is assumed that the agriculture within this catchment area 
are cultivating similar crops. RD for different crops are shown in Table 10.   
 
Table 10: RD values for different crops (based on Fan et al., 2016). 

Crops d95 (cm) 

Barley 99.6 

Cereals 92.9 

Oat 77.7 

Wheat 103.8 

Canola 90.2 

Fescue (grass) 63.7 

Average 88 
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The vegetation period of the land use agriculture is assumed to begin between end of April to 
beginning of May. It was assumed to start 3 weeks after the vegetation period based on SMHI 
(2019a). The crops were assumed to be harvested in the end of September. The RD was thereby 
assumed to be 0 mm until the beginning of the vegetation period, and reached its peak of 880 
mm linearly during the middle of July, approximately 2.5 months after the crops were planted. 
The maximum RD remains constant during 2.5 months until the crops are being harvested. 
From October until April, it was assumed that the RD was 0 mm. 
 
The RD for the land use categories forest, pasture, mixed land, wetland and buildings were 
assumed constant through the year. The forest was assumed to be a mix of deciduous and 
coniferous forest based on observation during the field trips. The RD is thereby assumed to be 
2000 mm (Dobson, 1995). The RD of the pasture fields was assumed to be constant with a 
depth of 637 mm during the year since large areas of grass was observed during the field visits 
(see Table 10). The mixed land was assumed to have a constant RD of 1000 mm since it had a 
mixture of pasture and forest, and also since more grass was observed during the field trips 
compared to forest. The wetland surrounding the lake was assumed to have the same value of 
RD as grass, namely 637 mm. Lastly, the category buildings had a chosen RD of 0 mm.  
 

Leaf Area Index 
According to the vegetation type at the agriculture, the LAI will have a maximum of 3.6 
(Tripathi et al, 2016). It was assumed that it takes 14 days from that the seeds are planted in 
the ground until they start to grow. The LAI value for the agriculture was assumed to reach its 
maximum at the end of July and remain constant for 2 months. The crops was assumed to be 
harvested in the end of September as mentioned previously, which will results in a LAI of 0. 
 
The LAI of forest with both deciduous and coniferous trees was assumed to have a maximum 
value of 6, based on a study by Goude (2016). Since the leaves of the deciduous trees fall down 
during fall, the LAI is assumed to decrease to a minimum value of 3. The beginning and end 
of the vegetation period was based on SMHI (2019a) in section 2.1.2 Vegetation period (Fig.7 
and 8). The LAI was assumed to increase from the beginning of the vegetation period during 
one month until it reached its peak. It remained constant until two weeks before the end of the 
vegetation period, where it decreased to 3. 
 
The mixed land was assumed to have a LAI of 0.5 during winter seasons and had a maximum 
of 1.5 during the vegetation period. There is still a smaller LAI during the winter since there 
are a few coniferous trees within the mixed land. The LAI increased during one month from 
the start, and decreased during two weeks in the end within the vegetation period. The same 
conditions were assumed for the pasture, except that the maximum LAI in this case had a value 
of 2 and the minimum was 0. In addition, the wetland was assumed to have the same 
conditions where the LAI increased from 0 to a maximum of 3. A summary of the assumed 
minimum and maximum LAI for the different land uses can be seen in Table 11. 
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Table 11: Summary of the assumed minimum and maximum LAI for the different land uses. 

Land use Minimum LAI [-] Maximum LAI [-] 

Agriculture 0 3.6 

Forest 3 6 

Mixed land 0.5 1.5 

Pasture  0 2 

Wetland 0 3 

Building 0 0 

Lake 0 0 

 
 
 

4.3.3 MIKE HYDRO River 
Cross sections of the lake were added in MIKE HYDRO River, based on the DEM map but 
modified according to the field observations and the interpretations from the radargrams. The 
water surface existed at the elevation 1.84 m according to the topography map (Fig. 13), and 
according to a conceptual model by IVL (2018b), the bottom of the lake had an elevation at 
0.85 m. As previously mentioned in the interpretation of the radargrams and the field 
observations, the water depth was approximately 1 m. Based on this, the bottom of the lake 
was thereby assumed to have its lowest elevation point at 0.85 m above sea level (Fig. 40).  
 

 
Figure 40: Cross section at the lake drawn in MIKE HYDRO River. 

 
 
The topography had a spatial resolution of 2 m and therefore it was not possible to see the 
small stream at all locations when creating cross sections. When creating the cross section at 
the stream, observation during the field visit was used. It could be seen that the stream from 
the lake towards the sea was constructed and therefore it had a similar shape all over the 
stream. The bottom of the stream was estimated to have a width of 1 m and the slope had an 
angle of 40°. Moreover, it was estimated that the maximum height of water depth of the stream 
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before flooding the nearby area was 0.4 m. The stream at the inlet had a more varying width, 
slope and maximum water depth that was estimated to vary between 1-2 m, 30-50° respective 
0.15-0.4 m. This data was inserted in MIKE HYDRO River to draw the stream (Fig. 41). The 
red circle on the left on the cross section represents the left levee bank, the middle circle shows 
the lowest point in the stream and the red circle to the right represents the right levee bank. 
The bottom elevation of the stream was chosen to be at 0.9 m above sea level, following the 
channel slope along the stream. To calculate the slope of the stream, data from the closest 
located upstream cross section after the outlet of the lake was used. The bottom elevation of 
the stream at this cross section was chosen to be 1.7 m above sea level and it was located at a 
distance of 385 m from the other cross section. This resulted in a slope of 0.002.  
 

 
Figure 41: Cross section at the outflow drawn in MIKE HYDRO River. 

 
 
The chosen values that were used to estimate the water level at the downstream chainage for 
Manning’s formula are presented in Table 12. The hydraulic radius, wetted perimeter, length 
of slope that is wetted, water depth and the cross sectional area of flow varies for each flow 
rate.  
 
Table 12: Chosen values for Manning’s formula to calculate the water level at the outflow.  

