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SUMMARY 

The Swedish Nuclear Fuel and Waste Management Company (SKB) manage 
radioactive waste from nuclear power plants in Sweden. In 2011, SKB submitted 
applications for construction of a deep-rock repository for spent nuclear fuel in 
Forsmark in the municipality of Östhammar, Sweden. The spent fuel is planned to be 
placed in copper canisters with a cast-iron insert surrounded by bentonite clay and 
disposed at about 500 m depth in saturated, granitic rock. During the construction 
and operation of the deep repository, groundwater inflow to the underground 
construction will be pumped to the surface. This groundwater diversion can affect 
sensitive wetlands in the area; the groundwater drawdown in the area may lead to 
surface-water depletion in the wetlands. A lowering of the surface-water level as small 
as one decimetre could cause the vegetation in the wetlands to change towards a dryer 
type. It can therefore affect sensitive habitats in the wetlands. 

In case it would be required, the mitigation measure proposed by SKB to counteract 
the lowering of surface-water levels is artificial groundwater recharge close to the 
wetlands. The recharge would be a way of controlling groundwater and surface water 
levels in the wetlands. Artificial groundwater recharge would raise the groundwater 
level locally and the raise would propagate downstream to the pond, raising 
groundwater as well as surface water in it. Infiltration through the soil around the 
wetlands (instead of directly in the ponds) would allow the water to obtain the same 
properties as the natural water in the wetland.  

A pilot study has been proposed by SKB as a precursive measure. The pilot study 
would be a time-limited trial of the infiltration facility, taking place before the 
initiation of the construction of the repository, i.e. in undisturbed conditions. The 
purpose of the pilot study is to gain knowledge and experiences regarding control of 
ground- and surface-water levels in wetlands in Forsmark by artificial groundwater 
recharge. The objective of this study is to serve as one of the background materials for 
planning and design of a pilot study, i.e. investigating the amount of water needed to 
create a response on the surface water level, the expected response time on the 
surface-water level and the effect of different meteorological conditions and different 
placements of the facility. 

The modelling tool used in this study was MIKE SHE, this tool has earlier been used 
for modelling the hydrogeology in Forsmark but on a more regional scale. The model 
used in this study has a high resolution and covers one wetland and its surrounding 
area. The recharge was conceptualised as precipitation over a number of cells. Four 
different rates of water, three different locations of the recharge and three different 
periods in terms of meteorological conditions were modelled. The results were then 
compared with an undisturbed case to identify the differences in as well surface-water 
elevation as water balance. 

The results show that a rate of 0.5 L/s would be sufficient for manipulating the 
surface-water level in the studied wetland during the dry and the semi-wet period. 
They also show that the location of the recharge as well as the amount of it affects the 
response time, i.e. the time from the initiation of the recharge until an effect can be 
identified on the surface-water level. Output data was saved with a time step of 24 
hours; some more interesting simulations were then re-run with a smaller time step of 
6 hours. This made it hard to fully compare the response time for different 
simulations. A recommendation for possible further studies is therefore to use the 
same time step for all simulations and that it should be less than 24 hours. 
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SUMMARY IN SWEDISH  

