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Summary in Swedish 

Värmdö kommun har en av Sveriges snabbast växande befolkningar, därtill är kommunen en 
populär tillflyktsort under sommaren med många turister och andra som har sina sommarhus där. 
Många av dessa sommarhus har under de senaste 20 åren konverterats till permanentboenden och 
det är troligt att denna utveckling kommer fortsätta i framtiden. Detta medför att den redan 
begränsade tillgången på vatten ute i skärgården påverkas negativt och kommer spädas på 
ytterligare i samband med att klimatet blir allt varmare. Målet med denna uppsats var att kartlägga 
grundvattentillgångarna i Ingarö vattentäkt och hur dessa påverkas av klimatförändringarna samt 
under olika uttagsscenarion, där de olika uttagen kan spegla kraven på tillgång på vatten vid en 
ökande befolkning.  

En konceptuell modell skapades i Groundwater Modelling Systems (GMS) och i ArcGIS. Modellen 
löses sedan numeriskt med hjälp av grundvattenflödesekvationen i MODFLOW och lösningen 
importeras därefter tillbaka till GMS för analys. Den underliggande förutsättningen i modellen var 
att det nuvarande grundvattenuttaget och den naturliga återhämtningen av magasinet är lika stor. 
Den naturliga återhämtningen inom domänen, och de bidragande omkringliggande områdena, 
baserades på årsmedelvärden av nederbörd och evapotranspiration som hämtas från Sveriges 
Meteorologiska och Hydrologiska Institut (SMHI). De bidragande omkringliggande områdena 
identifierades genom att hitta vattendelare i landskapet med hjälp av en Digital Elevation Model 
(2x2 m). Jorddjupet i åsen beräknades med hjälp av Sveriges Geologiska Undersöknings (SGU) 
jorddjupsmodell som grund. I de områden där SGUs modell inte ansågs ge tillförlitliga jorddjup 
ersättes den med dels en jorddjupsmodell utvecklad på Kungliga Tekniska Högskolan (Simplified 
Regolith thickness Model) och dels med hjälp av kriging-interpolation över ett område med en 
högre densitet av kända jorddjupspunkter. 

                 
               

              
             

         
             

              
           

      
 

 

 

 

 

 

 

 

 

 

 

                 
                

                 
               

                
                

               
               

           

Resultaten från det nutida scenariot med dagens uttag visade att det finns ett visst mått av överskott 
på vatten i åsen. Utöver detta så visade också resultatet att det finns tre grundvattendelare i 
vattenreserven vars placering kan visa sig nyttig för att förstå hur föroreningar kan sprida sig i åsen. 
Resultatet visade att uttag på 105 % av dagens uttag troligtvis är möjliga utan artificiell 
infiltrering. Då uttaget ökades till 110 % började en brunn visa på svårigheter att leverera de 
volymer som förväntades. För uttag på 130 % och större visade sig resultatet vara missvisande då 
en stor mängd vatten strömmade in från den östra gränsen. Den östra gränsen av modellen bör 
därför förflyttas längre öster ut för att uppnå mer tillförlitliga resultat. Klart stod dock 
att den generella grundvattennivån lär sjunka i framtiden då evapotranspirationen 
förutspås öka mer än nederbörden.
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Abstract 

Värmdö municipality, in the archipelago of Stockholm, has one of Sweden’s fastest growing 
populations and is a popular location for tourism and summer houses. This puts a lot of pressure on 
groundwater reservoirs and will likely be even more strained in the future as the climate continues 
to heat up due to anthropogenic activities. The aim of this study is to investigate the use of 
groundwater resources on the island of Ingarö, today and in a changing climate. The goal was also to 
identify the behaviour of the groundwater reservoir under different extraction rates. A model was 
constructed using MODFLOW, a software developed and maintained by the U.S. Geological Survey. 
The results show that for the present-day scenario with the current extraction rate there is a surplus 
of recharge leaving the reservoir. Moreover, three groundwater divides could be identified in the 
reservoir which can prove useful when examining the movement of contaminants. The result also 
indicated that an extraction rate of 105% of current extractions could be possible without any 
artificial infiltration. At an extraction rate of 110%, one well struggled with keeping up with demand 
for water. As the extraction rate increased further the results were deemed as inconclusive. For 
these scenarios, model domain required to be extended further east due to a constant head 
boundary condition acting as an infinite source of water in these cases. 

Keywords 
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Introduction 

Värmdö is a municipality in the archipelago outside of Stockholm and comprised by many islands. 
The municipality has one of Sweden’s fastest growing populations, according to Statistics Sweden 
(SCB, 2018), with a current population slightly above 43 000 and forecasted to hit 55 000 in 2030, 
an increase of nearly 28%. The islands are very popular during the summer time, for tourism and as 
a holiday spot with many summer houses. A significant amount of these summer houses has been 
converted into houses for permanent living, with a higher standard of living and thus a higher 
demand for water. The summer houses are often generally not connected to the municipal water but 
instead has their own water supply. Therefore, the conversion from summer house to a house that 
can accommodate permanent living standards can be somewhat problematic with drained wells 
and, in some cases, intrusion of saline water. It is believed that trend of converting summer houses 
will continue, in the years to come (Värmdö Kommun, 2014b). This puts a lot of pressure on the 
already strained groundwater reservoirs in the archipelago as well as on the infrastructure of water 
management. Today, there is not enough groundwater in the municipality to cover for the long-term 
needs of drinking water. Therefore, an agreement has been signed with Stockholm Vatten to ensure 
the supply of water. Alongside this agreement, the municipality states that the local water reservoirs 
are of great importance (Värmdö Kommun, 2014a). 

Climate change 
Climate change poses a threat to the availability of groundwater. According to The United Nations 
World Water Development report (2015), the risks of disrupting the availability of water will be 
exacerbated by climate change. The temperature increases due to anthropogenic actions not only 
affect the sea level but according the 5th report assessment from the Intergovernmental Panel for 
Climate Change (IPCC) it is likely that it will also have an effect the weather locally, with more 
extreme weather events such as heat waves and extreme rainfalls (IPCC, 2014). Sandberg (2017) has 
modelled water scarcity in an area in the archipelago of Stockholm and put the model to simulate 
water scarcity with two different climate change scenarios presented in the IPCC report (2014). 
IPCC calls these scenarios Recipient Concentration Pathways (RCP) and are based on the 
cumulative measure of human greenhouse gas (GHG) emissions, from all sources in the year 2100. 
In the first scenario (RCP 4.5), a global stance against climate change has been undertaken in which 
greenhouse gas emissions culminate in the 2040’s. For the other scenario (RCP 8.5), no stance 
against climate change has been taken and the world is still heavily dependent on fossil fuels with 
carbon dioxide levels in the year 2100 three times that of today. RCP is a measure of the GHG 
emissions caused by human activities expressed in watts per square meter, where the GHG 
emissions for scenario RCP 4.5 equal a radiation of 4.5 W/m2, and likewise, the scenario RCP 8.5 
equal a radiation of 8.5 W/m2. Currently, the RPC level is slightly over 2 W/m2 (IPCC, 2018).  

In a study by Sandberg (2017), the RPC measures were used to calculate the precipitation and 
evapotranspiration on the island of Vindö, in Värmdö municipality. The results from the study show 
that in year 2050, the period when the evapotranspiration is greater than the precipitation will 
become longer, in both scenarios. For the RPC 4.5 scenario, the dry season lasts between April to 
September and for RPC 8.5 between April to October. Compared to the present day when the dry 
season lasts from May to August. See figs. 1 and 2. 
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Figure 1. Showing the variation in precipitation of the two RCP scenarios and present time (from 
Sandberg, 2017). 

 

 

Figure 2. Showing the variation in evapotranspiration of the two RCP scenarios and present time (from 
Sandberg, 2017). 

Interestingly, while the yearly evapotranspiration increased from the RCP 4.5 scenario to RCP 8.5 
scenario the yearly precipitation remained at the same level for both scenarios, up 18% from 
present-day.  

Aim and research question 
The aim of this study is to investigate the use of groundwater resources on the island of Ingarö, 
today and in a changing climate. The model will then be used to simulate scenarios of today and 
scenarios based on the 5th report assessment from IPCC, with varying extraction rates to see the 
behaviour of the water reservoir.  

Research questions to be answered in this work are: 

- How does the water reservoir behave under current extraction rates and climate and how 
does the behaviour change as the extractions are increased by 15, 30 and 45%? 
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- How does the water reservoir behave in the RCP 4.5 scenario with current extraction rates 
and how does the behaviour change as the extractions are increased by 15, 30 and 45%? 

- How does the water reservoir behave in the RCP 8.5 scenario with current extraction rates 
and how does the behaviour change as the extractions are increased by 15, 30 and 45%? 

- Are there any particularly sensitive areas? 

Background 
The area is located in the archipelago about 25 km to the east of Stockholm city. The island the 16th 
biggest in Sweden with an area of 6226 km2 (SCB, 2001). Topographically, Ingarö consists mostly of 
bedrock outcrop with no or a very limited cover of soil. Valleys in the bedrock are filled with till, 
superimposed by finer sediments, in a typical manner of post-glacial soils. There are also the 
occasional areas containing glaciofluvial materials, i.e. coarse-grained soils that consists of sand and 
gravel suitable for groundwater extractions. The island is surrounded by the brackish water of 
Östersjön, therefore, water extractions close to the shoreline are at risk of being contaminated by 
saltwater.  

Bedrock 
The bedrock is dated to be about 2 billion years old and consists of different kinds of crystalline 
igneous rocks, generally felsic granites but there are also elements of rocks with mafic origin. The 
bedrock on the island shows signs of tectonic foliation. A heavily fractured deformation zone, 
running in a west – east direction, can be found to the north that cuts Ingarö from Värmdön. Thus, 
the zone runs along the northern shore of the island of Ingarö. Fig. 3 show a soil cover map over the 
north eastern parts of Ingarö.  

 

Figure 3. Showing a soil cover map of the north eastern parts of Ingarö. Study area is captured in the 
blue square. 
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Glacial history 
The majority of the soils in Sweden originate from the last glacial period and thereafter (Fredén, 
1994). The soils on Ingarö are no exception. Glacially and post-glacially deposited soils are sorted 
after particle size and are layered in a typical manner.  

During the last glacial period, the land cover was eroded by the glaciers in several ways. E.g. could 
cracks between bedrock and already loose fragments be filled with water and when the water froze, 
the fragment was separated from the bedrock and picked up by the glacier, a process called 
plucking. As the glacier moves these broken off fragments that are trapped in the ice, could then act 
as teeth that ground at the surface it lied on. This would produce a very fine sediment. The glacier 
can carry sediments of any size, ranging from blocks to clay particles (Marshak, 2008). Meltwater 
from the glacier flowed in cracks in the ice and gathered to form large rivers, flowing inside of the 
glacier, eventually ending at the edge of the glacier. The outwash carried sediments of all sizes with 
it and as the glacier moved the outwash formed a trail of sediments behind it, called an esker 
(Fredén, 1994; Marshak, 2008). The coarser fragments settled inside the tunnel or near the mouth 
of it, whereas the finer sediments settle further away from the glacier edge, where the water was less 
turbulent (Fredén, 1994). As the glacier retreated the coarse sediments was covered with fine 
sediments. With the uplift of the land cover, glacial rebound (Marshak, 2008), these fines on the top 
of the esker were affected by waves, suspended in the water and transported further out to the sides 
of it. Sand was also affected by the beating waves and moved out to the sides, covering layers of clay 
which had not yet been subject to the waves, producing a clay lens between esker material 
underneath it and the sand on top of it (Fredén, 1994). The cross section of a typical esker can be 
seen in fig. 4.  

 

Figure 4. Cross-section of a typical esker. Green with big grains is the esker core containing boulders – 
stones – gravel. Green with small grains is the esker mantle containing gravel – sand. Orange with big 
grains and small grains is fluvial gravel and sand respectively. Layered yellow is clay and light blue 
with grains is till. Grey is bedrock (from SGU, Ah 20, 2000). 

The land cover on Ingarö has been subject to glacial rebound and therefore the soils are arranged in 
a typical glacial and post-glacial manner. However, on certain parts of it there are settlements of 
clay which would indicate that at some point in time, during the glacial rebound, these areas were 
protected from the beating waves which would allow for the finer particles to settle on the esker. 
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Electrical resistivity methods  
Electrical resistivity methods are used in a wide range of subjects in engineering, amongst which the 
search of suitable groundwater resources is one (Reynolds, 2011). Other uses are; locating a 
groundwater level, monitor pollutants in groundwater and finding subsurface faults & cavities.  

The method follows the principle of Ohm’s Law, which states that the potential, U, between two 
points is equal to the product of the current, I, and the resistance, R, of the material. The resistance 
of a material is proportional to its length, L, and inversely proportional to its cross-sectional area, A, 
i.e. the longer and “thinner” a material is the greater the electrical resistance will be. The “true” 
resistivity, r, of a material is defined as: 

𝜌 =
𝑈𝐴
𝐼𝐿 			(Ω𝑚) 

 
The way current is conducted in rocks is usually electrolytic (Reynolds, 2011). Unlike electronic 
current, which involves the movement of electrons to carry the current, electrolytic current relies on 
the movement of ions. The electrolytic current is dependent on the type of ion, the mobility of the 
ions and the ionic concentration. The rocks themselves are usually bad conductors – it is the fluids 
in the pore space that carry the current (Reynolds, 2011). How well soils carry current depend 
largely on the size of the grains and if the pore space is saturated or if it is dry. The resistivity of a 
sandy soil is about 100 Wm and a clayey soil about 40 Wm, a dry sandy soil can have a resistivity of 
up to 1000 Wm. The resistivity of common soils and rock types can be seen in table 3. 