Values used for Manning’s formula  

Manning’s number, M  25 [m/s] 

Channel slope, I 0.002 [-] 

Bottom width of channel, b 1 [m] 

Angle, ⍺  40 [°] 

 
 
The result of the water level at the cross section of the outflow was calculated in MATLAB (Fig. 
42). What can be seen is that according to the figure, the stream out of the lake is usually dry 
during the end of June or middle of July until beginning of November or beginning of January.  
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Figure 42: Water level at the outflow recalculated from discharge at the outflow by Manning's formula where 

the data is based on SMHI Vattenwebb (2019). 

 
 
A model was created in MIKE HYDRO River (Fig. 43). The lake and the two streams were built 
up by the cross sections to create the shape and bottom elevation. The model shows the water 
depth across the lake as well as the location of the in- and outflow. The water depth was fairly 
uniform across the lake as a result from the interpretation of the GPR measurements and the 
manual measurements of the water depth, but decreases closer to the shoreline. The model in 
MIKE HYDRO River does only consider the in- and outflow at the streams and runs with a 
fixed time step, namely a time step length of 10 seconds. Initial conditions were added where 
the water depth at the deepest part of the stream was set to 0.9 m and the rest of the model 
was set to a global value of 0.1 m.  
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Figure 43: Model of the lake and streams in MIKE HYDRO River. 

 

Unsaturated flow 
The created shape file includes the polygons of the different soils used for the unsaturated flow 
(Fig. 44). The largest common soils within the model domain is thin or discontinuous soil 
cover, illustrated in pink. Other soils within the domain are post glacial sand, sedimentary 
rock and clay till or clayey till. Some smaller areas of fen peat and wave-washed gravel are also 
within the domain while clay to silt only exist outside the catchment area. 
 

 
Figure 44: Soils data used in MIKE SHE. 
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The assumed values for the water content at saturation and water content at field capacity for 
the different soils can be seen in Table 13. The values for the soil suction at wetting front and 
the water content at the wilting point was left as the initial values, namely -0.2 m and 5% 
respectively. 
 

Table 13: Hydraulic conductivity based on Duffield (2016). 

Soils Water content at 
saturation [%] 

Water content at 
field capacity [%] 

Saturated hydraulic 
conductivity [m/s] 

Clay till or 
clayey till 

50 45 1e-9 

Clay to silt  40 35 1e-8 

Fen peat  45 5 1e-8 

Postglacial 
sand 

30 10 5e-5 

Sedimentary 
rock 

5 1 1e-10 

Thin soil cover 30 10 1e-6  

Wave-washed 
gravel 

40 10 1e-3 

Lake  99 98 1e-10 

 
 

Saturated zone 
The obtained bedrock elevation (Fig. 45) was based on the topography (Fig. 13) and the depth 
to bedrock (Fig. 14). It can be seen that some areas have been more affected, such as the 
postglacial sand areas to the west of the lake and in the south of the study area. This is since 
these areas have a thicker layer. The saturated zone was assumed to have a horizontal 
hydraulic conductivity of 5e-10 m/s, a vertical hydraulic conductivity of 1e-7 m/s, a specific 
yield of 0.22 and a specific storage of 0.000287 per m.  
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Figure 45: Bedrock elevation based on the topography and depth to bedrock. 

 
 
Two soil lenses were inserted in the model (Fig. 46). The yellow polygon represents an area 
with a thicker soil layer. This was observed from the drilling profile of MGV1 and the results 
from the resistivity measurements in the area. The two blue polygons represent an area with a 
higher clay and silt content. It was noticed in the resistivity measurements that these areas 
had a significantly lower resistivity value, indicating a high clay content. 
 
The upper level of the lenses was limited by the topography shapefile and the lower level by 
the bedrock map in the model. The horizontal hydraulic conductivity for the lens with a high 
clay content was chosen to be 1e-7 m/s and 1e-6 m/s for the lens with a thick soil layer. The 
vertical hydraulic conductivity for these two lenses were 1e-9 m/s and 1e-8 m/s respectively. 
The specific yield for the first lens was 10% and 22% for the second lens with a thicker soil 
depth. Lastly, the storage coefficient was based on values from Duffield (2016) and was chosen 
to be 0.002625 per m and 0.000287 per m for the first and second lens respectively.  
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Figure 46: Horizontal extent of the geological lenses. Background image: Ortofoto raster ©️Lantmäteriet 

 
 

4.4 Modelling results 

4.4.1 GIS  
The results obtained from the tool Contour in GIS displays lines representing a contour line at 
a specific elevation (Fig. 47, 48, 49 and 50). Several lines can be seen in each figure, this is 
since the lake is surrounded by a flat area. An increase of 0.1 m was chosen between each 
contour line, where all the contour lines between 1.9 m until 2.8 m can be seen in Appendix 3. 
The contour lines to the north of the lake indicate a sea level rise, which can be ignored, since 
only the water level from the lake is of interest. 
 
The lake is assumed to originally have an elevation at 1.84 m above sea level. It can be seen 
that the maximum acceptable water level increase occurs at either 2.2 m or 2.3 m above sea 
level (Fig. 47, 48, 49 and 50). If the water level in the lake would be increased further, then 
large areas southwest to the lake would be affected (Fig. 50). This would affect the nature 
reserve Västlands as well which is located southwest of the lake. 
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Figure 47: Contour line at 1.9 m. Background 
image: Ortofoto raster ©️Lantmäteriet 

 

 
Figure 49: Contour line at 2.3 m. Background 
image: Ortofoto raster ©️Lantmäteriet 

 
Figure 48: Contour line at 2.2 m. Background 
image: Ortofoto raster ©️Lantmäteriet 

 

 
Figure 50: Contour line at 2.6 m. Background 
image: Ortofoto raster ©️Lantmäteriet 
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The estimated increase of water volume due to an increase of water level in the lake was carried 
out in GIS and is summarised in Table 14. For each water level, the total increase of volume 
was calculated. The increased water volume is relative to the initial water level of the lake, 
which was assumed to exist at 1.84 m. For instance, an increase of 0.36 m which has a water 
level at 2.2 m would lead to approximately 271 000 m3. 
 
Table 14: Total increase of water volume due to an increase of water level in the lake. 