Svensk Kärnbränslehantering AB (SKB) är ansvarig för att omhänderta använt 
kärnbränsle i Sverige.  SKB har ansökt om att få bygga ett slutförvar för bränslet i 
Forsmark, Uppland. Det använda bränslet kommer att deponeras inneslutet i 
kopparkapslar 500 meter ner i berggrunden. Under byggnation av slutförvaret 
kommer inläckande grundvatten att pumpas till markytan. Detta skapar en hydraulisk 
gradient i berggrunden som kan komma att påverka grundvattenytans läge samt 
ytvattennivån i känsliga våtmarker i Forsmark. Även en liten sänkning av 
ytvattennivån kan komma att påverka vegetationen och känsliga habitat i våtmarkerna. 
För att motverka eventuell grund- och ytvattensänkning i utvalda, känsliga 
våtmarksområden planerar SKB att infiltrera vatten nära våtmarkerna för att lokalt 
höja grundvattennivån i närheten av våtmarkerna. Denna höjning förväntas sedan 
propagera till ytvattnet Genom att infiltrera vatten i närheten av våtmarken istället för 
att tillsätta det direkt till ytvattnet förväntas vattnet få liknande kemiska egenskaper 
som det naturligt förekommande ytvattnet En tidsbegränsad pilotstudie för att studera 
effekter av en sådan infiltrationsanläggning ska genomföras eftersom artificiell 
tillförsel av grundvatten inte tidigare har använts i detta syfte. Syftet med pilotstudien 
är att skaffa kunskap och erfarenheter hur man genom markinfiltration kan 
kontrollera ytvattennivån, inför uppförandet av eventuella permanenta 
infiltrationsanläggningar under uppförande och drift. Pilotstudien sker innan 
konstruktionen av slutförvaret inletts, alltså under ostörda förhållanden. Denna studie 
är ett av flera underlag för utfomningen av pilotförsöket Aspekter så som vilket 
vattenflöde som kommer behövas, placering av infiltrationsanläggningen och 
förväntad respons på ytvattennivån undersöktes genom modellberäkningar 

Denna modellering gjordes med MIKE SHE, ett modellverktyg som inbergriper alla 
delar av den hydrologiska cykeln. MIKE SHE har tidigare använts för modellering av 
våtmarker i Forsmark i regional skala. Modellen som användes för denna uppsats är 
en högupplöst modell som täcker en våtmark och dess närområde. Den artificiella 
tillförseln konceptualliserades som nederbörd över ett visst antal modellceller i 
markytan som representerar den perforerade slang som föreslagits användas vid 
pilotförsöket. Vatten tillfördes i fyra olika mängder och med tre olika placeringar av 
”slangen”. Olika meterologiska förutsättningar testades också; en torr, en halvblöt och 
en blöt period. Resultaten jämfördes med ett ostört fall för att undersöka vilken 
höjning av ytvattennivån som tillförseln resulterade i och hur lång tid det tog innan en 
förändring skedde. Vattenbalanser för de olika fallen jämfördes också för att studera 
inverkan av den den artificiella tillförseln av grundvatten på våtmarkens vattenbalans 
under försöksperioden. 

Resultaten visar att en tillförsel av 0.5 L/s bör vara tillräcklig för pilotförsöket. Detta 
flöde ger en mätbar skillnad i ytvattennivå under både den torra och den halvblöta 
perioden. För den blöta perioden krävs ett större flöde för att kunna påverka 
ytvattennivån. Placeringen av infiltionen påverkar responstiden d.v.s. tiden mellan att 
tillförseln startar till dess att ytvattennivån förändras. Storleken på vattenflödet verkar 
också påverka responstiden. Vid denna studie sparades utdata i en gång per dygn, vissa 
intressanta simuleringar valdes sedan ut och kördes om med ett sparsteg på 6 timmar. 
Det faktum att olika sparsteg användes i studien gjorde det svårt att utvärdera 
responstiden, ett kortare tidssteg än 24 timmar bör därför väljas från början vid 
eventuell fortsatt modellering, t.ex. av en annan våtmark.  



Maria Bergström              TRITA-LWR Degree Project 13:33 

 

vi 

  



Artificial groundwater recharge in wetlands: pre modelling for a pilot study in Forsmark, Sweden  

 

  vii  

ACKNOWLEDGEMENTS  

I would like to thank my advisors at KTH Vladimir Cvetkovic and John Juston for 
help and support during the work with this degree project. Apart from the fact that I 
got the opportunity to work with this interesting project I would also like to thank the 
Swedish Nuclear Fuel and Waste Management Company through Mikael Gontier, 
Kent Werner (EmpTec), Sara Nordén and Emma Bosson for all of the help and 
information I got. Also I would like to thank Erik Mårtensson and Mona Sassner at 
DHI for help with setting up and running the model as well as support during the 
calculations. 

Last, but not least, I would like to thank my husband for his support and 
encouragement during my work with this thesis. 