Table 3. Resistivities of common geological materials (from Reynolds, 2011). 

Material Nominal resistivity (Ωm) 

Granite  300 – 1.3·106 
Granite (weathered) 30 – 500 
Diorite 104 – 105 
Gabbro 103 – 106 
Clays 1 – 100 
Gravel (dry) 1400 
Gravel (saturated) 100 
Dry sandy soil 80 – 1050 
Sand and gravel 30 – 225 
 

The current from one electrode is radially transmitted outwards, with lines of equal potential 
perpendicular to the direction of the current (Reynolds, 2011). Assuming that the air above ground 
does not conduct any current, lines of equal potential can be drawn as half spheres in the ground, 
around the point of origin. Between two current electrodes, the potential decreases in the direction 
of the current. The further apart the electrodes are placed the deeper down the electrical resistivity 
measurements can go. However, in reality when measuring the resistivity of the ground, the notion 
of homogeneous materials (which the true resistivity relies on) is no longer valid, especially so with 
a great distance between the current electrodes. This is because many types of minerals, soils and 
rock types are being measured at once, which may have saturated or unsaturated pore spaces. There 
may also be other types of objects buried in the ground that is being measured. Metal scraps have 
for example very low resistivities whereas, oil products have very high. The orientation of objects in 
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the ground is also of importance. Therefore, the measured resistivity of the ground is very likely a 
combination of all the above-mentioned properties and is called the apparent resistivity. 

The method of measuring vertical changes in resistivity by incrementally increasing the distance 
between two current electrodes is called vertical electrical sounding (VES). A modification to VES is 
continuous electrical vertical sounding (CVES). CVES relies on the same theory as VES but uses 
several electrodes at once. From one CVES measurement, several VES point measurements can be 
taken which after interpolation can be viewed in two-dimensional profiles of resistivity (Reynolds, 
2011).  

Software 

ArcGIS  
Geographic Information Systems (GIS), such as ArcGIS, are used to manage, analyse and display 
geographic information to help in decision making processes and as a tool for analysis of 
environmental studies (Henkel & Grünfeld, 2004). GIS can display a wide range of spatially 
referenced data such as population densities, incomes, road maps, temperatures, wind speeds, land 
covers etc. The data can be georeferenced giving it a real-world location which then will make it 
possible to overlay with other types of data, in order to analyse it (ESRI, 2004). Analysis of the 
characteristics and changes of glaciers, using satellite images and digital elevation models (DEMs) is 
one example of the usages of georeferenced data (Bolch, 2018). Another example is land cover 
changes due to human activities and how these affect reindeer pastures and the herding system 
(Kivinen, 2014). ArcGIS is used extensively in research. A search for “arcgis” on ScienceDirect, 
which is a database for all Elsevier journals and books, yields in over 21 000 hits.  

In the context of studies like this, ArcGIS can be used to analyse the extent and size of a model 
domain. It is for example possible to draw conclusions of the stratigraphy of soils, add point data 
with layer thicknesses and to measure distances and areas. Furthermore, with the use of an 
extension to ArcGIS called ArcHydro it is be possible to draw streams in the landscape by 
calculating where runoff from precipitation would gather as well as to calculate areas of watersheds. 

MODFLOW 
MODFLOW is an open-source software provided and maintained by the U.S. Geological Survey 
(USGS) and is, according to themselves, considered an international standard for numerical 
modelling of groundwater conditions and the interaction between groundwater and surface water in 
three dimensions (USGS, 2018a). MODFLOW consists of a core version, that is under development 
and actively maintained, and advanced versions that uses newer formulations or variants of 
MODFLOW. MODFLOW consists of the groundwater-flow (GWF) equation (called Process) and 
several add-ons (or Packages) that deals with a single aspect of the simulation. For example, to 
simulate a well in the groundwater system a specific Well Package must be imported, likewise, to 
simulate a river the River Package has to be added (USGS, 2018b). There are a number of packages 
that simulate different kinds of hydrological phenomena, such as recharge, hydraulic barriers, 
constant hydraulic head, specific flow, streams, drains and sea water intrusions. Different types of 
solvers are also Packages. Within the Solver Package, the criteria for when the model converges is 
set, which control the model solution. In MODFLOW-2000 there are six different types of solvers 
and only one may be used at a time. The selection of solver package is dependent on the scale of the 
model (local or regional) and the state of it (steady or transient). However, all solvers are not 
compatible with all versions of MODFLOW, an example of this is the NWT solver which is only 
compatible with MODFLOW-NWT and MODFLOW-OWHM (Niswonger, Panday, & Ibaraki, 2011).  
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Basic calculation of groundwater-flow 
For a tree-dimensional model, the movement of groundwater can be described by a partial 
differential equation (GWF) in the x, y and z direction:  

𝜕
𝜕𝑥 .𝐾00

𝜕ℎ
𝜕𝑥2 +

𝜕
𝜕𝑦 .𝐾55

𝜕ℎ
𝜕𝑦2 +

𝜕
𝜕𝑧 .𝐾77

𝜕ℎ
𝜕𝑧2 +𝑊 = 𝑆:

𝜕ℎ
𝜕𝑡  

 
GWF is a function of hydraulic conductivity in the x, y and z direction (Kxx, Kyy and Kzz), hydraulic 
head (h), volumetric flux per unit volume (W), specific storage of the porous material (Ss) and time 
(t). GWF is valid for an anisotropic and heterogeneous soil. A solution to the GWF equation can be 
reached using initial conditions of hydraulic head and specified head (or flow) at the boundaries. 
However, it is rarely possible to come to a solution analytically, instead, the solution needs to be 
calculated using various numerical methods. One such method is the finite-difference equation, 
where the continuous equation of GWF is replaced by a finite set of discrete points in space and 
time, where the partial derivatives of GWF are calculated by the difference in hydraulic head 
between two points. Each point represents a cell in which the conditions of the soil is homogeneous 
and isotropic, the number of points is decided by a user specified cell size. Within each cell there is a 
node at which the hydraulic head is calculated, the finite-difference equation uses the block-centred 
formulation, i.e. the hydraulic head is assigned to the centre of the xy-plane in each cell (Harbaugh, 
2005). 

The finite-difference equation applies to the physical principle of conservation of mass which says 
that all flows into the cell and all the flows out of the cell must equal the change in storage, within 
the cell. If the density of the water is assumed constant the conservation of mass equation, which is 
called the Continuity equation, can be expressed as: 

Σ𝑄> = 𝑆𝑆
∆ℎ
∆𝑡 ∆𝑉 

 
Where Qi is the flow into the cell, SS the specific storage, ∆V the volume of the cell and ∆h/∆t the 
change in hydraulic head over a time step ∆t. Outflows and loss are represented by a negative Qi and 
SS (Harbaugh, 2005).  

 

Figure 5. Flow between two separately homogeneous and isotropic cells (from Harbaugh, 2005).  

The flow between two adjacent cells (i,j-1,k & i,j,k), see fig. 5, can be described by the following 
equation: 
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𝑞>,CDE/G,H = 𝐾𝑅>,CDE/G,H∆𝑐>∆𝑣H
LMN,OPQ/R,SDMN,O,ST

UOPQ/R
	    

Where qi,j-1/2,k is the volumetric flow rate through the face between the cells, KRi,j-1/2,k is the hydraulic 
conductivity between the two nodes, hi,j-1,k and hi,j,k is the hydraulic head of the two nodes ∆ci∆v is 
the area of the cell face between the two cells and ∆rj-1/2 is the distance between the two nodes. 
Similar equations can be expressed for flow in the remaining five directions. A set of six finite-
difference equations, that express flow into or out of a cell, can be solved simultaneously given 
initial hydraulic head conditions. Using the solution, a new head can be calculated for this cell. For 
an entire model with n cells, there will be n finite-difference equations and n unknowns. 
MODFLOW reaches a solution by iteration using values for initial hydraulic head. After the first set 
of finite-difference equations are solved the calculated “new” heads will be used as initial head 
values for a second iteration. Iterations will stop when the difference between the starting heads and 
the “new” heads are less than a user specified value. To reach a steady-state solution, each cell must 
have as much flow going into it as going out of it, i.e. Qin = Qout (Harbaugh, 2005). 

GMS 
The conceptual model will be produced using Groundwater Modelling System (GMS) – a software 
developed by Aquaveo. However, the groundwater flow is not calculated by GMS, instead it uses 
MODFLOW, and the Packages and Processes of MODFLOW. GMS has an interface for building 
conceptual models using GIS features such as points, arcs and polygons, it can handle topography 
and generate stratigraphy (Aquaveo, 2017). E.g. points can be used for the locations of wells, arcs 
can be used to delineate streams and polygons can be used to define model sub-domains. It is 
possible to import borehole data into GMS, containing depths to different soil (or rock) types. 
Linear interpolation can then be used on the borehole data to create solids, i.e. to generate a three-
dimensional stratigraphy of the area. If borehole data is not available, then the strata can be 
generated, on a later stage, by importing horizons into MODFLOW. Horizons are the different 
layers in the ground and can be based on two-dimensional scatter point data, triangular irregular 
networks (TIN) or rasters.   

Once the conceptual model is built it is ready to be mapped to MODFLOW. The GIS features that 
make up the conceptual model is then converted into the finite numerical model, in which it is 
divided using a grid. In this step e.g., the location of a well is no longer a point but one cell, borders 
are no longer continuous but discretized. GMS pulls in the different MODFLOW Packages on the fly. 
E.g. if a well is assigned to a point in the conceptual model then, the WEL Package is automatically 
applied and all data the package needs can inputted directly into GMS and then is readily available 
to MODFLOW when the conceptual model is being converted into a numerical. The results of the 
MODFLOW simulation is then automatically imported back into GMS for visualization. At this 
stage, if the MODFLOW results is not satisfactory then the inputs may be calibrated in GMS and 
then mapped back to MODFLOW for a second run.  

Method 

Study area 

Reservoir and surrounding areas 
The focus of this study is a groundwater reservoir currently used for extraction of drinking water. 
The reservoir lies in a valley surrounded by outcropping bedrock to the north and south. The 
elevation of the reservoir ranges from 54 – 0 m.a.s.l. from the south east to the north west, 
respectively, and the surrounding bedrock outcrops reaching heights of 65 m.a.s.l. (northern side 
showing bigger gradients in topography than the southern).  
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In table 1, the different parts of the study area are described more in detail. The areas referred to in 
the table is shown in fig. 6.  

Table 1. Description of the different parts of the study area. 

Part  Description 
 
1 

 
At Fladen in the north western most corner, the esker runs into Östersjön, thereby being 
somewhat in contact with the brackish water. At the shoreline to Fladen, and in the direct 
vicinity of one of the municipal wells, the soil consists of sand as well as pebble and 
cobble stones. The pebbles and cobbles indicate that at this point the esker has been 
eroded by waves, leaving only the coarsest material. The finer material has been washed 
out into Fladen, where the sand has settled closest to the shore and covered the glacial 
clay on the bottom that already was there, likely producing a relatively impermeable 
barrier.   

2 Two storm water ponds are located at the crossing of Eknäsvägen and 
Entreprenadvägen-Näsuddsvägen, in Brunn. The ponds are receiving water from the 
community Brunn, uphill to the west, and a stretch of Eknäsvägen to the east. The ponds 
drain into a ditch, leading the water to Östersjön. 

3 To the south west there is a rather big deposit of sandy soils, with a thickness ranging 
from >1 m – 4 m. 

4 In the midsection of the reservoir one finds a bog, called Degermossen. Bogs are formed 
by the overgrowth of lakes. Lakes in areas below the highest coast line (sv. högsta 
kustlinjen) usually have a layer of clay on the bottom that traps water because of the 
permeability of clay being very low (Fredén, 1994). Therefore, it is likely that a clay layer 
is present under the bog which in turn lies on top of the esker material in these parts. In 
Degermossen it is likely that there are two groundwater levels, one in the bog on top of 
the clay layer and another below the layer of clay, in the coarser soil beneath it, i.e. the 
esker. A local groundwater level, such as this one, is called a perched aquifer (Hiscock & 
Bense, 2014). 

5 A small tarn called Potten is located approximately 300 m to the west of the bog, on top 
of the esker material. As with Degermossen, Potten also lies on top of a layer of clay 
which in turn lies on the esker material. 

6 In the northern midsection, stretching to the north eastern corner of the study area, there 
is a disused gravel pit. After the gravel mining was discontinued, the site was probably 
used as a landfill (Värmdö kommun, 2007) with a dumping site located in the western 
slope of the pit. 

7 In the south eastern most corner, the esker meets the shore of lake Återvallsträsket. The 
area draining into the lake lies to the south and south west of it. The elevation of the lake 
is around 17 m.a.s.l. The has a visible outlet, a stream, that runs further to the east with 
an outlet 2.5 km down the line into Östersjön at Stora Barnsviken.  