Water level [m above sea level] Water volume [m3] 

1.84 0 

1.9 39’586 

2.0 108’167 

2.1 184’500 

2.2 271’164 

2.3 366’890 

 
 
The total water demand of Storsudret based on Söderberg & Hermansson (2018) during one 
year was estimated to be 406 781 m3, where the consumption for irrigation (220 000 m3) was 
assumed to be used from surface storage dams. Therefore, the total water demand was 
estimated to be approximately 187 000 m3 over one year. From Table 14, it can be concluded 
that the total water demand could be met with a water level rise to 2.2 m above sea level for 
Lake Mjölhatteträsk. Since this water level rise would not lead to large areas affected according 
to the contour lines, and since it would meet the water demand, this water level was thereby 
chosen as a basis for the modelling of a dam in MIKE SHE. 
 
 

4.4.2 MIKE SHE 

Calibration and validation 

The inflow to the lake was calibrated against the water depth in the lake. From the field visits, 
it was observed that the water level was fairly uniform between 0.8 and 1.1 m. Between the 
summer and winter, the water level varies with 0.4-0.6 m. This variation is similar to the result 
for the measure station MY2 (Fig. 23). The water depth as a result of the model calibration 
varies between 0.6 to 1.2 m which are reasonable values compared to the results from the 
radargrams and field observations (Fig. 51).  
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Figure 51: Water depth of the lake as a result of the calibration. 

 
 
The blue line (Fig. 52) illustrates the calibrated discharge at the inflow against the water level 
in the lake. The discharge at the inflow was further calibrated against the water depth at the 
outflow from the lake, which is represented by the grey line (Fig. 52). The inflow always starts 
before the increase of the water depth in the outflow and always stops before the water level 
in the outflow is zero. This is due to that the water level in the lake needs to increase with help 
of the inflow and the precipitation in order for the water to flow out from the catchment. The 
magnitude of the inflow is also connected to the water depth at the outflow, and is therefore 
varying between different years. Before the water depth reaches its maximum magnitude, the 
inflow reaches its maximum magnitude. The reason for this is that the model needs a higher 
discharge before the water depth reaches its maximum, otherwise the lake will be emptied.  
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Figure 52: The calibrated inflow and the water level at the outflow from Lake Mjölhatteträsk. 

 
 
The discharge at the inflow boundary is varying between 0-81 m3/s where the inflow is 0 m3/s 
during the summers and reaching the maximum discharge in the beginning of the year. One 
exception occurs in the summer during year 2018 which has an inflow of 2 m3/s, since without 
this inflow the water depth in the lake would become 0.06-0.1 m in the model. This is not 
reliable since IVL (2018b) observed that the stream at the inflow was dry and measured the 
water depth in the lake to 0.5 m during the summer of 2018. Although, this inflow was needed 
for the model to estimate the water depth more accurately. 
 
The maximum inflow of 81 m3/s is a high value for an inflow from a small wetland. However, 
with a lower inflow, the lake would have a much lower water depth in the model than the 
measured depth from the field visit and data from IVL. There are two possible reasons why 
the inflow needs to be high. From the field visit and the land use map (Fig. 39), it was seen 
that a wetland was located southwest of the lake. According to the topography (Fig. 13), the 
wetland is located in an area where the surrounding has a higher elevation in all directions 
except from the direction towards the lake. Therefore, it might be possible that water from this 
wetland outside the catchment is flowing into the lake and therefore contributing to the inflow. 
Moreover, the study area is assumed to have a no flow boundary, however, there is a 
groundwater flow that also contributes to an inflow. If the inflow comes from two different 
wetlands and also from groundwater, the magnitude of the inflow seems more reliable.  
 
The model validation was performed by comparing the overall water balance. The obtained 
water balance from the model for each year between 2014 and 2018 is represented in Table 15. 
From this table, it can be seen that the precipitation ranges between 335-697 mm/year, where 
year 2017 had the highest precipitation and year 2018 had the smallest. The actual 
evapotranspiration varied between 364-427 mm/year, where year 2015 and 2017 had the 
largest actual evapotranspiration values. The storage increased for year 2014, 2016 and 2017, 
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while it decreased in year 2015 and 2018. Lastly, the effective precipitation was calculated 
which resulted in positive values for the same years as when the storage increased. From these 
results, it can be noted that year 2015 and 2018 decreased in storage due to a negative effective 
precipitation.  
 
 
Table 15: Water balance from the model for the year 2014-2018. 

 Precipitation 
[mm/year] 

Actual 
Evapotranspirat
ion [mm/year] 

Storage 
[mm/year] 

Effective 
precipitation 
[mm/year] 

2014 482 389 41 93 

2015 412 415 -36 -3 
2016 490 399 25 91 
2017 697 427 20 270 
2018 335 364 -68 -29 

 
 
The comparison of the results of the water balance from the model with the average annual 
precipitation, evapotranspiration and effective precipitation provided by SMHI Vattenwebb 
(2019) is summarized in Table 16. The water balance provided by SMHI was calculated for the 
catchment area Outlet of Mjölhatteträsk between the years 1981-2010, which was the last 
updated water balance calculation. The comparison shows that the annual mean value of the 
precipitation was 13% lower in the model. The evapotranspiration was slightly higher in the 
model, and the effective precipitation was much lower in the model compared to the calculated 
values from SMHI. These results are reasonable since the latest years have been drier than 
previous years, resulting in a much smaller effective precipitation.  
 
Table 16: Water balance with annual mean values. 

 Precipitation 
[mm/year] 

Evapotranspiration 
[mm/year] 

Effective 
precipitation 
[mm/year] 

SMHI (1981-2010) 557 379 179 

Model (2014-2018) 483  399 84 
Difference - 74 (-13%) +20 (+5%) - 95 (-47%) 

 
 

Sensitivity analysis 

The data points for the sensitivity analysis was extracted in four different points (Fig. 53). 
Point 1 and Point 2 were both located in the agriculture, where the difference is that Point 1 
was located inside the thick soil layer lens and Point 2 was located further away from the lake. 
Point 3 was located in the forest, closer to the lake than the other points. These three points 
measured the head elevation in saturated zone at a depth of 1 m. The last point, Point 4, was 
located in the middle of the lake and was measuring the depth of overland water.  
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Figure 53: Shows the location of the four points that were used in the sensitivity analysis. Background image: 

Ortofoto raster ©️Lantmäteriet 

 
 
The model was run with an increase of 15% for each of the parameters and the mean error 
(ME) and the mean absolute error (MAE) for the individual parameter in the four chosen 
points are summarized in Appendix 4. From the sensitivity analysis, it can be seen that an 
increase in precipitation mainly affected the head elevation in saturated zone in the forest close 
to the lake and the depth of overland water in the lake. The ME was approximately -0.12 m 
and -0.11 m for the two points respectively. Similar values for the MAE was obtained, but 
positive values. 
 