  



Maria Bergström              TRITA-LWR Degree Project 13:33 

 

viii 

  



Artificial groundwater recharge in wetlands: pre modelling for a pilot study in Forsmark, Sweden  

 

  ix  

TABLE OF CONTENT  

Summary iii 
Summary in Swedish v 
Acknowledgements vii 
Table of Content ix 
Abstract 1 
1. Introduction 1 

1.1. Wetland hydrology 3 

1.2. Hydrological modelling of wetlands 4 

1.3. Hydrological modelling in Forsmark 5 

1.4. General setting 6 

1.5. Aims 8 
2. Method 8 

2.1. Data 8 

2.2. Site selection 9 

2.3. MIKE SHE modelling 9 
 Snowmelt 10 2.3.1.

 Evapotranspiration 10 2.3.2.

 Overland flow 10 2.3.3.

 Unsaturated zone 10 2.3.4.

 Saturated flow 11 2.3.5.

 Setup of regional, semi-local and local models 12 2.3.6.

 Model evaluation 13 2.3.7.

2.4. Simulation cases 13 
3. Results 14 

3.1. Conceptual model of wetlands in Forsmark 14 
 Comparison between wetlands 16 3.1.1.

 Conceptual model: Wetland 16 16 3.1.2.

3.2. MIKE SHE modelling 18 
 Model evaluation 18 3.2.1.

 Water balances 18 3.2.2.

 Simulation cases 26 3.2.1.

4. Discussion 27 

4.1. Model performance 29 
5. Conclusions 30 
References 30 

Other References 32 
Appendix 1 – Hydrological conditions for the pre modelling study 33 
Appendix 2 – Water balances 36 

 

  



Maria Bergström              TRITA-LWR Degree Project 13:33 

 

x 

 

 

 

 

 

  



Artificial groundwater recharge in wetlands: pre modelling for a pilot study in Forsmark, Sweden  

 

  1  

ABSTRACT  

The Swedish Nuclear Fuel and Waste Management Company, SKB, is planning to 
construct a deep geological repository for spent nuclear fuel in Forsmark, Sweden. 
Leakage of groundwater into the repository during the construction and operational 
phases might cause a groundwater drawdown that in turn may affect the hydrological 
conditions in sensitive habitats in the area. The sensitive habitats in question are 
wetlands, home to several protected species. SKB has planned to take mitigation 
measures in the case variations of the surface-water elevation are identified for the 
concerned wetlands. The mitigations measures consists in infiltrating water in the 
ground in the direct vicinity to the wetland to create a higher groundwater pressure 
that then will propagate to the surface-water. This study describes the modelling of a 
pilot-study of such a measure and aims at serving as one of the background materials 
for the planning and design of the pilot study. The aims of the pilot study are to show 
that the surface-water level in a wetland can be controlled and to gain knowledge and 
experiences regarding artificial groundwater recharge for this purpose. The pilot study 
would take place before the construction of the repository so the undisturbed case is 
considered. The results show that an infiltration facility can control the surface-water 
level in a wetland. It is also shown that an infiltration rate of 0.5 L/s is enough to 
manipulate the surface-water level in the undisturbed condition. 

Key words: Wetlands, MIKE SHE, Forsmark, artificial groundwater recharge 

1. INTRODUCTION 

The Swedish Nuclear Fuel and Waste Management Company (SKB) 
manage radioactive waste and spent nuclear fuel from nuclear power 
plants in Sweden. In 2009, SKB selected Forsmark (Fig. 1) as site for a 
deep-rock repository for spent nuclear fuel. The decision was based on 
multi-disciplinary site investigations and preliminary safety assessments 
for two sites in Sweden; Forsmark in the municipality of Östhammar and 
Laxemar-Simpevarp in the municipality of Oskarshamn. In 2011, SKB 
submitted applications for construction of the repository in Forsmark. 
The spent fuel is planned to be placed in copper canisters with a cast-
iron insert surrounded by bentonite clay and disposed at about 500 m 
depth in saturated, granitic rock (Lindborg, 2010) (Fig. 2). During the 
construction and operation of the deep repository, groundwater inflow 
to the underground construction will be pumped to the surface. This 
groundwater diversion can affect sensitive wetlands in the area; the 

Fig 1. Location of Forsmark in Sweden with close-up. 