8 On the eastern border of the study area, along Fågelviksvägen, one finds a smaller 
industrial area with a few workshops, one being a car & boat repair shop. 

9 To the south of the study area, there has been a wood preservation industry located on 
the house property Brunn 1:1 and 1:738. Here, elevated levels of arsenic and led has been 
found in two samples taken shallow soil, oil was also found in one of the samples. 
Another sample of concrete taken in the area showed greatly elevated levels of arsenic, 
cadmium, copper and chromium (Värmdö kommun, 2007). These grounds have been 
listed by the County Administrative Board of Stockholm (2011) as being most 
contaminated places in the county with the highest risk classification (Klass 1).  

10 A golf course is located to the north of the gravel pit. There is a possibility that the water 
running from this location into the reservoir could carry nutrients and pesticides with it.   
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Figure 6. Showing an overview of the area. Study area is captured in the blue square. 

The area of the reservoir follows the outline of the esker material, reaching from Fladen via Brunn to 
Återvall. The contributory watersheds lie to the north and south of the reservoir, from which water 
runs into the reservoir via diffuse flows across the boundary and point specific flows, such as 
streams.  

Boreholes 
In 2013 – 2014, boreholes were drilled to use as support in planning for a pipeline of water and 
waste-water along the northern side of Eknäsvägen, between Näsuddsvägen and Fågelsången 
(Tyréns, 2014). The thickness of the excavated layers and what fractions they contained were 
recorded, in some cases rigorously using the Svenska Geotekniska Föreningen (SGF) denominations 
and in other cases described as being either sandy, friction or cohesion soils.  

Water resources 
In the study area there are six municipal groundwater observation wells and two more drilled 
during the planning stage of a water and waste-water pipeline in 2013 – 2014. There are several 
recorded measurements of the municipal wells (7704 – 8801) that covers all seasons of the year. 
These measurements were taken over the years 2008 – 2017. The groundwater level in the two 
other wells, 13T06GV & 14T02GV, have only been observed once or twice. By locating the wells in-
field the location of five municipal wells can be given with an uncertainty. For the remaining wells, 
the locations were found by comparing the maps from the investigation done by Tyréns, in which all 
groundwater tubes are present, and pinpointing them in ArcGIS using Lantmäteriets Ortskartan 
(0.25 m cell size) as reference. The uncertainty of these is appreciated to lie within a 20 m radius, 
assuming the locations are correct in the maps of Tyréns. Table 2 show the locations of the wells, 
groundwater levels and screen depths. 
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Table 2. Showing the groundwater tubes. The number of groundwater observations and the mean 
groundwater level as well as the standard deviation of these wells can also be seen. The bedrock 
elevation is based in the assumed bedrock surface, which is a product of interpolation, thus, uncertain. 
Note that the elevation depth of well 8801 has not been found. 

 

The locations of the observation wells, and their corresponding mean groundwater levels, in the 
study area are shown in fig. 7. The levels give an indication of the general direction that the 
groundwater moves in the reservoir.  

Water is extracted from the reservoir at three different locations (fig. 6) and pumped to the plant for 
treatment. In 2012 the plant treated on average 1 500 m3/day (Värmdö Kommun, 2014b), however, 
since then these extractions have increased to 1800 – 2000 m3/day, according to S. Mäkinen, 
Värmdö kommun (personal communication, August 24, 2018). Estimations of the natural recharge 
capacity has been set to 2 000 m3/d (Värmdö Kommun, 2014b). In 1981, the Land and Environment 
Court came to a decision that water extractions should not exceed a mean value of 4 850 m3/d, on a 
yearly basis (Stockholms Tingsrätt, 1981). The same court decision clarifies that the elevation of the 
water surface of lake Återvallsträsket is allowed to vary within +17.78 and +17.68 m.a.s.l. and that 
water may be piped from the lake to an artificial infiltration basin at a rate of 3 000 m3/d, on a 
yearly basis.  

Piezometric 
tube 

Location (SWEREF99_TM) Elev. 
Surface  

(m) 

Elev. 
Depth  

(m) 

Elev. 
Bedrock  

(m) 

Groundwater level 

X Y Uncertainty 
(m) 

No. 
Measure-

ments 

Mean 
GWL 
(m) 

Standard 
deviation 

7704 697772 6575417 4 17.5 6.1 -2.9 23 7.6 0.57 
7703 697428 6575500 5 23.6 -6.9 0.1 23 7.5 0.52 
7702 697173 6575732 6 20.9 -9.6 -16.4 23 7.5 1.03 
7701 696882 6575902 - 17.9 0.3 -3.5 23 7.1 0.85 
7201 696591 6576079 3 16.4 -8.7 -2.7 23 6.6 0.61 
8801 695497 6576989 2 5.3 - -6.2 16 -0.2 0.09 

13T06GV 695691 6576559 - 6.9 -3.6 -23.9 2 0.3 - 
14T02GV 696045 6576214 - 13.8 5.3 -15.4 1 5.8 - 
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Figure 7. Name of the wells in light blue and observation wells in orange with their corresponding 
groundwater level in deep blue. The general direction of the groundwater flow is south-east to north-
west. Note; well 3 & obs. well 7702 and well 1 & obs. well 8801 overlap in the picture. 

Conceptual model setup 
Previous studies suggest that lake Återvallsträsket acts as a source of water to the groundwater 
reservoir (Värmdö Kommun, 2007). By examining the soil cover map around Lake Area (fig. 8) one 
can see that the esker materials and the northern most point of the lake is in contact with each other 
and, therefore, it would seem natural to make mentioned assumption. However, the bedrock crops 
out just to the west and to the east of the point where the esker materials meets the water of the 
lake, indicating that the soil cover likely is relatively shallow there. Second, field observations of 
faults in the bedrock surrounding the western to the northern parts of the lake indicate that the 
general directions their strike is not pointing towards the esker, and therefore cannot carry any 
significant flows of water to it. Third, the gradient between the groundwater level in the pit and the 
water level in the lake, over a distance less than 500 m, is greater than 10 m– if there would be a 
significant interaction between the lake and the reservoir the lake would likely be drained. On 
contrary to previous reports, the initial assumption of this study is therefore that lake 
Återvallsträsket does not contribute to the groundwater reservoir in the esker. Instead, the bedrock 
under the shallow soil cover may act as a hydraulic barrier.  
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Figure 8. Soil cover map of the study area. Dark red lines are roads.   
 
Topography has a major impact on the recharge of groundwater. Recharge of a homogenous and 
isotropic aquifer will occur in high points, whereas, low points will discharge groundwater (Hiscock 
& Bense, 2014; Knutsson & Morfeldt, 2002). For an open aquifer, such as the esker in the area of 
Återvall, the groundwater divide, and the surface water divide generally coincides (Knutsson & 
Morfeldt, 2002). The highest point of the esker is along Fågelviksvägen north of Återvallsträsk. 
However, as the Ingarö reservoir is being used as a resource for drinking water the groundwater 
divide will be somewhat shifted to the east of the topographical high point. A constant head 
boundary will be set further south east parallel to said divide, where the influence of the water 
extractions is thought to be negligible and where it will define the eastern border of the domain.  

In the north western area, a general head boundary will be set along the shoreline of Fladen, at the 
location of one of the municipal wells (well 1) used to pump water from the reservoir is located. This 
well is located approximately 15 m from Östersjön. However, according to water chemistry analyses 
from 2000–2004, the water in the well only has a moderate chloride content, averaging on 37 mg/l, 
giving indications of a rather impermeable geological structure separating the esker from Östersjön.  

Around the area, along the northern and the southern border of the esker there are outcroppings of 
bedrock, as can be seen in fig. 8. A portion of the effective precipitation (precipitation - 
evapotranspiration) falling on this bedrock will likely recharge the water reservoir. Since 
Återvallsträsket does not recharge the reservoir, then the watershed of Återvallsträsket also must be 
considered as areas not contributing to the recharge. In the north, parts of the runoff will go either 
into the lake Björnträsket, which has an outlet in Östersjön, or simply straight to Östersjön itself. 
However, the effective precipitation falling on the sub catchments located along the northern and 
southern border of the esker will likely contribute to the water reservoir. A very visual example of 
this contribution in the northern parts of the pit where the runoff can be seen in fig. 9 where water 
runs down the slope of the pit and infiltrates the ground, thereby recharging the reservoir. This 
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influx of water, and those of other contributing catchments, will be estimated using the area of each 
contributing sub catchment and a portion of the effective precipitation.  

Figure 9. Aerial photo showing the northern parts of the gravel pit. One can clearly see the furrow in 
the landscape created by surface water runoff from the above lying outcrops and the point of 
infiltration in the lower left corner of the image (Google Maps). Inflow point 4:1, from the stream 
delineation of ArcHydro seen in fig. 21, coincides with what is observed in this image. 

Bedrock 
The elevation of the bedrock has a huge impact on the model as it e.g. can limit the flow of water in 
the ground as well as limit the total volume of the reservoir. One example of how it can limit the 
flow is when the bedrock lies on a general level but there, for some reason, is a local area where the 
bedrock that pops up from the general level. In this case, the flow between the two sides will be that 
which passes above the bar (if the bedrock is considered to be impermeable). Another example 
could be a narrow pass between two walls of bedrock. Such things may very well exist in reality, but 
they may also be artefacts when interpolating bedrock surfaces. The elevation of the bedrock can 
also limit the volume of the reservoir as a shallow depth to bedrock implies that the soil cover, from 
which water is extracted, is thin.  

Initially this model used a soil depth map constructed by the Swedish Geological Survey (SGU). 
SGU’s interpolation model uses a soil type map (as certain types of soils show considerably greater 
soil depths), the depth to bedrock from seismic measurements and actual drillings as well as taking 
deformation zones in the bedrock into account (SGU, 2014). The cells that are occupied by the 
location of lakes have been removed. An image of SGU’s soil depth map of the area can be seen in 
fig. 10.  
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Figure 10. Showing the SGU modelled soil depth. A low value indicates a shallow depth to bedrock, 
whereas red to white indicates that the depth to bedrock is great. 

To incorporate the soil depth into the model used in this study, the elevation of the bedrock had to 
be calculated by subtracting the thickness of the soil cover from the Digital Elevation Model (DEM) 
of the surface topography. However, the DEM had a cell size of 2x2 m whereas the cell size of the 
soil depth map was in 10x10 m. To avoid complications when calculating the bedrock elevation, the 
DEM was resampled to having 10x10 m cells, using a bilinear sampling method. Prior to the raster 
calculation the NoData cells of the soil depth raster were filled by using a statement in ArcGIS that 
looks for the cells containing no data, then gives them a value corresponding to the mean value of 
the surrounding cells in a circle with a radius of two cells, thereby, filling the empty cells. At this 
point, the bedrock raster was generated as described above. Furthermore, the depth to bedrock was 
set to a minimum of 1 m, in the cells where the difference of the DEM and the bedrock raster was 
<1 m. 

However, the elevation of the bedrock resulted in several problems as the conceptual model was 
converted into a numerical. Specifically, well 1, which is the well that has the highest extraction rates 
of the three with roughly 900 m3/d, could not reach the expected extraction values in the model. 
Seemingly, the well could not get the required volumes of water (without making unrealistic 
changes to parameters such as hydraulic conductivity of the soil) due to the soil depth being too 
shallow, creating a bottleneck in the groundwater flow. To better simulate the depth of the soil in 
this area a Simplified Regolith thickness Model (SRM) (Karlsson et al., 2014), developed at the 
Royal Institute of Technology (KTH) in Stockholm, was used. This model calculates the soil depth at 
each cell individually by searching for outcropping bedrock in 8 directions, with a 45° angle 
between. When an outcrop is detected the model finds two points at different elevations that 
represent the slope of the outcrop. The depth of the soil, at a given cell, is then calculated using 
inverse distance weighting (IDW) where outcrops closer to the origin are weighted more than those 
farther away (Karlsson et al., 2014). See fig. 11 for the soil depth generated by the SRM model. 
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Figure 11. Showing the SRM soil depth.  

Another case where SGU’s soil depth map seem unlikely is in the midsection, especially where 
Degermossen is located. In this area there are several drillings to bedrock which indicate a thick soil 
layer of around 20-30 m. However, the modelled surface of SGU limits this depth to stay between 2-
10 m, heavily reducing the storage of the reservoir. Therefore, a new soil depth map was generated 
to, according to the author of this thesis, better simulate the actual conditions of the reservoir.  

Rather than using an exact interpolation method such as IDW, which produces an uneven surface 
that is characterized by spikes at the measured locations with low predictions around them, kriging 
was used to simulate the depth at this location. Kriging can be exact or inexact depending on 
whether the nugget is included (Interstate Technology & Regulatory Council, 2016). The method 
accounts for spatial autocorrelation, meaning that the difference between two points close to each 
other is smaller (statistically) than two points with a greater distance between them (O’Sullivan, 
2010). Kriging relies on calculating statistics of point data which in turn is used to predict spatial 
distribution of a property, such as the elevation of bedrock. It is an interpolation method where a 
surface is fitted to point data, but rather than forcing the surface to go through each and every point 
it generates a surface where the variance is minimized. The estimation variance can be calculated for 
every interpolated point and is dependent on the semivariogram, the spatial distribution of the 
point data and the weights of the kriging method (O’Sullivan, 2010).  