An increase of the potential evapotranspiration had a larger effect, especially in Point 3 and 4. 
The head elevation in the saturated zone in Point 1-3 decreased as an affect, varying between 
0.09-0.25 m for the three points. The overland water in the lake was affected in a much greater 
scale. Both the ME and the MAE obtained for the lake was approximately 0.32 m. The next 
variable that was checked with a sensitivity analysis was the hydraulic conductivity. The 
analysis resulted in a small error for the three points on land, between 0.006-0.040 m for the 
ME and the MAE. However, the fourth point resulted in a larger error of 0.1 m, indicating that 
the lake is more affected by a change in the hydraulic conductivity than the head elevation in 
the saturated zone around the lake. An increase of 15% for the hydraulic conductivity in the 
study area resulted in a small change compared to the rest of the parameters due to its order 
of magnitude. Therefore, this factor increase may not be representative.   
 
The fourth parameter checked was the RD. This resulted in relatively small errors ranging 
between 0.018-0.036 m for the three points on land. The fourth point had the largest error 
when increasing the RD, namely up to 0.083 m. However, compared to the previously 
mentioned errors for the different parameters, the increase in RD did not affect the model to 
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a great extent. The fifth parameter was the LAI, which resulted in minor errors with the same 
order of magnitude as the RD for Point 3 and 4. Point 1 and 2 had errors less than 0.002 m. 
The LAI had smaller errors than the RD, therefore the RD is a more sensitive parameter 
compared to the LAI. 
 
Thereafter, the discharge at the inflow to the lake was increased by 15%. The change of the 
inflow did not affect the head elevation in the saturated zone, but resulted in an ME of -0.078 
m and an MAE of 0.083 m for the depth of overland water in the lake. The water level at the 
outflow was increased with 15% as well, and resulted in similar errors as the discharge at the 
inflow. The error for the three control points on land were minimal, but the control point in 
the lake was affected in a greater extent. The error was slightly higher when increasing the 
outflow compared to the inflow, regarding the depth of overland water in the lake, indicating 
that the outflow is more sensitive than the inflow. 
 
Overall, the potential evapotranspiration was the most sensitive parameter which had an error 
of 0.32 m as a result of an increase of 15%. The second most sensitive parameter was the 
precipitation. The depth of overland water in the lake was mostly affected for each of the 
simulation, followed by Point 3. The first and second point were least affected.  
 

Surface and groundwater movement 

The head elevation in the saturated zone over the study area shows the groundwater 
movement with the black arrows (Fig. 54). It can be seen that the groundwater mainly follows 
the topography. At the south part of the catchment area, the head elevation in the saturated 
zone exists at an elevation between 7.2 - 10.4 m above sea level and the groundwater moves 
towards the outer boundary following the topography as well as towards the lake. The middle 
part of the catchment area shows a gradual decrease in head elevation towards the lake, as well 
as the groundwater moving towards the north. The area to the west, north and east of 
Mjölhatteträsk shows a groundwater movement towards the lake and the longer arrows 
indicate a faster water movement. 
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Figure 54:  Head elevation in saturated zone. 

 
 
The calculated water depth from the calibration part (Fig. 51) shows that the water depth 
reaches its peak at the beginning of each year, usually in February, and reaches the lowest 
point in the fall, usually in September or October. The reason why it is in September or October 
may be that the inflow usually stops somewhere between May to July while the outflow always 
stops later than the inflow. The outflow continues one to two months after the inflow becomes 
zero. Precipitation occurs during these months but the lake will reach its minimum water level 
during this time due to the losses of water from outflow and evapotranspiration. After 
September, the evapotranspiration becomes lower and therefore the effective precipitation 
becomes higher, which result in an increasing water level. The period when the water can be 
produced is therefore between September and October until February when the lake is being 
refilled.   
 
The head elevation in the saturated zone was calculated for Point 1, 2 and 3 between year 2014-
2018 to gain a better understanding of the connection between the groundwater and surface 
water in the lake. It can be seen that the head elevation for the three points is overall decreasing 
throughout the years (Fig. 55). One possible explanation to this may be that it has been drier 
than previous years and that the evapotranspiration has been higher which result in a lower 
groundwater recharge.  
 
The head elevation for Point 1, that is located in the thicker soil layer, was not greatly affected 
throughout the entire time period. One explanation to this could be since the geological lens 
consisting of a higher clay content had created some type of hydraulic barrier (Fig. 46). One 
other explanation is that the thick soil layer had a lower hydraulic conductivity than its 



68 
 

surrounding areas. This results in slower water movement and therefore the variation of water 
level in the saturated zone is smaller in this point than for the other points. 
 
The second point is located further away from the lake within the agriculture and is shown 
with a light blue curve (Fig. 55). This curve seems to be more affected by the lake since the 
maximum and minimum values of the head elevation follows the pattern of the water depth of 
the lake (Fig. 51). This applies for the third point as well, which lies in the forest close to the 
lake. This indicates a hydraulic connection between the groundwater and the lake. On the 
other hand, a dense layer of mud was seen at the bottom of the lake during the field visits as 
mentioned previously, implying a low hydraulic connection to the surrounding areas. The 
interpretation of the electrical resistivity measurements concluded that the sand layer to the 
west of the lake contained parts of high clay and silt content, lowering the hydraulic 
conductivity of the layer and the hydraulic connection to the lake as a result. Therefore, the 
hydraulic conductivity in the sand layer had a large impact on the hydraulic connection to the 
lake and the groundwater movement.  
 