Maria Bergström              TRITA-LWR Degree Project 13:33 

 

2 

groundwater drawdown in the area may lead to surface-water depletion 
in the wetlands (Mårtensson et al., 2010). 

The low terrain in the Forsmark area in combination with isostatic uplift 
and a shallow groundwater table creates an environment with many small 
lakes, ponds and wetlands (Fig. 3), the wetlands are often of rich fen type 
(Hamrén et al., 2010). Rich fens are mineral rich, nutrient poor, mires 
with near-neutral pH of the water (pH 6–8) (Sundberg, 2006). Rich fens 
are relatively rare in Sweden and they are habitats for many rare and 
protected species, e.g. the Fen Orchid (Liparis loeselii). Some of the small 
ponds occurring in the area of Forsmark, sometimes combined with the 
rich fens, are also home to the Pool Frog (Rana lessonae) and the Great 
Crested Newt (Triturus cristatus). The Pool Frog and the Fen Orchid are 
by implementation of European Union legislation protected by Swedish 
law in the Species Protection Ordinance, and disturbances of their 
sensitive habitats must therefore be prevented. Even a small lowering of 
the surface-water level may affect those sensitive habitats. A lowering as 
small as one decimetre could cause the vegetation in the wetlands to 
change towards a dryer type (SKB, 2011) 

An application for exemption from the Species Protection Ordinance 
has been submitted by SKB in 2011. In case it would be required the 
mitigation measure proposed by SKB in the application for preserving 
the habitats is artificial groundwater recharge close to the wetlands to be 
able to control the local groundwater level and the surface-water level of 
the wetlands, and hence counteract potential effects of the groundwater 
lowering (SKB, 2011) (Fig. 4). Artificial groundwater recharge would 
raise the groundwater level locally and the raise would propagate 
downstream to the pond, raising groundwater level as well as surface-
water level in it. Infiltration through the soil around the wetlands, instead 
of direct recharge to the ponds, would allow the water to obtain the 
same properties as the natural water in the wetland. Boeye et al (1995) 
studied a wetland in Belgium that was accidentally receiving infiltrated 
water from an irrigation canal and found that it had transformed from 
being a poor fen to a rich fen. They came to the conclusion that artificial 
groundwater recharge can be used for wetland conservation.  

A pilot study has been proposed by SKB as a precursive measure. The 
pilot study would be a time-limited trial of an infiltration facility. It 

Fig. 2. Schematic of the repository for spent nuclear fuel in Forsmark. 
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would take place before the initiation of the construction of the 
repository, i.e. in undisturbed conditions. The purpose of the pilot study 
is to gain knowledge and experiences regarding control of ground- and 
surface-water levels in wetlands in Forsmark by artificial groundwater 
recharge. The pilot study would last approximately a week, and adding as 
little water as possible while still showing a response on the surface water 
level is of interest. The objectives of this pre modelling is to design 
water-supply systems, predict outcome, and test modelling tools to be 
used for this type of applications, in case needed for other wetlands in 
the area. Modelling does not only describe the hydrology of the wetlands 
but could also clarify the effect that the location and extent of the 
infiltration facility would have on the wetland hydrology, as well as 
examine an appropriate rate of water supply.  

1.1. Wetland hydrology 
Wetlands are zones of transition from terrestrial to aquatic systems. 
Wetlands have various ecological and/or hydrological definitions, partly 
because they comprise different types of transition environments, in 
different parts of the world. For instance, wetlands include various types 
of areas with diverse hydrological settings; from systems of closely 
coupled coastal wetlands covering vast areas to isolated, groundwater-fed 
wetlands. The main water source and sink of a wetland is an indicator of 

Fig. 3. Map over the area surrounding the Forsmark nuclear power plant. Wetland 
16, which is the wetland modelled in this study, is also marked. 
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how the wetland hydrologically interacts with its surroundings. 
Specifically, a wetland that has precipitation and evapotranspiration as 
the main water in- and outputs has less hydrologic interaction with its 
surroundings than one that is groundwater fed (Lent et al., 1997). The 
hydrology of a wetland affects, and is affected by, the physiochemical 
environment and the biota of the wetland. It is therefore “probably the 
single most important determinant of the establishment and maintenance 
of specific types of wetlands and wetland processes” (Mitsch and 
Gosselink, 2000). Also the term hydrology is wide, describing the 
movement and distribution of water. Inherent in the hydrology is the 
location and thereby the local topography and climate, which both 
influence the local hydrology. 