From the bog, extending to the eastern boarder of the model, the frequency of drillings to bedrock is 
higher in comparison to the rest of the area. New points with depth to bedrock were also added to 
further help with the interpolation. The location of some of these points were placed on outcropping 
bedrock using the aerial photography of Lantmäteriets ortskarta [0.25 m]. These points were 
assigned a soil depth value of 0.5 m. Furthermore, a couple more points were added and assigned 
depths along a linear approximation between two already known depths. The boreholes of the 
Tyréns survey proved to be less useful in determining the total soil depth as very few were driven 
into bedrock. There are a number of private wells in the area with documented depths to bedrock, 
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however, the location of these are uncertain even those which has the best accuracy still have an 
uncertainty of a 100 m radius. Therefore, these wells have not been used in the interpolation 
process. The points used in the interpolation, with their corresponding soil depth, can be seen in fig. 
12. 

 

Figure 12. Soil depth using Kriging interpolation. 

At this stage, the three different soil depth models (SGU, KTH and the Kriging interpolation) were 
merged onto one using the Mosaic to New Raster function in ArcGIS. The combination of the rasters 
led to edge effects where one raster overlaps another. A low pass filter was used on the merged soil 
depth raster to reduce these effects. The resulting bedrock surface can be seen in fig. 13. 

 
Figure 13. Showing the surface of the bedrock. 
 
10 CVES profiles has been collected in the area around the gravel pit, Degermossen and 
Återvallsträsket, in the months April – May over the course of five years (2014 – 2018). The CVES 
measurements gives an indication of groundwater levels, depth to bedrock and possible presence of 
contaminants. The location of these profiles can be viewed in fig. 14. Profiles 1,5 and 6 (figs. 15, 16 
and 17 respectively) were used to verify that the calculated soil depths are realistic, as they likely 
show the elevation of the bedrock. More often than not the calculated depth to bedrock seemed to be 
rather conservative. 
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Figure 14. Showing the location of the CVES profiles. The arrowheads mark the end point of the 
profiles. 

 

 

Figure 15. Profile 1 likely starts on an area of dry sand and ends on Degermossen, as seen by the 
resistivity along the surface of the profile which goes from a very high resistivity to a very low 
resistivity. The bedrock seem to be around an elevation of  -10 m.a.s.l. to -20 m.a.s.l.  

 

 
Figure 16. Profile 5. Starts in an area where the bedrock is near the surface and ends in the gravel pit. It 
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is possible to follow the bedrock surface from left up to about 90 m along the X-axis and where it 
seems to end into a possible fraction zone. The blue area in the middle is likely the old landfil. The red 
area at the surface to the right may very well be oil spills.  

 

 
Figure 17. Profile 6, perpendicular to profile 5. Showing the soil contaminated by the possible landfil 
(blue are) and a high resistivity layer starting at approximately 5 m, probably the same bedrock wall as 
seen in profile 5 around 90 m, 5 m.  

Clay 
The clay layer was constructed by mapping out the location of the clay covers using polygons and 
with the help of SGU’s soil cover map. The borehole data from the Tyréns (2014) report also proved 
to be helpful as parts of the borehole stretch passes over the clayey areas. Except for the clayey area 
in the northern part, the calculations of the thicknesses are based on that each cover of clay is 
thickest at its centre. For the northern area is assumed thickest close to its eastern border, near the 
outcropping bedrock, and thinning out to the east with a zero thickness at the boundary. The 
assumption is based on that sandy soils is likely to cover the clayey layer close to the bedrock wall, in 
a manner typical of areas affected by the glacial rebound. The coarser layer on top has protected the 
clayey layer underneath it from erosion by beating waves, as the ground continued to rise above the 
sea level. The boreholes in the Tyréns report also somewhat confirms this assumption. Fig. 18 show 
the hillside bordering the clayey northern area. 

 

Figure 18. Till and sand covered slope at the northern clayey area (October 14, 2018, Ingarö, Värmdö).
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As a first step, the centroid of each polygon was calculated and several extra points within the 
polygon and on the boundary of the polygon were added. The points on the boundary had their 
values of the thickness set to zero, while the points within the polygons were given specific values of 
thickness. In general, these values decreased as the distance to the boarder decreased. However, the 
boreholes passing through the clayey parts of Potten showed that the clayey layer was very thick at 
the western border. To accommodate for that, the border was expanded some bit in that direction, 
in comparison to the SGU soil cover map. For the northern clayey area, the thickness on the eastern 
border was set to 2 m and 0 m at the eastern border.  

All point data was used in kriging interpolations. In the interpolation the nugget value was set to 
zero to change the interpolation method from non-exact to exact, as an effort to keep most of the 
interpolated values at zero or greater than zero. The cell size of the interpolated surface was set to 
10x10 m. The interpolated clay layers were done one polygon at a time, as to not let point data 
representing other clay covers to influence the interpolation. Each of the individual surfaces was cut 
by their respective polygon and then merged into one raster (fig. 19).  

 

Figure 19. Showing the thicknesses of the interpolated clayey layers.  

The negative value cells were set to zero, since these are an artefact of the interpolation. The 
compiled raster was then put into the Raster Calculator of ArcGIS to generate the top surface of the 
aquifer layer. The aquifer raster should have the elevation of the DEM - 0.1, where the clay layer has 
no data, in all other points it should take on the elevation of DEM - Clay layer thickness. The top of 
the clay layer will be the actual DEM. This means that the layer of clay will cover the entire model, 
however, properties for; porosities, hydraulic conductivities, the amount of recharge etc. will not be 
affected by this assumption as the layer can be divided into several sub-domains with unique 
properties in the numerical step. Adding the clay layer was done to be able to more accurately model 
the behaviour of the reservoir regarding groundwater storage and flows as well as to be able to use 
the Lake Package (LAK) for Potten. 
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By dividing the soil layer into a clay layer and an aquifer layer, about 15 cells in the aquifer layer got 
a lower elevation than the elevation of the bedrock. The difference was as big as -1 m, when 
subtracting the elevations of the bedrock from the aquifer. In the conversion from a conceptual to a 
numerical model, the top of one layer cannot be at a lower elevation than the bottom of the same 
layer. Therefore, the bedrock was modified in Raster Calculator to lower the elevation of the bedrock 
by 1.5 m in the cells where the elevation difference is < 1 m. 

Hydraulic boundaries 
In general, along all boundaries of the model domain there is a constant flow into the reservoir. 
However, there are a few borders where this is not appropriate. At the location of well 1, on the 
border to Östersjön, a general head boundary (GHB) was set. A GHB is defined by the GHB Package 
in MODFLOW. The package allows for flow across the boundary, between two cells, but will be 
restricted by a conductance factor (in reality, a lesser permeable layer). The flow is therefore not 
only dependent on the difference in hydraulic head between the two cells but also the conductance 
factor on the border (Harbaugh, 2005). The hydraulic head in of Östersjön is -0.20 m.a.s.l. The 
conductance on this border was set to 0.01 (m2/d)/m to simulate the low-permeability lens between 
the water reservoir and Östersjön. 

In accordance with the assumption that there are no hydraulic connections between the reservoir 
and lake Återvallsträsket, a no-flow boundary was set along the eastern boarder of the model and 
where esker materials meet the water of the lake.  

Specified head boundaries (CHD) were set on the eastern and the western most boundaries. The 
hydraulic heads at these points were assumed not to have any significant variations due to pumping 
activities within the model domain. On the western border the specified head was set to being just 
over the surface of the bedrock (6 m.a.s.l.). Based on observations of groundwater levels in 
piezometer tube 7704 and 7703, the head on the eastern border was set to 9 m.a.s.l. for the northern 
point and 7 m.a.s.l. for the southern point.  

Recharge  
The average yearly precipitation in the area, between 1990 – 2016, is 0.662 m/yr (Swedish 
Meteorological and Hydrological Institute (SMHI), 2018).  The initial assumptions of the recharge 
are that it varies greatly across the top layer of the model domain. In the gravel pit, where highly 
permeable sand and gravel is exposed, and the vegetation largely removed, the recharge was 
assumed that 85 % of the precipitation, or 0.0154 m/d. Recharge over Degermossen and Potten are 
likely is underlain by a low-permeability clayey layer as well as the northern clayey area was 
assumed zero. Furthermore, the recharge over the town of Brunn was assumed to about half of what 
can be deemed typical for this region, because of the presence of rather impermeable surfaces such 
as asphalt and roof tops generating in surface runoff for which there is an infrastructure. For the 
remaining domain the recharge was based on typical values of evapotranspiration for this region 
(SMHI, 2017). The SMHI data suggests that the evapotranspiration is between 400 – 500 mm/yr. 
The lower range was chosen as much of the top soil layer in this area consists of friction soils in 
which water easily infiltrates. An evapotranspiration of 400 mm/yr equals a recharge factor of 39%. 
The area of Degermossen is thought to work as a lake of sorts, having an outlet that likely drains 
into the aquifer layer a distance away from the actual bog. See fig. 20 for the delineation of each 
recharge subdomain and their corresponding recharge values in table 4. 
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Subdomain Recharge 
(m/d) 

1 0.0003 
2 0.0007 
3 0.00005 
4 0.0007 
5 0.0002 
6 0 
7 0.00005 
8 0.0016 
9 0.0007 

 

Delineation of watersheds and specific inflow points 
One important aspect of setting up this conceptual model is to assess the size of the area which 
contributes to the recharge of the reservoir. The flow is then calculated by multiplying the area with 
an approximated amount of effective precipitation.  

A first step for this to work is to fill in the sinks in the landscape, which are surrounded by terrain 
that is at a higher elevation. In ArcGIS, if a cell (or cells) in the DEM make up a local low point in 
the area, then these points must be filled as to not trap any water that may be flowing into that 
point. The next step is to identify the direction of the steepest slope, on a cell by cell basis, from one 
cell to its 8 closest neighbouring cells. This is done by calculating the change in height / distance * 
100 between one cell and its neighbours. The runoff from precipitation is then assumed to flow in 
the direction of the steepest slope. The accumulated flow into each cell is then calculated and a 
stream definition threshold can be set. The size of the threshold depends on the cells size of the 
DEM. Typically, a high-resolution DEM will need a higher threshold than one with a low-resolution. 
Using the directional flow map attained from the flow direction step, it is also possible to delineate 
the outline of the watershed, from which water flow into the stream (Jenson and Domingue, 1988). 

The actual study site has no naturally occurring streams, however, by setting a low stream definition 
threshold it is possible to locate where water potentially gathers in the terrain. This information is 
then used to define points on the border of the esker where the influx, locally, is greater. To 
generalise, the part of the influx from each catchment, that does not enter at the specific inflow 
points, has been approximated by multiplying the length of its border to the esker with 100 m. In 
effect, assigning an area within each catchment from which water flows directly into the reservoir. 
The rest of the influx is assumed to enter via the specific inflow points.  

Figure 20. Showing the recharge subdomains. 

Table 4. Initial recharge values of 
each subdomain. 
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Figure 21. Showing the model boundary in pink and its contributing watersheds in green. The blue 
lines are the hypothetical streams that drains into the water reservoir.   

The delineation of watersheds in the study area can be seen in fig. 21. The contributing watersheds 
have been cut off at the border, where they overlap with the model domain, as to not overestimate 
the area of each contributing watershed. The areal extent of the total contributing area is quite 
different compared to the one suggested in the previous report (Värmdö kommun, 2007), in which 
there is an assumed connection between Återvallsträsket and the water reservoir and no assumed 
inflow of water from the north. This study does not take the drainage area of Återvallsträsket into 
account, however, there is reason to believe that water enters the reservoir from the north. The 
norther area of the gravel pit shows signs of water flowing down the slope into the pit and 
infiltrating into the reservoir, as can be seen in fig. 9.  

The total area of the contributing watersheds is set to 2.69 km2, in sharp contrast to the Värmdö 
municipality report (2007), which suggest that the contributing area is 8.7 km2.  

Water balance  
The current municipal uptake of from the reservoir is approximately 1 800 – 2 000 m3/d. According 
to the SGU well archives there are also approximately 40 private wells in the area that also withdraw 
water from the aquifer. Seen in table 5 are the terms used in the water balance equation. 

 

 

 

 

4:1 

4:2 

4:3 

2:1 

5:1 

5:2 
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Table 5. Summary of the terms used in the water balance. 

Precipitation1, P 662 mm/yr 
Evapotranspiration2, E 400-500 mm/yr 
Area of pit, Ar,p 0.15 km2 
Area of other, Ar,o 0.94 km2 
Area of contributing catchments, Ac 2.69 km2   
Recharge factor gravel pit, βp 0.85 
Recharge factor remaining area of reservoir, βr 0.39 
Recharge factor contributing areas, βc 0.21* 
Uptake Ingarö Vattenverk3 1 800 – 2 000 m3/day 
Uptake private wells4 130 l/p, d 

 
1) SMHI, 2018. Average yearly precipitation (1990-2017) from location RT90: 1649644, 6576781.  
2) SMHI, 2017. Mean value for southern Sweden. 
3) According to personal communications with Värmdö municipality August 24, 2018. 
4) Well locations collected from SGU’s well archive. Average extractions are based on reference values from 
Energimyndigheten (2016). 
* Calculated using eq. 2. 
 