 
Figure 55: Head elevation in saturated zone for the three control points on land. 

 
 

Scenario  

A dam was created in MIKE HYDRO River to study the impact on the lake and the surrounding 
areas. A new cross section was created at the stream outflow that represents an overflow dam. 
The suggested location of the dam is approximately 200 m from the lake (Fig. 56). This 
location was chosen based on the results from 4.4.1 GIS regarding the contour lines. It could 
be seen that the stream at this location is surrounded by higher elevation, resulting in a safer 
and smaller dam. The bottom elevation of the cross section exists at 1.78 m based on the DEM 
map. The surrounding area has a minimum elevation of 2.08 m, hence it is possible to create 
a dam with a maximum height of 0.3 m before flooding occurs.  
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Figure 56: Suggested location of a dam at the stream outlet. Background image: Ortofoto raster 

©️Lantmäteriet 

 
 
Four simulations were created with different heights of the dam. The first scenario included a 
dam height of 0.07 m, resulting in an elevation at 1.85 m. The second, third and fourth scenario 
increased the dam height with additionally 0.05 m respectively, where the last scenario had 
an elevation of 2 m and a total increase of 0.22 m compared to the original elevation of the 
stream. The results from the second and fourth simulation in terms of head elevation in 
saturated zone in Point 1, 2 and 3, as well as the water depth in Point 4 (Fig. 53) was obtained 
(Fig. 57, 58, 59 and 60). The results from the remaining simulations with a dam elevation of 
1.85 m and 1.95 m can be seen in Appendix 5.  
 
The head elevation in the saturated zone at Point 1 with and without a dam was obtained (Fig. 
57). Here, it can be seen that the head elevation follows the same pattern throughout the time 
period. The first two years had the same head elevation for the three curves, but starts to 
deviate during the third year. The head elevation differs the most during the last two years, 
indicating that there may be a hydraulic connection at this point to the lake. Another 
explanation to the difference in head elevation solely for the last two years could be since the 
water flow at the inlet and the water level at the outlet are higher during year 2017 and 2018 
than the previous years. This difference is however fairly small, approximately 0.1 m.  
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Figure 57: Head elevation in saturated zone at Point 1 without a dam, and with a dam at elevation 1.9 m and 2 

m respectively. 

 
 
The head elevation in the saturated zone in Point 2 is located in the agriculture. There is a 
variation of the water level during the five years, but the variation is the same without and with 
a dam (Fig. 58). Even the height of the dam does not affect the water level in this point. The 
variation of water level is probably due to seasonal changes of precipitation and 
evapotranspiration and not due to the water level in the lake. Due to this, Point 2 has likely no 
hydraulic connection with the lake.  
 

 
Figure 58: Head elevation in saturated zone at Point 2 without a dam, and with a dam at elevation 1.9 m and 2 

m respectively. 
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The changes of water level in saturated zone in Point 3 that is located in the forest close to the 
lake was calculated. What can be seen is that the water level of the lake is similar in the 
beginning of year 2014 but towards the end of year 2014, the difference between the water 
level for the 3 different scenarios is increasing (Fig. 59). After 2014, it is possible to see that 
the head elevation in the saturated zone is affected from the water level in the lake. Since the 
head elevation in the saturated zone is affected of the increased water level, this point and the 
lake have a hydrological connection.  
 

 
Figure 59: Head elevation in saturated zone at Point 3 without a dam, and with a dam at elevation 1.9 m and 2 

m respectively. 

 
  
A larger difference can be seen regarding the water depth in the lake compared to the head 
elevation in the saturated zone (Fig. 60). The maximum water depth without a dam was 1.21 
m and thereby the water level existed at the elevation 2.06 m. A dam with elevation 1.9 m 
resulted in a maximum water depth of 1.37 m, and water level at 2.22. Lastly, a dam with 
elevation 2 m resulted in a maximum water depth of 1.44 m, and a water level at 2.29. 
Comparing these results with the results from 3.4.1 GIS regarding contour lines indicates that 
a water level at 2.29 may cause flooding at the suggested location of the dam (Fig. 49). A dam 
with elevation at 2 m can thereby cause flooding in the area. On the other hand, a dam with 
elevation at 1.9 m has a water level close to the created contour line at 2.2 m (Fig. 48). 
Therefore, the maximum height of the dam that can be created for the suggested location at 
the stream outflow is 0.12 m, in other words, the elevation of the dam can exist at 1.9 m above 
sea level. 
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Figure 60: Water depth of the lake without a dam, and with a dam at elevation 1.9 m and 2 m respectively. 

 
 
Overall, it can be seen that a large volume of water remains in the lake as a result of a dam, but 
does not affect the groundwater in the surrounding areas as much, except at the vicinity of the 
lake such as Point 3. This could further strengthen the interpretation of a low hydraulic 
connection to the surrounding areas, as previously mentioned. Hence, a large volume of water 
can be produced and contained in the lake, however, there is a small possibility to extract it 
from the sand layer as groundwater.  
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5. Discussion 

5.1 Uncertainties 
Several assumptions were made regarding the input data in the model, which will affect the 
accuracy. These assumptions included the conceptual model, crop coefficient, root depth, leaf 
area index, growth season, harvesting date, potential evapotranspiration, land use, boundary 
conditions, hydraulic conductivity and cross sections. Several of these parameters were based 
on own observations during the field visits, own judgements and assumptions when specific 
data was missing. Some additional parameters in the model were not taken into account in 
this study due to time limitation and complexity.  For instance, snow melt and freezing of the 
water was not considered, which could affect the water movement in the model during the 
winter months. The assumptions made in this study can lead to great uncertainties with the 
model, and needs to be considered when evaluating the obtained results.  
 
The model in MIKE SHE is based on data obtained from a climate station outside the study 
area, resulting in an incorrect site-specific data. Lack of data within the catchment area made 
it difficult to build an accurate model with regards to its calibration and validation. Data 
collection from IVL’s measuring stations would result in a more accurate model, although this 
data was missing values and could only cover the last month of the time period of the model.  
 
There is a bedrock surface map that can be collected from SGU through the SLU’s geodata 
extraction tool GET which has data of the elevation of the bedrock surface. This data exists in 
a resolution of 50x50m and was in several areas higher than the topography map collected 
from Lantmäteriet. This is not possible, therefore, the map of the depth to the bedrock 
provided by the Map Generator at SGU (2019) was used instead to estimate the bedrock 
surface. This contributed to a lower accuracy, since the soil depth was assumed based on the 
soil depth from SGU and own observations. 
 
The chosen catchment area for this study was obtained from SMHI, which represents the area 
where the surface water can be captured but does not show an accurate representation of the 
groundwater flow. But since the discharge at the inflow needed to be extremely large compared 
to the outflow, this indicates that the groundwater flow has probably a large impact and that 
the chosen boundary no flow is not accurate. Since there was no data of the groundwater flow, 
this boundary was therefore chosen but affects the reliability of the model. 
 
The calibration of the model was one of the most time consuming part of the modelling. The 
entire model contains large amounts of data over a 5-year time period which takes a long time 
to run. Therefore, the calibration of the water flow at the inlet could have been further 
approved if more time was available. Also, this will not be necessary once the discharge at MY3 
has data over a longer time period.  
 
From the sensitivity analysis, it could be seen that the potential evapotranspiration had the 
largest effect on the model. Increasing this parameter with 15% resulted in an error of 
approximately 0.32 m for the depth in the lake, and up to 0.25 m for the head elevation in the 
saturated zone. In addition, the potential evapotranspiration was estimated using the FAO 
Penman Monteith equation, with climate data from Hoburg and Visby airport. The 
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evapotranspiration is a difficult value to estimate correctly due to errors in measurement and 
simplification in formulation. Therefore, large uncertainties exist with the potential 
evapotranspiration, and since it is the most sensitive parameter in the model, it could greatly 
affect the accuracy and validity of the model.  
 

5.2 Possible sources of error 
Possible sources of error could have occurred during the measurements taken in the field 
regarding the water samples, GPR, resistivity measurements, hydraulic one-way tests and the 
water level measurements. This could for instance be due to the measuring techniques used or 
the accuracy of the equipment. One possible source of error regarding the GPR was that it was 
set to emit pulses every 1 m in the arable land which is a fairly long distance between the 
measurements. This should have been decreased to a much smaller distance to gain a more 
detailed and accurate radargram.  
 
Other possible errors are the interpretation of the obtained results and the assumptions made 
for the model based on the interpretations. For instance, the interpretation of the radargrams 
are the basis for the cross sections in the lake. The interpretation of the resistivity 
measurements resulted in added geological lenses in the model and the conclusion of the 
potential to store water in the sand layer to the west of the lake. The accuracy of the 
interpretation from the radargrams and the resistivity values could have a large impact on the 
obtained results from the model. 
 
The water level at the stream outflow was recalculated from the discharge given for the outlet 
of the catchment area given by SMHI Vattenwebb (2019). As mentioned previously, the error 
can be up to ± 45% for the daily values of the flow. This error is large and can have a great 
impact on the model results. In addition, the estimated water level based on Manning’s 
formula resulted in assumptions of cross-sectional area, Manning’s number, hydraulic radius 
and channel slope which further could increases the error.  
 
 

5.3 Future suggestions 
The importance of this study is to find an approach to solve these types of questions. Similar 
areas with the same problems could also use this approach to better estimate the water 
potential even is available data is often limited. Therefore, it would be interesting to find other 
studies with similar question at issue and compare various methodological approaches.  
 
Due to lack of data and site-specific data, it is suggested that the model is further developed 
with more accurate data to gain a better and more accurate understanding of the surface- and 
groundwater flow around Lake Mjölhatteträsk, possibly from IVL measuring stations. Further 
data collection would mainly be for discharge at the inflow and water level at the outflow for a 
longer period that can be compared with the water level of the lake. With more accurate data, 
the possible influence of the southeast wetland and groundwater movement could be analysed. 
In addition, the catchment areas could be redefined to represent the groundwater flow more 
accurately.  
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Another suggestion for future studies is to consider climate change and its impact on the 
model. This would result in a prolonged summer season which would affect variables such as 
precipitation, evapotranspiration, RD, LAI, discharge amongst other. The water consumption 
could also be affected due to a rise in number or tourists. It would also be important to further 
study the model response to a change in the climate. Especially the flooding risk due to 
different outflows, for example a 10-year flood event, where the dam is located could be 
interesting to investigate further to understand the risk of flooding.  
 
The results from the water analysis could further be analysed as well to better understand the 
groundwater movement in the area. For example, the water samples from the two 
groundwater pipes has been in contact with the steel pipe for a long period of time, which 
could have affected the analysis and interpretation of the content for the mentioned 
compounds. The drinking quality of the surface water in the lake was not analysed in depth in 
this study, which would be necessary to carry out if the water will be used as drinking water in 
the future. A more extensive study of the water movement and quality is therefore suggested 
to be carried out, based on additional water samples collected during different seasons. 
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6. Conclusion 
The conclusion made of the analysis of the water samples was that there is possibly a 
groundwater intrusion at the stream inlet due to high values of alkalinity and calcium. High 
values of chloride, sodium and sulphate in the groundwater samples indicated that the 
groundwater has been affected most likely by relic water.  
 
The studied sand layer to the west of the lake is concluded to be a very thin soil layer with 
possibly high content of clay and silt, based on the results from the resistivity measurements 
taken during the field visits. Therefore, the potential to store water in this area is small due to 
the low hydraulic conductivity, as well as the thin soil layer that exists there. The dense layer 
of mud at the bottom of the lake indicates an insufficient hydraulic connection between the 
lake and the surrounding area, therefore a weak connection between the surface- and 
groundwater. It can thereby be concluded that the possibility to use induced infiltration in the 
sand layer is small. 
 