However, the private wells only withdraw around 15 m3/d (assuming an uptake of 0.130 m3/d, p and 
three persons per household) and since the municipal extraction is an approximate, the private 
wells have not been accounted for in this work. Qout was then calculated according to eq. 1: 

𝑄VWX = 1900	𝑚\/𝑑 ∗ 365	𝑑 = 	693	500	𝑚\/𝑦𝑟	  Eq. 1 
 
Assuming the current water extractions are at the top capacity of the natural recharge and that the 
reservoir currently is in a steady-state, where over one year the change in water storage of the 
reservoir is zero. The continuity equation then simplifies to Qout = Qin. Using this assumption, and 
the assessed recharge factors of the gravel pit and the remaining area within the model domain, a 
rough recharge factor for the contributing catchments, β, was calculated according to eq. 2: 

𝑄VWX = 𝑄cd = 𝑃 ∗ (𝐴U,f ∗ 𝛽f + 𝐴U,V ∗ 𝛽U + 𝐴h ∗ 𝛽h) = 693	500		𝑚\/𝑦𝑟  Eq. 2 
 
About half of the water extracted from the reservoir originates from the surrounding area. Recharge 
factor of the contributing catchments, βc ≈ 0.21. With the use of βc, the remaining flow from the 
contributing watersheds were calculated.  

The flow from the contributing watersheds is then divided into inflow to the domain via streams and 
as diffuse inflow along its entire boundary to the modelled domain. The diffuse flow is assumed to 
be runoff from the bedrock outcrops that are limiting the domain to the north and south, up to 
100 m away from the border. The area contributing to the diffuse inflow has been calculated by 
measuring the boundary to the modelled domain of each watershed and multiplying that with by a 
100.  

Values of influx, point specific and diffuse at the border between the reservoir and each contributing 
watershed, can be seen in table 6. 
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Table 6. Showing the corresponding influxes of watersheds 1 – 5, seen in fig. 21. 

Watershed Area 
(km2) 

Contributing 
flow  

(m3/d) 

Area of 
diffuse 
inflow 
(km2) 

Diffuse 
inflow 
(m3/d) 

Inflow 
point 

Inflow 
(m3/d) 

Inflow 
(l/s) 

1 0.07 26 0.07 26 - -  

2 1.03 394 0.06 23 2:1 371 4.29 
 

3 0.37 139 - - -   

4 0.77 293 0.24 92 4:1 100 1.16 
 

     4:2 60 0.70 
 

     4:3 40 0.46 
 

5 0.45 172 0.21 78 5:1 170 1.97 
 

     5:2 62 0.72 
 

Water entering the domain at inflow point 2:1 drain into a pipe that discharges into a ditch to the 
side of Eknäsvägen. The ditch then feeds the water into the newly constructed storm water ponds. 
During field observations in mid-November the appreciated flow collected was around 2 l/s or 170 
m3/d.  

Surface waters 
The surface waters relevant to this model is the water in; Degermossen (not actually a lake but is 
assumed to behave similar to one), Potten & Östersjön and streams draining into the domain and 
connecting lakes. Degermossen has no visible inlet, therefore, the majority of the water in must 
come from precipitation, it is a so called ombrotrophic bog (Knutsson & Morfeldt, 2002). Water 
moves very slowly in an ombrotrophic bog and will flow from the middle and out to the sides of the 
bog. At the sides of the bog, where the water lens in the bog meets the groundwater level, a small 
ditch is usually formed (sv. lagg). Water drains from the bog, partly via a preferential pathway 
identified in the DEM (and later also found in the field, see Appendix III), and through a rise of the 
water lens in the bog. Eknäsvägen cuts through the north western area of Degermossen. Field-
observations indicate that the ditches on both sides of the road likely are being filled with water 
from the bog, depending on the level of the water lens in it. The water is then fed into a stream 
which has an outlet into Potten. Since the clayey layer underneath the bog is assumed impermeable, 
the flow from the bog could be calculated as the product of the area of Degermossen, the 
precipitation and the recharge factor: 

𝑄VWX,iVj = 235134	𝑚G ∗
0.662
365 𝑚/𝑑	 ∗ 0.39 = 166	𝑚\/𝑑 

Because water from the bog drains into the ditches running along Eknäsvägen it is mixed with 
urban runoff from the road (and probably also from the housings at Rosenmalm). Field-
observations of said stream (in mid-November) show the water surface in it is almost completely 
still, indicating that the gradient of the streambed is very small. Along the stream, there is a gap 
about halfway to Potten, where it seems as if a culvert has been built. Water flows into one end of 
the pipe, but where it leads is unclear (the other end could be buried under soil and organic 
material). The stream continues on the other side but with no visible surface water. The stream lies 
on a silty soil, which has a low hydraulic conductivity of around 10-6 – 10-9 m/s (Knutsson & 



26 
 

Morfeldt, 2002), coupled with the small gradient allows for the water level to rise. The likely culvert 
seems to be located at the end of the silty soil, bordering the esker material, therefore, since the 
streambed is dry on the other side it is assumed that the majority of the water infiltrates the esker at 
this point. The slow flowing stream can be seen in fig. 22 and its outlet, although dry, in fig. 23.  

By examinations of the DEM, ortskartan and Google Maps street view it seem likely that 
groundwater from a contributing watershed to the south would gather in a stream, which also has 
an outlet in Potten. The stream seems to pass through the place of the old wood preservation 
industry. Further field observations showed that this indeed is the case. At the old industry site 
there is a stream with an appreciated flow of 2-3 l/s (in mid-November, fig. 24). By the time the 
stream reaches Potten the volumetric flow seemed about halved, indicating that some of the surface 
water in the stream has been lost to groundwater.  

 
Figure 22. Where the water from Degermossen and storm water is mixed. Eknäsvägen and the culvert 
leading storm water can be seen in the background (November 16, 2018, Ingarö, Värmdö). 
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Figure 23. Dry outlet of the stream from the bog. The tarn Potten is located in opposite direction 
(November 16, 2018, Ingarö, Värmdö). 

 

 

Figure 24. The southern stream, 
passing the old wood 
preservation industry site 
(November 16, 2018, Ingarö, 
Värmdö).  
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There is also water entering the domain at approximately the same location as the stream seen in 
fig. 24, however, the water does not follow the stream. Instead, it enters the domain at through a 
small spring in the sandy soil. The water then flows downhill and infiltrates the ground where the 
surface flattens out, in a small sandy pit located about 200 m west of Potten. It is assumed that the 
infiltration at this point is 0.5-1 l/s (also in mid-November).  

Water mainly enters Potten from the east & south and is thought to be draining into the water 
reservoir to the west. About 100 m to the west of Potten, located in the glaciofluvial sediments, there 
is a rather deep furrow that connects to the ditches in the northern clayey area. The bottom of the 
furrow is about 11.5 m.a.s.l. which, according to the measurement done in well 14T02GV, is likely to 
be several meters above the groundwater level. During the field-observations in mid-November the 
top of the furrow was dry, however, water started to show as one followed the furrow down towards 
the northern clayey plain where it is fed into a ditch. According to Lindekrantz, J. (Värmdö 
kommun), the outlet of Potten drains out to the ditches in the northern clayey area (personal 
communication, November 22, 2018), which would mean that this furrow indeed is the outlet of 
Potten. 

The ditches in the northern clayey area are connected to a pond that collects urban runoff. The pond 
is located in the crossing of Eknäsvägen and Entreprenadvägen-Näsuddsvägen. The ditches then 
lead the urban runoff to Fladen, where it discharges into Östersjön (fig. 25). According to 
Lindekrantz, J.  (Värmdö kommun) groundwater is being diverted from inflow point 21 to the storm 
water ponds but the actual volumes are unknown. 100 m3/d was diverted from inflow point 21 to 
stream segment 2:1 i.e. the inflow to stream segment 2:1 was upped from 170 m3/d to 270 m3/d. 
Over the northern clayey area, the recharge is, as already mentioned, assumed close to zero. Most of 
the precipitation falling onto this area is instead assumed to enter the ditches as runoff, around 15 
m3/d.  

 

Figure 25. Showing the dried-up stream (end of segment 1:3). Close inspection of the soil in the bottom 
shows signs of finer sediments with some water in a few small puddles. The outlet into Östersjön is 
approximately 15 m in the opposite direction (October 14, 2018, Ingarö, Värmdö). 
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As mentioned, to model the streams the Streamflow-Routing Package was used. The SFR2 package 
allows for interaction between the surface water in the stream and the groundwater in the saturated 
zone. Water may pass the stream bed either from the stream to the soil layer or vice versa, 
depending on the heads in the stream and the groundwater level (Niswonger & Prudic, 2005). The 
assumption for adding streams to the model is that they are thought to help with the groundwater 
distribution in the area. Where the groundwater level is above the bottom elevation of a streambed 
the groundwater will infiltrate into the stream and from there be able to move at a completely 
different rate, to an area where the saturated zone lies below the streambed. Therefore, even though 
streams are dry during field-observations they are kept in the model, as they likely play an 
important role, especially as the steady-state model is converted to a transient-state model. As with 
the GHB package the interaction between groundwater and surface water is decided on the 
conductance of the streambed sediments – a reducing the conductance value will decrease the flow 
between the stream and the aquifer, and vice versa (Niswonger et al., 2005). 

The steams were delineated in GMS with the help of the 2x2 DEM (to more accurately pinpoint their 
locations) and the drainage lines generated in the watershed delineation step. After field-
observations, inflow point 52 was moved approximately 200 m to the west and connected to the 
stream from Degermossen. The elevation (ELEVUP, ELEVDN), width and depth at the start and 
end points of each segment was derived using the line interpolation tool in ArcGIS. The line 
interpolation tool interpolates heights from a surface, again the 2x2 m DEM was used. No 
measurements of the thickness of the bottom sediments in the stream segments (THICKM) were 
conducted. The estimated thicknesses of the bottom sediments were loosely based on the type of soil 
cover the segment runs through and the gradient of the stream. The assumption is that a finer soil 
type and a small gradient will allow for thicker cover of bottom sediments, where the soil type was 
weighted more than the gradient. The last parameter needed SFR2 package is the conductance of 
the bottom sediments (HCOND). These values were initially set low and calibrated to imitate 
observed natural behaviours. All the SRF2 parameters can be viewed in table 7 and their locations in 
fig. 26. 

 

Figure 26. Streams segments in blue, Potten seen as a blue circle.  
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Table 7. Showing parameters of each stream segment. The ones and twos denote whether it is the 
value set at the start point or the end point. The start points of segments 4:1, 5:1 and 6:1 are the same 
as inflow points 51, 52 and the outflow of Degermossen respectively. 

Stream 
Segment 1:1 1:2 1:3 1:4 2:1 3:1 3:2 4:1 5:1 6:1 6:2 

FLOW 
(m3/d) - - - - 270 - - 170 62 166 - 

RUNOFF 
(m3/d) 9 9 40 - 1 - 8 - - - - 

HCOND1 
(m/d) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 

THICKM1 
(m) 1.5 0.5 0.5 0.5 1 1 1.5 0.3 0.1 0.3 0.3 

ELEVUP 
(m) 5.4 5.2 4.6 4 5.5 12.3 7.6 26 27 16 16.1 

WIDTH1 
(m) 3 6 5 5 4 1 3 4 1 3 8 

DEPTH1 
(m) 0.5 0.9 0.15 1.5 0.4 0.5 0.5 1 0.5 0.2 2 

HCOND2 
(m/d) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 

THICKM2 
(m) 0.5 0.5 0.1 0.1 1.5 1 1.5 1 0.2 0.3 0.3 

ELEVDN 
(m) 5.2 4.6 4 2 5.4 14 5.4 12.3 16.1 16.1 12.3 

WIDTH2 
(m) 6 5 15 4 3 7 3 8 1 8 6 

DEPTH2 
(m) 0.9 0.15 1.5 1 0.5 2.5 0.5 1 0.5 2 1 

 

As seen in fig. 26, the streams continue through Potten. The conductance and thickness of the 
“bottom sediments” of the stream segments in the lake were set to 999 m/d and 10-10 m respectively, 
to enable the water to freely move between the lake and the stream segments.  

Potten was modelled as a lake using the Lake Package (LAK). When an area is assigned to LAK, the 
cells in the top layer within the area are inactivated. It is therefore useful to have the clay layer as 
layer 1 as it is not a part of the actual water reservoir. The bathymetry of the lake is then created 
using two-dimensional scatter point data that is converted to a TIN. The scatter points used, were 
assigned values where the depth decreased from the mid-point of the lake and out to its sides, with 
the deepest point of 2 m and zero depth at the border. The bathymetry TIN was then imported into 
LAK and initial stage and minimum and maximum stages were set to 12.1 m, 10.1 m and 12.5 m 
respectively.  

Hydraulic conductivity 
The flow of groundwater in the study area is disturbed by pumping. It is therefore hard to estimate 
values for HK as there are no groundwater level records of a steady-state when the reservoir was 
undisturbed and no records of shifting groundwater levels during the start of the extraction. Instead 
the initial values for HK were defined using typical HK values for common soil types. See table 8. 
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Close to the wells the hydraulic gradient is greater than further away which will lead to increasing 
water velocities as the distance to the wells decrease.  