Based on this study’s estimations and analysis in GIS, it can be concluded that the total water 
demand could possibly be met with a water level rise to 2.2 m above sea level for Lake 
Mjölhatteträsk. This would increase the water volume by approximately 270’000 m3 based on 
an initial water level at 1.84 m above sea level, which would meet the water demand at 
Storsudret. The period when the water can be produced is between September and October 
until February according to the simulated water level in the lake. The suggested location of the 
dam was also based on the GIS analysis and was estimated to exist approximately 200 m 
downstream from the lake. The maximum dam height to decrease enough of the outflow would 
be a height of 0.12 m, based on the created model in MIKE SHE. In conclusion, there is 
potential to produce enough water in the lake to meet the demand and without risking 
flooding. 
 
 

 
  



77 
 

References 
 
Allen, R, A., Pereira, L, S., Raes, D. & Smith, M., 1998. Crop evapotranspiration: guidelines 
for computing crop water requirements. Food and Agriculture Organization of the United 
Nations. Rome, Italy 
 
Allen, R., 2013. Crop coefficients. University of Idaho Research and Extension Center, 
Kimberly, Idaho, U.S.A 
 
Almqvist, L., 2018. Groundwater investigation at Storsudet, Gotland. Master’s Thesis. 
Stockholm: Royal Institute of Technology (KTH).  
 
Brown, L. & Hulme, P., 2001. Groundwater Resources Modelling: Guidance Notes and 
Template Project Brief. R&D Technical Report W214. Environment Agency.  
 
Dahlqvist, P., Thorsbrink, M., Holgersson, B., Nisell, J., Maxe, L. & Gustafsson, M., 2017a.  
Våtmarker och grundvattenbildning:  om möjligheten till ökad kapacitet vid 
grundvattentäkter på Gotland. Uppsala: Sveriges geologiska undersökning (SGU). 
 
Dahlqvist, P., Triumf, C., Persson, L., Bastani, M., Erlström, M. & Schonning, K., 2017b. 
SkyTEM-undersökningar på Gotland, del 2. Sveriges geologiska undersökning. pp. 67–80.  
 
Demografen, 2019. Befolkning vid en tidpunkt. [Online] Available at: 
<http://demografen.gotland.se/> [Accessed 22.04.2019] 
 
Djurberg, H., 2017. Gotland grundvatten och dricksvatten: förutsättningar och utmaningar  
inför framtiden. Region Gotland. [Brochure] Available at: 
 
Dobson, M., 1995. Tree Root System. Arboricultural Advisory and Information Service, 
Surrey, UK. 
 
Duffield, G. M., 2016. Representative Values of Hydraulic Properties. [Online] Available at: 
<http://www.aqtesolv.com/aquifer-tests/aquifer_properties.htm> [25.03.2019] 
 
Fan, J., McConkey, B., Wang, H. & Janzen, H., 2016. Root distribution by depth for 
temperate agricultural crops. Field Crops Research, 28 02, pp. 28-74.  
 
Fang, H. & Liang, S., 2008. Leaf Area Index Models. Encyclopedia of Ecology. pp. 2139-
2148.  
 
Google, 2019. Google Maps. [Online] Available at:  
<https://www.google.com/maps/@56.9808873,18.3028295,11.76z> [Accessed 17.04.2019] 
 
Goude, M., 2016. Kan skillnader i bladarea, biomassa och kväve förklara 
produktionsskillnader mellan tall och gran? Master’s Thesis. Alnarp: Swedish University of 
Agricultural Sciences (SLU).  
 

https://www.google.com/maps/@56.9808873,18.3028295,11.76z


78 
 

Havs- och Vattenmyndigheten, 2018. Alkalinitet i grundvatten. [Online] Available at: 
<https://www.havochvatten.se/hav/samordning--fakta/data--statistik/officiell-
statistik/officiell-statistik---havs--och-vattenmiljo/alkalinitet-i-grundvatten.html> 
[Accessed 01.04.2019] 
 
IVL, 2017. Gotland blir till centrum för nya smarta lösningar att minska vattenbristen.  

[Online] Available at:   

<https://www.ivl.se/toppmeny/pressrum/pressmeddelanden/pressmeddelande---
arkiv/2017-11-22-gotland-blir-centrum-for-nya-smarta-losningar-att-minska-
vattenbristen.html> [Accessed 30.01.2019] 

 
IVL, 2018a. Indiska lösningar ska minska vattenbristen på Gotland. [Online] Available at: 

<https://www.ivl.se/toppmeny/pressrum/reportage-och-intervjuer/indiska-losningar-ska-
minska-vattenbristen-pa-gotland.html> [Accessed 30.01.2019] 

 

IVL, 2018b. Mjölhatteträsk - Konceptuell modell. [Unpublished material] 
 
IVL, 2019. Project IVL Storsudret. [Online] Available at: <https://stevens-connect.com> 
[Accessed 09.05.2019] 
 
Lantmäteriet, 2019. SLU’s Geodata Extraction Tool, GET. [Online]. Available at: 
<https://zeus.slu.se/get/> [Accessed 20.03.2019]  
 
Länsstyrelsen Gotlands Län, 2016. Bevarandeplan för Natura 2000-området: Västlands 
SE0340122. Available at: 
 

MIKE, 2017a. MIKE SHE, Volume 1: User Guide. DHI. Available at:  
<http://manuals.mikepoweredbydhi.help/2017/Water_Resources/MIKE_SHE_Printed_V1
.pdf> 
 
MIKE, 2017b. MIKE SHE, Volume 2: User Guide. DHI. Available at:  
<http://manuals.mikepoweredbydhi.help/2017/Water_Resources/MIKE_SHE_Printed_V2
.pdf>  
 
MIKE, 2017c. MIKE HYDRO, Stream: User Guide. DHI. Available at:  
<http://manuals.mikepoweredbydhi.help/2017/Water_Resources/MIKEHydro_Stream_Us
erGuide.pdf> 
 
Milsom, J. & Eriksen, A., 2011. Field Geophysics, 4th edn, John Wiley & Sons, Ltd. 
 