Table 8. Typical hydraulic conductivities for sorted common soil types (based on Knutsson & Morfeldt, 
2002). 

Soil type Hydraulic conductivity 
(m/s) 

Gravel 100 – 10-2 
Coarse sand 10-1 – 10-4 
Medium and fine sand 10-2 – 10-6 
Silt 10-7 – 10-9 
Clay 10-8 – 10-10 
 

The permeability of soils is dependent on several properties, among which two are the grain size and 
the grade of sorting (Knutsson & Morfeldt, 2002). As the level of sorting decreases smaller grains in 
the soil will fill the pore space between bigger grains, thereby, lowering the porosity and the 
permeability of the soil. The esker material generally contains on a mix of sand and gravel of 
different particle sizes, thus a somewhat lower HK than the values in table 6 show can be expected. 
Porosities and specific yield of the soils were also set and based on the relation between the median 
grain size and water storage properties (fig. 27). 

 

The two layers were divided into subdomains that were deemed to possess different hydrological 
properties. HK for layer 1 and 2 was divided into eight subdomains respectively. Fig. 28 show the 
subdomains for each layer. The initial parameters corresponding to each subdomain can be seen in 
table 9. 

Figure 27. Specific yield as a function 
of grain size and porosity, of alluvial 
sediments (from Hiscock & Bense, 
2014). 
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Figure 28. Divisions for subdomains in layer 1 (yellow) and layer 2 (green). 

Table 9. Initial values for HK, porosity and specific yield for each subdomain. 

Subdomain 

Layer 1  Layer 2 

Hydraulic 
conductivity 

(m/d) 
Specific yield Porosity   

Hydraulic 
conductivity 

(m/d) 
Specific yield Porosity 

1 3 0.15 0.15  10 0.15 0.15 
2 0.08 0.05 0.5  10 0.15 0.15 
3 3 0.15 0.15  20 0.2 0.2 
4 0.08 0.05 0.5  8 0.15 0.15 
5 0.08 0.05 0.5  15 0.15 0.15 
6 0.08 0.05 0.5  12 0.15 0.15 
7 20 0.2 0.2  20 0.2 0.2 
8 3 0.15 0.15  10 0.15 0.15 
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Climate scenarios 
The precipitation and evapotranspiration values of the future RCP scenarios were estimated by 
scaling the values for Vindö found in Sandberg’s study (2017). As already mentioned, the yearly 
precipitation increased by 18% in both scenarios. The yearly evapotranspiration increased 26% and 
31% for RCP 4.5 and RCP 8.5 respectively. The scalar values were then applied to the precipitation 
and evapotranspiration of Ingarö. The values can be viewed in table 10. 

Table 10. Showing values for precipitation and evapotranspiration as well as the recharge factors 
representing the RCP scenarios. 

 
RCP 4.5 
(mm/yr) 

RCP 8.5 
(mm/yr) 

Evapotranspiration 503 524 
Precipitation 781 781 
βp 0.85 0.85 
βr 0.35 0.33 
βc 0.19 0.17 

 

The recharge factor for the model domain was assessed by calculating the ratio of effective 
precipitation over actual precipitation, for each scenario. This ratio was later multiplied by βr which 
tells us the percental decrease of the recharge between the present and the future scenarios. This 
factor then decided the recharge factor, βc, of the contributing catchments. The recharge ratio for 
the gravel pit was kept at 0.85. 

Groundwater modelling 
The purpose of a groundwater model is to simulate natural observed behaviours as closely as 
possible. A first step is to build a conceptual model in which the major physical processes, that seem 
to be at work, are defined. The conceptual model will then be converted into a numerical model and 
often used as a tool for predicting outcomes for a reservoir (Environment Agency, 2002). Possible 
scenarios are increased water extractions or longer periods of draughts due to climate change. A 
groundwater model is often used as decision support to help secure a sustainable development of 
the water resources. Groundwater modelling requires a great understanding of the hydrological and 
hydrogeological key flow mechanism. Usually, it is not at the numerical stage of a groundwater 
model that has the most flaws, but rather at the conceptual stage (Anderson & Woessner, 1992, p 
293).  

When simulating groundwater systems, a numerical modelling approach is often used. More so now 
compared to 20 years ago due to the much greater computational power available today compared 
to earlier. There is several modelling software available for the purpose of groundwater modelling, 
three such software are MIKE-SHE, FEFLOW and MODFLOW. All of which solves the groundwater 
flow equations numerically. The results of this thesis have been produced using MODFLOW.  

Model calibration  
For a model to be used in any predicting fashion it must first be able to represent historically 
observed values. Calibration of a model is done in a systematic way altering one variable at a time, 
then running the model to see how the parameter change affected the result. This step is then 
repeated until the model has reached a solution which matches the observed values, within an 
acceptable inaccuracy.  
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Mapping to MODFLOW 
The model experienced convergence errors mostly related to the hydraulic head being at a lower 
elevation than the bottom elevation of cells, which lead to cell drying and cell inactivation. Once a 
cell is inactivated it cannot be reactivated which then will affect the water balance. This is a rather 
common error when modelling mountainous areas that have a thin cover of soil (Eggleston, Carlson, 
Fairchild and Zarriello, 2012). The model was therefore converted from MODFLOW-2005 to 
MODFLOW-NWT because unlike the 2005 version NWT can keep cells active even though they 
have dried out.  

Discretization 
The model domain was discretized into 10x10 m cells, where the properties of each cell are assumed 
uniform, based on the cell size of the lowest resolution raster used. The cell size was also chosen to 
keep each iteration of the solver running fast. Having fast running simulations are helpful in the 
calibration process, as that too is an iterative process and usually very time consuming.  The model 
was originally designated to have three layers with varying thicknesses, each layer stretching over 
the entire model domain. Layer one (the top layer) was assumed to be clay, or clayey material. In 
actuality, the clayey layer is not blanketing the entire domain, but for the Stream-Flow Routing 
Package (SFR2) used to simulate streams in the domain to work it restricts the user to have the 
streams in layer one. If the clayey layer were to only cover parts of the domain then layer two would 
be top layer everywhere else, in that case SFR2 would generate an error. To address this issue the 
thickness of the clayey layer was set to 0.1 m, and soil properties changed to equal the underlying 
layer, everywhere where clay is not supposed to be. Layer two was the aquifer, consisting of coarser 
soils (mainly sandy soils containing silts and gravels). Its thickness was decided by the bottom of the 
clayey layer and the top of the bedrock layer. A third bedrock layer was also added, however, the 
model only converged using two layers, therefore, the bedrock layer was later removed only keeping 
the top of the bedrock as a bottom boundary for the aquifer. 

Typical errors when converting from the conceptual model to MODFLOW are that cell bottoms are 
at a higher elevation than the top of cells. This happens during the interpolation of horizon rasters 
to the tree-dimensional grid used for the numerical calculations, where each raster is assigned to 
define the top or bottom of layers used in the model. These errors have been corrected to preserve 
the layer integrity by setting the cell bottom equal to the cell top – 0.1 m. However, as layer one only 
has a thickness of 0.1 m for all cells outside of the clayey areas the depth of the top layer was 
modified to encompass for the widths and depths of each stream segment, i.e. the thickness was 
increased for these cells according to the .out file rendered after the solver initially failed to start. 
Furthermore; 

- specified head boundaries were set in layer 2. 
- recharge defined in layer 1. 
- specific flow assigned to layer 2, as the inflow otherwise would be doubled if it would be set 

to occur in both layer 1 and 2 or have unrealistically high velocities if assigned to solely layer 
1 (due to a much smaller cross-sectional area). 

- wells and observation wells were put in layer 2.  

Parameter calibration 
Initially, it was intended to use parameter estimation method (PEST) to assign values for hydraulic 
conductivity and recharge. PEST is a very powerful technique available for calibration of the model. 
PEST uses observed groundwater levels and tries to assign the different parameters values so that 
the calculated hydraulic head then fits the observed values. Mathematically, PEST solves an inverse 
problem to which there generally is no unique solution. It is up to the user to define which 
parameter should be estimated by PEST. Any starting values for the parameters work, but as this 



35 
 

technique is an iterative process the computational time can be reduced if the starting parameter 
values are fairly close to a solution. The parameters entered in PEST are given a minimum and a 
maximum value, as to not generate unrealistic values, e.g. the maximum value for recharge cannot 
exceed the actual precipitation value (Doherty, 2018). But because of convergence errors and 
unrealistic parameter values when running PEST, the model was instead calibrated manually as 
described in the Model calibration paragraph. 

Model validation 
The model was validified using piezometric wells drilled in the late autumn of 2018. The 
groundwater level in these wells have only been measured once following an unusually warm and 
dry summer and a dry autumn. Therefore, the groundwater level ought to be rather low compared to 
yearly averages that this model is based on. 

Sensitivity analysis 
A parameter uncertainty analysis was conducted using a Monte Carlo approach by randomizing 
parameters deemed with the highest uncertainty. Two separate parameter randomization runs of 
100 simulations were generated, one for recharge and another for the hydraulic conductivity of layer 
2.  

Results  

Each scenario was modelled using four different pumping rates; 100% (Ext 100), 110% (Ext 110), 
130% (Ext 130) and 145% (Ext 145) of present extraction rates. The increased extraction rates are 
supposed to mirror the water demands as the population increases. The present-day scenario was 
also simulated with no ongoing extractions at all (Ext 0).  

The results of the present-day scenario and all extraction rates, the scenario with no ongoing 
extractions and the 145% extraction rate for both RCP 4.5 and 8.5 scenarios can be seen in the 
following sub-paragraphs. The 145% extraction rates for the RCP scenarios were picked as they 
seem the most likely to occur in the year 2050, due to the expected population increase. The 
remaining scenarios can be viewed in appendix I. 

Present-day scenario  

Ext 100 
During calibration the piezometric tubes 14T02GV, 13T06GV and 8801 proved difficult to align to 
observed values (fig. 29). A table of the residual groundwater levels can be viewed in table 11.  
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Figure 29. Showing the present-day scenario (Ext 100) and how the hydraulic head varies across the 
domain. 

Table 11. Showing residual head of the present-day scenario between observed and calculated 
groundwater levels. Levels have only been measured two times and once for 13T06GV and 14T02GV 
respectively. Therefore, the columns for obs. Head interval, Obs. Head conf & Obs. Head std. dev have 
been left blank.   

Piezometric 
tube 

Obs. Head 
(m) 

Obs. Head 
interval 

(m) 
Obs. Head 
conf (%) 

Obs. Head 
std. dev 

(m) 

Computed 
Head  
(m) 

Residual 
Head  
(m) 

7704 7.59 1.12 95 0.57 7.37 0.22 
7703 7.47 1.01 95 0.52 7.24 0.23 
7702 7.51 2.01 95 1.03 6.75 0.76 
7701 7.11 1.66 95 0.85 6.73 0.38 
7201 6.58 1.20 95 0.61 6.28 0.30 
8801 -0.19 0.18 95 0.09 1.18 -1.37 

13T06GV 0.25 - - - 5.14 -4.89 
14T02GV 5.8 - - - 6.63 -0.83 
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Figure 30. Showing the Darcy velocity (m/d) and the direction of groundwater flow in the present-day 
scenario (Ext 100). 

The Darcy velocities indicate that the water in the reservoir moves at a rate of 0-2 m/d, on average 
(fig. 30). Three groundwater divides are visible; close to the eastern border, under Degermossen 
(between well 3 & 5) and a third at the location of Potten.  

The flow budget of the simulation can be viewed in table 12.  

Table 12. Flow budget of the present-day scenario ext 100. 

Sources/Sinks (m3/d) 
Constant Head 0 -77.21786362 
Wells 691.4462299 -1 870.0 
Head Dep Bounds 0 -0.42337257 
Recharge 539.026013 0 
Stream Leakage 776.2655528 -60.28151271 
Lake Seepage 1.112928484 0 
Total Source/Sink 2 007.850724117 -2 007.922748903 
   

Summary In - Out % difference 
Sources/Sinks -0.072024786 -0.003587094 

 
Results show that stream segments 1:4, 4:1, 4:1, 5:1 & 6:1-6:2 are losing water to the reservoir. For 
segments 1:1-1:3 & 3:2 the stream is gaining water from the reservoir. Stream leakage can be viewed 
in fig. 31.  



38 
 

 

Figure 31. Showing the interaction of the stream and the reservoir in m3/d in the present-day scenario 
(Ext 100).  

Figs. 32 and 33 show how much water is passing through each cell in a west to east direction and a 
north to south direction, respectively. Fig. 33 shows how the groundwater flow is limited by a 
narrow pass to the west at well 1.  

1:1 

3:2 

1:4 

1:2 

4:1 

1:3 

6:2 

5:1 

6:1 
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Figure 32. Present-day scenario (Ext 100). Showing flux though the right face of each cell (in m3/d). 
Positive value indicates that water flowing in a west to east direction.  

 

Figure 33. Present-day scenario (Ext 100). Showing flux though the right face of each cell (in m3/d). 
Positive value indicates that water flowing in a north to south direction. 