Palmer Streama, M., Ridderstolpe, P. & Djurberg, H., 2011. VA-utredning för Storsudret 
inför fördjupad översiktsplanering, Gotlands Kommun. WRS Uppsala AB 
 
Pereira, L.S. & Alves, I., 2005. Crop water requirements. Encyclopedia of Soils in the 
Environment. pp. 322-334.  
 

https://www.ivl.se/toppmeny/pressrum/reportage-och-intervjuer/indiska-losningar-ska-minska-vattenbristen-pa-gotland.html
https://www.ivl.se/toppmeny/pressrum/reportage-och-intervjuer/indiska-losningar-ska-minska-vattenbristen-pa-gotland.html
https://stevens-connect.com/


79 
 

Reynolds, J. M., 2011. An Introduction to Applied and Environmental Geophysics, 2nd edn, 
John Wiley & Sons, UK.  
 
SGU, 2013. Bedömningsgrunder för grundvatten. SGU-rapport 2013:01. Uppsala. 
  
SGU, 2019. SLU’s Geodata Extraction Tool, GET. [Online]. Available at: 
<https://zeus.slu.se/get/> [Accessed 20.03.2019]  
 
SGU, 2019. Kartgeneratorn. [Online]. Available at:  
<http://apps.sgu.se/kartgenerator/maporder_sv.html> [Accessed 11.03.2019] 
 
Skoglund Lartell, M. & Engström, K., 2018. Making Storsudret self sufficient on fresh 
water: Evaluating possible locations for a subsurface dam using MIKE SHE software. 
[Unpublished Master’s thesis]. Stockholm: Royal Institute of Technology (KTH). 
 
SMHI, 2017a. Gotlands klimat. [Online] Available at:  

<https://www.smhi.se/kunskapsbanken/meteorologi/gotlands-klimat-1.4887>  

[Accessed 29.01.2019] 

 

SMHI, 2017b.  Modellberäknad vattenföring och vattenkvalitet. [Online] Available at: 
<https://www.smhi.se/professionella-tjanster/professionella-
tjanster/2.1544/modellberaknad-vattenforing-och-vattenkvalitet-1.19274> 
[Accessed 20.05.2019] 
 
SMHI, 2019a. Klimatindikator - Vegetationsperiodens längd. [Online] Available at: 
<https://www.smhi.se/klimat/klimatet-da-och-nu/klimatindikatorer/klimatindikator-
vegetationsperiodens-langd-1.7887> [Accessed 20.03.2019] 
 
SMHI, 2019b. Data. [Online] Available at: 
< https://www.smhi.se/klimatdata> [Accessed 20.03.2019] 
 
SMHI Vattenwebb, 2019. Vattenwebb. [Online]. Available at:   
<https://vattenwebb.smhi.se/modelarea/> [Accessed 20.03.2019] 
 
Svenska Vattenanalys, n.d. Parametrar & Gränsvärden. [Online] Available at: 
<https://svenskvattenanalys.se/vattenproblem/> [Accessed 01-04-2019] 
 
Söderberg, S. & Hermansson, L., 2018. Vattenförbrukningen på Storsudret - en modellering 
av ett begränsat områdes vattenförbrukning och dess årsvariationer. Bachelor Thesis. 
Stockholm: Royal Institute of Technology (KTH). 
 
Tripathi, A., Radek, P., Orság, M., Trnka, M., Pohanková, E., Fischer, M., Guerra Torres, C. & 
Marek, M., 2016. Long term measurement of leaf area index and radiation use efficiency in 
short rotation coppice poplar cultures and cereal crops. 24th European Biomass Conference 
& Exhibition, At Amsterdam (ss. 83-88). Amsterdam. 
 



80 
 

Zotarelli, L., Dukes, M. D., Romero, C. C., Migliaccio, K. W. & Morgan, K. T., 2018. Step by 
Step Calculation of the Penman-Monteith Evapotranspiration (FAO-56 Method). University 
of Florida. 
 
 
 
 
 
  



81 
 

Appendix 1 
 

 



82 
 



83 
 



84 
 



85 
 



86 
 



87 
 



88 
 



89 
 



90 
 

 
 
 
 



91 
 

Appendix 2 
Bedrock map collected from SGU (2019) through the SLU’s geodata extraction tool (GET). 
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Appendix 3 
Contour lines. 
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Appendix 4 
 
 
Variables ME MAE 

Precipitation 
• Point 1 (thick soil layer) 
• Point 2 (agriculture) 
• Point 3 (forest) 
• Point 4 (lake) 

 
• -0.0954411 
• -0.0814334 
• -0.123056 
• -0.10907 

 
• 0.0954411 
• 0.0814335 
• 0.123056 
• 0.109492 

Potential evapotranspiration 
• Point 1 
• Point 2 
• Point 3 
• Point 4 

 
• 0.0851336 
• 0.101527 
• 0.248062 
• 0.323395 

 
• 0.0851336 
• 0.101527 
• 0.248062 
• 0.324677 

Root depth 
• Point 1 
• Point 2 
• Point 3 
• Point 4 

 
• 0.0182747 
• 0.0205224 
• 0.0362527 
• -0.0714087 

 
• 0.0182842 
• 0.0206958 
• 0.0362541 
• 0.0826055 

Leaf area index  
• Point 1 
• Point 2 
• Point 3 
• Point 4 

 
• 0.000667147 
• 0.0010827 
• -0.0135122 
• -0.0720729 

 
• 0.000667168 
• 0.00109084 
• 0.0150013 
• 0.0809125 

Hydraulic conductivity  
• Point 1 
• Point 2 
• Point 3 
• Point 4 

 
• 0.0395678 
• 0.00621135 
• -0.0274906 
• -0.100758 

 
• 0.0395678 
• 0.00826289 
• 0.0278387 
• 0.103541 

Inflow - discharge  
• Point 1 
• Point 2 
• Point 3 
• Point 4 

 
• 4.58354e-5 
• -9.67529e-5 
• -0.0126068 
• -0.0778626 

 
• 0.000135258 
• 0.00038221 
• 0.0145058 
• 0.0834056 

Outflow - water level  
• Point 1 
• Point 2 
• Point 3 
• Point 4 

 
• 0.00181632 
• 0.000131793 
• 0.00038951 
• 0.00175729 

 
• 0.00182043 
• 0.000215241 
• 0.0188857 
• 0.148898 
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Appendix 5 
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Point 1: Thick soil layer
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