Model validation 
The modelled groundwater level over estimates the actual groundwater levels measured at the 
validation wells with the exception of the eastern most well (18GS12), see fig. 34 and table 13.  
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computed

Figure 34. Present-day scenario (Ext 100). Showing the head of the validation wells compared to the 
computed head. 

 

Table 13. Showing observed, computed and residual values of the head in the verifying wells.  

Piezometric 
tube 

SWEREF99_TM GWL 
(m) 

Computed 
Head  
(m) 

Residual 
Head  
(m) X Y 

18GS03 695539 6576957 1.1 3.2 -2.1 
18GS07 696677 6576027 4.6 7.0 -2.4 
18GS09 697142 6575798 5.8 7.1 -1.3 
18GS12 697359 6575599 10.3 7.3 3.0 

Sensitivity analysis 
The allowed variation of the parameters can be seen in table 14 and 15 and the results from Monte 
Carlo runs can be seen in fig. 35 and 36, for recharge and hydraulic conductivity respectively.  

Table 14. Showing intervals of parameter randomisations for recharge. Subdomain numbering is same 
as the numbering of subdomains in the Recharge paragraph. 

Subdomain Calibrated 
(m/d) 

Min  
(m/d) 

Max  
(m/d) 

1 0.0002 0.00008 0.0005 
2 0.0007 0.0001 0.001 
3 0 0.000001 0.0003 
4 0.0007 0.0001 0.001 
7 0 0.000001 0.0003 
8 0.0016 0.0001 0.0016323 
9 0.0007 0.0001 0.001 

18GS03 

18GS07 

18GS09 

18GS12 
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Figure 35. Present-day scenario (Ext 100). Standard deviation of head with randomised recharge. 

Table 15. Showing intervals of parameter randomisations for hydraulic conductivity. Subdomain 
numbering is same as the numbering of subdomains in the Hydraulic conductivity paragraph. 

Subdomain Calibrated 
(m/d) 

Min 
(m/d) 

Max 
(m/d) 

1 30 3 300 
2 30 3 300 
3 80 5 500 
4 30 3 300 
5 50 5 500 
6 30 3 300 
7 50 5 500 
8 30 3 300 

 



42 
 

Figure 36. Present-day scenario (Ext 100). Standard deviation of head with randomised hydraulic 
conductivity. 

The allowed variance of recharge has a maximum limit at 0.0016323 m/d, where 100% of the 
precipitation recharges the reservoir. Figs. 35 and 36 indicate that the hydraulic conductivity has a 
greater effect on the groundwater level than the recharge.   
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Ext 110 

 

Figure 37. Showing the present-day scenario (Ext 110) and how the hydraulic head varies across the 
domain (in m.a.s.l.). The groundwater table looks very similar to the present-day ext 100 scenario.  

 

Figure 38. Present-day scenario (Ext 110). Showing the Darcy velocity (m/d) and the direction of 
groundwater flow. The eastern groundwater divide has shifted slightly further east. 
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Table 16. Flow budget of the present-day scenario Ext 110. 

Sources/Sinks (m3/d) 
Constant Head 57.7453 -31.203 
Well 691.446 -1 995.080871582 
Head Dep Bounds 1.88186 0 
Recharge 539.026 0 
Stream Leakage 735 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 026.2122174272 -2 026.283912197 
   
Summary In - Out % difference 
Sources/Sinks -0.0717 -0.0035 

 

Table 16 show that there is slightly more water entering the domain than leaving it at the constant 
head borders and, in contrary to the present-day ext 100 scenario, no water leaves the domain via 
the streams. Extractions at well 1 is lower than it should be. 110% extraction rate equals 2057 m3/d 
but the modelled extraction rate is at 1995 m3/d. Water extractions at well 1 is 895 m3/d, 62 m3/d 
less than it should be. 

Ext 130 

 

Figure 39. Showing the present-day scenario (Ext 130) and how the hydraulic head varies across the 
domain (in m.a.s.l.).  
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Figure 40. Present-day scenario (Ext 130). Showing the Darcy velocity (m/d) and the direction of 
groundwater flow. 

Table 17. Flow budget of the present-day scenario Ext 130. More water is entering the domain than 
what is leaving it at the constant head borders. 

Sources/Sinks (m3/d) 
Constant Head 188.212 -29.506 
Well 691.446 -2 127.294921875 
Head Dep Bounds 1.93274 0 
Recharge 539.026 0 
Stream Leakage 735 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 156.73005351 -2 156.800985642 
   
Summary In - Out % difference 
Sources/Sinks -0.0709 -0.0033 
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Ext 145 

Figure 41. Showing the present-day scenario (Ext 145) and how the hydraulic head varies across the 
domain (in m.a.s.l.).  

Figure 42. Present-day scenario (Ext 145). Showing the Darcy velocity (m/d) and the direction of 
groundwater flow. 
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Table 18. Flow budget of the present-day scenario Ext 145. 

Sources/Sinks (m3/d) 
Constant Head 286.331 -28.791 
Well 691.446 -2 226.156616211 
Head Dep Bounds 1.96227 0 
Recharge 539.026 0 
Stream Leakage 735 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 254.8787572509 -2 254.947385699 
   
Summary In - Out % difference 
Sources/Sinks -0.0686 -0.003 

Ext 0 

 

Figure 43. Showing the hydraulic head with no ongoing extractions in the present-day scenario (in 
m.a.s.l.). 
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Figure 44. Showing the Darcy velocity (m/d) and the direction of groundwater flow in the present-day 
scenario with no ongoing extractions (Ext 0). 

Table 19. Flow budget of the present-day scenario Ext 0. 

Sources/Sinks 
Constant Head 0 -724.54 
Well 616.537 < 
Head Dep Bounds 0 -3.5976 
Recharge 539.026 0 
Stream Leakage 398.254 -826.87 
Lake Seepage 1.11293 0 
Total Source/Sink 1 554.9295301874 -1 555.005496671 
   
Summary In - Out % difference 
Sources/Sinks -0.076 -0.0049 
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RCP 4.5 scenario 

Ext 145 
 

 

Figure 45. Showing a future RCP 4.5 scenario with 145 % extraction rate (Ext 145) and how the 
hydraulic head varies across the domain (in m.a.s.l.). 

 

Figure 46. Showing the Darcy velocity (m/d) and the direction of groundwater flow in the RCP 4.5 
scenario (Ext 145). 
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Table 20. Flow budget of the RCP 4.5 scenario Ext 145. 

Sources/Sinks 
Constant Head 256.191 -28.213 
Well 699.291 -2 313.951965332 
Head Dep Bounds 2.07485 0 
Recharge 588.995 0 
Stream Leakage 794.435 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 342.0997753473 -2 342.164805949 
   
Summary In - Out % difference 
Sources/Sinks -0.065 -0.0028 
 

RCP 8.5 scenario  

Ext 145 
 

Figure 47. Showing a future RCP 8.5 scenario with 145 % extraction rate (Ext 145) and how the 
hydraulic head varies across the domain (in m.a.s.l.). 
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Figure 48. Showing the Darcy velocity (m/d) and the direction of groundwater flow in the RCP 8.5 
scenario (Ext 145). 

Table 21. Flow budget of the RCP 8.5 scenario Ext 145. 

Sources/Sinks 
Constant Head 315.3 -26.127 
Well 650.353 -2 229.800231934 
Head Dep Bounds 2.10611 0 
Recharge 555.374 0 
Stream Leakage 731.747 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 255.992046404 -2 255.926848173 
   
Summary In - Out % difference 
Sources/Sinks 0.0652 0.00289 
 

Discussion 

Present-day scenario – Ext 100 
The present-day scenario somewhat agrees with the initial assumption that the water extractions 
could be close to the natural recharge. Water is leaving the domain across the constant head 
boundaries and no water entering. The excess water in the domain is due to calibration – if the 
initial assumption that the reservoir is being extracted at its maximum capacity would have been 
fully correct, then the flow into and out of the reservoir would be equally big or zero.  

The eastern most groundwater divide is within the domain and slightly shifted to the east from the 
topographical high point because of ongoing extractions at well 3, as the theory dictates (Hiscock & 
Bense, 2014). Since the head in observation well 7704 is known (7.6 m.a.s.l.), then the head at the 
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eastern border is also, more or less, known. Thus, the model results in this part of the domain, and 
for this specific scenario, can be regarded as fairly certain. However, the western part of the domain 
is more uncertain. Especially around well 1 where the Monte Carlo runs show that modelled 
groundwater level varies the most (figs. 35 & 36). Still, the residual levels at the observation wells 
are close to within a margin of ± 1 m (table 11), with the exception of 14T02GV and 13T06GV. The 
results of the western parts are however not without fruit. Stream segment 1:4 show a rather big 
seepage (see fig. 31). The fact that the stream loses water to the reservoir is also indicated in field-
observations where there is standing water in the storm water ponds but then gradually less in the 
stream leading the water to Östersjön, pointing to the modelled recharge being close to the actual 
recharge. The results may be somewhat misleading in that most of the seepage occurs in segment 
1:4, this is however due to the modelled hydraulic gradient being much steeper at this point than 
along segments 1:1-1:3 which allows for the stream-reservoir interaction to increase. In reality the 
head of the groundwater table along these segments seem to be at around the same level that of 
segment 1:4, therefore the seepage is possibly more uniformly distributed. Furthermore, the results 
of the western part of the domain may be more accurate than what the residual levels indicate since 
only one or two measurements of the groundwater level was collected for observation wells 
14T02GV and 13T06GV and therefore not enough measurements to attain a yearly average 
groundwater level. However, according to the drilling protocol from the construction of the well 
(Malmbergs i Yngsjö AB, 1991), the stratigraphy consists of sandy stony gravel (0-6.0 m), stony sand 
(6.0-9.0 m), stony gravel (9.0-12.0 m) and sandy stony gravel (12.0-15.0 m), i.e. highly permeable 
soils. The same protocol also states the well capacity to be 3385 m3/d. The capacity coupled with the 
permeability is a complexity the model has not been able to capture, one reason for this is likely the 
elevation of the bedrock. 

The constant and general head boundaries show that about 78 m3/d flow out of the domain but 
none into it. Furthermore, about 19 m3/d is leaving the domain via the streams. Thus, the combined 
flow out of the domain is 97 m3/d indicating that an extraction rate of 105% ought to be possible, 
something that is also backed by the report VA-översikt 2014 (Värmdö Kommun, 2014b) which 
states that the natural recharge is 2 000 m3/d. The result of the present-day ext 100 scenario could 
prove useful during construction work in the eastern parts of the domain but then only to use as an 
approximation of the groundwater level.  

Contaminants  
Groundwater extractions can be a great source of drinking water as it usually requires very little 
treatment, however, problems such as loss of vegetation, spread of contaminants and saltwater 
intrusion could occur if too much groundwater is being extracted (Hiscock & Bense, 2014). 
Glaciofluvial soils are of special interest as they are porous and very permeable and therefore can 
serve as a supply of drinking water. On the other hand, because of their high permeability they are 
also very sensitive to contaminants (Fredén, 1994). Contaminants move in the direction of the 
groundwater flow; therefore, the location of the groundwater divides and the direction of 
groundwater flow could prove useful as they can point out where contaminants might end up and 
where mitigation efforts can have the most effect.  

It would be good to set up a monitoring program to monitor the concentration of trace elements, 
such as chloride and heavy metals, in the ditch connecting the storm water ponds to Östersjön. 
Especially if the simulation of stream segment 1:4 prove accurate where the stream releases rather 
large volumes of water into the reservoir. Stream segment 4:1 is another point where monitoring of 
contaminants would be advised since it runs through the highly contaminated area of the old wood 
preservation industry which drains into Potten that lies on top of the reservoir. A third point where 
it would be interesting to monitor the water quality is the infiltration puddle in the gravel pit, since 
the water infiltrating at this point likely originates from the area of the golf course to the north. 
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Remaining scenarios 
When extractions are increased the eastern most groundwater divide shifts further east and settle 
outside of the model domain, thereby making the eastern constant head boundary act as an infinite 
source of water in the model. As the extraction rates increase so does the inflow across the border. 
Since the head is fixed at this point, the groundwater level will get more misleading the closer is it to 
the border, generating in a groundwater table that is tilted to the west. For the future scenarios the 
eastern groundwater divide is likely shifted even more so to the east and may extend as far as to the 
stream outlet of Återvallsträsk which then would connect the reservoir to the lake. The magnitude of 
the connection would be dependent on the conductance of the streambed sediments and the 
difference in head between the stream and the reservoir. At this point in the landscape there are also 
farmlands which could contaminate the groundwater with e.g. nutrients and pesticides. In the 
special case of the undisturbed scenario, the constant head set at this border is much lower 
compared to the groundwater level in the remaining reservoir. This produces an eastern sloping 
groundwater table (fig. 44) that overrides the groundwater divide that ought to be located at the 
high point to the east of the gravel pit in undisturbed conditions. All of the remaining present-day 
and future scenarios are therefore more or less skewed by the eastern constant head boundary.  

As the modelled extractions increased to 110% of current extraction rate the groundwater level in 
observation well 8801 was lowered about 7.5 m to -6.5 m.a.s.l., which can be compared to the yearly 
average of -0.2 m.a.s.l. (current extraction rate). Moreover, the extraction rate in well 1 max out at 
895 m3/d merely 25 m3/d more than in the ext 100 scenario and nowhere near the measured 
capacity of the well, during construction, at 3385 m3/d (Malmbergs i Yngsjö AB, 1991). The 
behaviour of the groundwater reservoir is therefore hard to predict since the model does not 
produce any reliable results for the ext 110 (and above) scenarios. Although, what one can say for 
sure is that the groundwater supply will extend further east as the extractions increase, unless 
artificial infiltration is put to use. It would be advisable to extend the domain further east to make 
sure that the system is losing rather than gaining water at the boundary, for all the different 
extraction rates. The western constant head boundary is assumed to have little influence on the 
water reservoir since it is located to the west of Brunn which lies on a topographical high point 
where the soil cover is likely to be thin. 

One should also keep in mind that the results of the model are yearly averages and does not show 
how e.g. the extension of the dry season in the future (nor the present-day) will affect the supply. 
The dry season currently lasts from May to August but in the future scenarios the dry season will be 
longer, ranging from April to September for RCP 4.5 and from April to October in the RCP 8.5 
scenario.  

Uncertainties and improvements 

Water flows 
Possible natural pathways for water to flow may be overlooked when the filling of sinks tool in 
ArcHydro is used. One example is when these streams are fed into culverts under roads. A DEM 
shows the surface, if a road passes over a natural pathway for water the stream will seem to end at 
the side of the road. However, the fill sinks tool does not understand that the stream continues 
under the road, instead it sees a depression in the topography that needs to be filled. Another 
example is that these streams can be rather narrow so there is the possibility that a few cells can 
“miss” a stream the interpolation producing the DEM, which would cut the pathway in two and then 
also be interpreted as a depression by the fill sinks tool. I.e. some inflow points produced in the 
stream delineation step are accurate, however, not all of them are and some are quite possibly 
completely missed because the resolution of the DEM being too coarse. Extra care has been taken to 
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mitigate these situations by examination of DEM, Google Maps and where possible Google Street 
View. 

The areas of the contributing watersheds, and the appreciated flows entering the domain from each 
of them, should be taken with a grain of salt, especially the approximated diffuse flows. The 
calculation of the diffuse flows is based on a zone, resembling a ring, surrounding domain with a 
width of 100 m, where the width is purely a guess – it may be several hundred meters at some 
locations and close to zero in others.  

There are also a few uncertainties regarding the wells themselves. First, well 1, 2 and 3 are all 
assumed to penetrate all of layer 2. This could prove to be an overestimate of the actual well depths. 
If so, then the modelled wells could withdraw more water and the groundwater levels could 
potentially be lowered more than what is actually possible. Second, the combined flow of well 2 and 
3 is known but their individual flows are unknown, i.e. they may not extract equally as much. Should 
this be the case, then the model would produce a different result. Third, the size of the grid (10x10 m 
in the horizontal plane) most likely has an effect on the result. Arguably, it is not necessary to 
decrease the size of the cells in areas which are not in the vicinity of wells. However, the accuracy of 
the model would increase with refined cell sizes close to wells to simulate more detailed drawdowns. 
This third uncertainty is also true for stream seepage.   

Bedrock surface 
A big effort has been taken into generating a plausible bedrock surface, however, there are still 
locations which still are very much uncertain. One such location is close to the outcropping bedrock 
wall limiting the esker to the north. At the time of this study (January 2019), the municipality is 
about to conduct a hydraulic stress test of the reservoir. Before the test begin, they have installed 
approximately 10 new observation wells (4 of these are used to verify this model). One of these wells 
lies approximately 50 m to the north east of well 2 and no more than 30 m away from the 
outcropping bedrock. In the model the depth to bedrock is 8 m at this point whereas the 
groundwater level in the observation well is measured to 13.7 m below the surface, i.e. the observed 
groundwater level is below the modelled bedrock surface. This could indicate that the outcropping 
bedrock to the north continues rather steeply down in the ground. It would not be implausible to 
think that the outcropping bedrock wall is a fault zone, that may stretch along the northern border 
of the esker. By examining profiles 3, 4 and 10 one can see a highly conductive zone deep down in 
the ground. There is a chance that this highly conductive zone could be connected to the possible 
fault zone. Further geophysical investigations at this location would therefore be interesting. A 
second uncertainty of the depth to bedrock is around well 1 where there may be an uncharted 
deformation zone, stretching in a north – south direction. Deformation zones in this region of 
Sweden, with a north – south strike, are more likely to be deeper compared to deformation zones in 
other directions due to the movements of the glacier during the last glacial period. According to B. 
Olofsson, professor in environmental geology at KTH, the glacier essentially carved out these zones 
as it moved in a north – south direction (personal communication, November 5, 2018). Should there 
be a deformation zone at this location, the soil depth around well 1 is likely greater than what the 
model shows.  

As mentioned, the bedrock surface was constructed by removing the soil depth thickness from the 
surface topography. However, the soil depth can be very heterogeneous especially so when there is a 
gravel pit in the area where the soil depth can be 50 m at point A and 20 m at point B, with only a 
few meters apart from A & B in the horizontal plane. The bigger the variances between points are 
the harder is it to interpolate a surface and vice versa. Following this reasoning, there probably 
would have been better to use points representing the elevation of the bedrock surface instead as the 
bedrock surface may very well be at the same elevation in point A & B. 
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Due to the lack of actual observations, the bedrock surface and its elevation is one of the most 
uncertain parts in this study. Many more observations of the bedrock elevation would be needed to 
get a better grasp of what it looks like. Measurements using geophysical methods such as CVES or 
seismic refraction could prove useful in deciding the depth to the groundwater level and the 
bedrock. 
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Conclusion 

A three-dimensional steady-state groundwater flow model was constructed for a water reservoir on 
the island of Ingarö in Stockholm archipelago, using GMS and ArcGIS. The underlying assumption 
which the model was based on is that volumes of water entering the reservoir is equal to the current 
extractions between 1800-2000 m3/d. For a steady-state simulation, this proved to be a rather good 
assumption as the flow budget of the present-day scenario with current extractions showed that 97 
m3/d leaves the reservoir, after the calibration process. This result indicates that an increase in 
extractions to 105% of current outtakes ought to be possible. A transient state model could however 
produce a different result, but since no hydraulic stress test data was available during the time of 
this study this was not possible. 

The model was validated using four freshly drilled observations wells which at the time of this study 
only had been measured once. The observed levels were lower than the modelled, as was expected 
since the modelled level is a yearly average and the observed levels are after an unusually warm and 
dry summer and a dry autumn.  

With current extraction rates three groundwater divides were identified within the modelled 
domain. The location of these divides can give an indication of movements of contaminants in the 
reservoir and help in deciding where the mitigation actions have the most positive effect. It may also 
prove useful during construction, when an approximate groundwater level is required. However, as 
the extraction rates increased the inaccuracies of the model seemed to increase. This was also true 
for the special case when the extraction rate was set to 0% of current extractions. To simulate these 
scenarios more accurately, the eastern border should be shifted further east.   

Additional measurements of depth to bedrock, placement of new groundwater observation wells, 
mapping of possible fracture zones as well as actual volumetric flows at inflow points are a few 
things that would help improve the model, besides a hydraulic stress test of the reservoir.  
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Appendix I – RCP results 

RCP 4.5 

Ext 100 

 

Figure 1. Showing how the hydraulic head varies across the domain (RCP 4.5, Ext 100). 

 

Figure 2. Showing the Darcy velocity and the direction of groundwater flow (RCP 4.5, Ext 100). 
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Table 1. Flow budget of the RCP 4.5 scenario Ext 100. 

Sources/Sinks 
Constant Head 0 -141.52 
Well 699.291 -1 870.0 
Head Dep Bounds 0 -1.3217 
Recharge 588.995 0 
Stream Leakage 760.423 -37.058 
Lake Seepage 1.11293 0 
Total Source/Sink 2 049.8217625148 -2 049.894991797 
   
Summary In - Out % difference 
Sources/Sinks -0.0732 -0.0036 
 

Ext 110 

 

Figure 3. Showing how the hydraulic head varies across the domain (RCP 4.5, Ext 110). 
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Figure 4. Showing the Darcy velocity and the direction of groundwater flow (RCP 4.5, Ext 110). 

Table 2. Flow budget of the RCP 4.5 scenario Ext 110. 

Sources/Sinks 
Constant Head 9.3514 -36.879 
Well 699.291 -2 057.0 
Head Dep Bounds 0.64138 -0.0054 
Recharge 588.995 0 
Stream Leakage 794.435 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 093.8263293443 -2 093.883946717 
   
Summary In - Out % difference 
Sources/Sinks -0.0576 -0.0028 
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Ext 130 

 

Figure 5. Showing how the hydraulic head varies across the domain (RCP 4.5, Ext 130). 

 

Figure 6. Showing the Darcy velocity and the direction of groundwater flow (RCP 4.5, Ext 130). 
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Table 3. Flow budget of the RCP 4.5 scenario Ext 130. 

Sources/Sinks 
Constant Head 161.869 -29.087 
Well 699.291 -2 218.728088379 
Head Dep Bounds 2.04561 0 
Recharge 588.995 0 
Stream Leakage 794.435 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 247.7484860191 -2 247.815257758 
   
Summary In - Out % difference 
Sources/Sinks -0.0668 -0.003 
 

RCP 8.5 

Ext 100 

 

Figure 7. Showing how the hydraulic head varies across the domain (RCP 8.5, Ext 100). 
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Figure 8. Showing the Darcy velocity and the direction of groundwater flow (RCP 8.5, Ext 100). 

Table 4. Flow budget of the RCP 8.5 scenario Ext 100. 

Sources/Sinks 
Constant Head 0 -67.942 
Well 650.353 -1 870.0 
Head Dep Bounds 0 -0.7114 
Recharge 555.374 0 
Stream Leakage 732.544 -0.7973 
Lake Seepage 1.11293 0 
Total Source/Sink 1 939.3835597591 -1 939.450253569 
   
Summary In - Out % difference 
Sources/Sinks -0.0667 -0.0034 
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Ext 110 

 

Figure 9. Showing how the hydraulic head varies across the domain (RCP 8.5, Ext 110). 

 

 

Figure 10. Showing the Darcy velocity and the direction of groundwater flow (RCP 8.5, Ext 110). 
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Table 5. Flow budget of the RCP 8.5 scenario Ext 110. 

Sources/Sinks 
Constant Head 94.5235 -28.042 
Well 650.353 -2 007.157897949 
Head Dep Bounds 2.02729 0 
Recharge 555.374 0 
Stream Leakage 731.747 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 035.1370921557 -2 035.199979424 
   
Summary In - Out % difference 
Sources/Sinks -0.0629 -0.0031 
 

Ext 130 

 

Figure 11. Showing how the hydraulic head varies across the domain (RCP 8.5, Ext 130). 
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Figure 12. Showing the Darcy velocity and the direction of groundwater flow (RCP 8.5, Ext 130). 

Table 6. Flow budget of the RCP 8.5 scenario Ext 130. 

Sources/Sinks 
Constant Head 220.586 -26.73 
Well 650.353 -2 134.586181641 
Head Dep Bounds 2.07814 0 
Recharge 555.374 0 
Stream Leakage 731.747 0 
Lake Seepage 1.11293 0 
Total Source/Sink 2 161.2508234599 -2 161.31646876 
   
Summary In - Out % difference 
Sources/Sinks -0.0656 -0.003 
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Appendix II – CVES measurements 

 

Figure 1. Showing the location of the CVES profiles. The arrowheads mark the end point of the profiles. 

 

 

Figure 2. Profile 1. 
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 Figure 3. Profile 2.  

 

Figure 4. Profile 3. Low resistivity deep down in the ground around 200 m. 

Figure 5. Profile 4. Low resistivity deep down in the ground around 225 m. 

 
Figure 6. Profile 5.
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Figure 7. Profile 6.  

 Figure 8. Profile 7. 

-  

 

Figure 9. Profile 8. 

 

 

Figure 10. Profile 9. 
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Figure X. Profile 9.

 

Figure 11. Profile 10. Low resistivity deep down in the ground around 225 m. 
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Appendix III – Additional photos of the area 

 

Figure 1. Potten mid-October. 

 

Figure 2. Potten again, same location one month later mid-November. 
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Figure 3. Along Eknäsvägen, close to the pit. Sandy.  
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Figure 4. The gravel pit. 
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Figure 5. The gravel pit. 
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Figure 6. A line with no trees indicating the ‘outlet’ of Degermossen. 
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Figure 7. Stream segment 4:1. Stream almost at a standstill. 
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Figure 8. Potten at the outlet of stream segment 4:1. 



80 
 

 

Figure 9. Degermossen draining into road ditch. Downstream, the ditch connects to stream segment 
6:2. 
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Figure 10. Stream segment 6:2. Almost completely still. Draining into a pipe in the far end of the 
picture. 
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Figure 11. Stream emanating from the sandy area to the south west (sub catchment 2). Water flows 
from right to left in the picture and drains into the town’s storm water system leading it to the storm 
water ponds in the crossing of Eknäsvägen and Entreprenadvägen-Näsuddsvägen. 
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Location of well 1 at Fladen. Coarse soils. 
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