Hollis and Thompson (1998) listed six aspects of wetland hydrology that 
are important to monitor for effective wetland management and impact 
assessment; hydroperiod, level-area-volume relationship, water balance, 
water turnover rate, extreme hydrological events and water quality. The 
hydroperiod describes the temporal variation of inundation and controls 
the ecological processes and the structure of the ecosystem; it is the 
“hydrological signature” of each wetland. Level-area-volume relationship 
determine how the different recharge and discharge of water affect 
ecological aspects, e.g. water depth affects the ability for birds to feed of 
plants at the bottom. The water balance describes these in- and outflows 
and is therefore a crucial part of understanding the wetland hydrology. 
Turnover rate is the inverse of the residence time of water and is closely 
connected to water quality, e.g. concerning nutrient accumulation. 
Extreme hydrological events can affect the wetland hydrology by e.g. 
flushing the wetland with new sediments during a flood. Since wetland 
management is often aimed at maintaining or recreating the ecological 
effects of a wetland, these hydrological aspects are important to 
determine in order to be able to make informed decisions. 

1.2. Hydrological modelling of wetlands 
A common approach to investigate the hydrology of wetlands is to 
calculate the water balance by quantifying in- and outflows; see for 

Fig. 4. Illustration of the proposed setup of the pilot study. 
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example Rains (2011) and Gilvear et al (1993). The water-balance 
method has some problems. For instance accurate measurement of all 
the different components in the field are costly and therefore rare 
(Krasnostein and Oldham, 2004). Especially hard to obtain is the 
groundwater in- and outflows and they are therefore often estimated as 
the residual of the water balance. This has proven to be a source of error 
(Mann and Wetzel, 2000). Spence et al. (2011) used piezometers to 
estimate the groundwater outflow from a boreal wetland and got a best 
estimate between calculated and measured values ranging within ± 30 %. 

A general conceptual bucket-model for wetlands was developed by 
Krasnostein and Oldham (2004) using physically based parameters. The 
model “lends itself to application across a broad range of wetland types 
from seasonally to permanently inundated (or saturated) systems” 
(Krasnostein and Oldham, 2004). It conceptualises the different storages 
of a wetland system to “leaky buckets” that overflow when their holding 
capacity is met. The flow between buckets is calculated as a function of 
water storage and physical parameters. The system can then be expanded 
with as many buckets as is appropriate for the system being studied. The 
authors found that the model could be used to isolate the different 
hydrological processes in a wetland system. It is a straight-forward model 
that by comparison needs little input which often is beneficial. However, 
the model is lumped and is thereby somewhat restricted. 

Distributed hydrological models, i.e. division of the model area into 
several sub-areas, allow spatial variations in catchment characteristics 
which makes evaluation of management scenarios possible (Al-
Khudhairy et al., 1999). It can also be argued that distributed models give 
a better understanding of the hydrology at the site, as each small sub-area 
of the area being studied is described (Singh, 2010).  

The distributed, deterministic, physically based model MIKE SHE was 
chosen for this study. The MIKE SHE modelling tool has proven to be 
successful when modelling the hydrology of wetlands.  Thompson et al. 
(2004) used it for a lowland grassland in England and found that the 
results for groundwater depth and ditch water levels were generally 
consistent with observed data. An integrated model for the Danubian 
lowland modelling eutrophication, sediment transport, the effects of 
hydraulic control structures, groundwater, agricultural aspects etc., was 
developed by Refsgaard et al. (1998) where MIKE SHE was used for 
modelling groundwater flow and transport. The study found that MIKE 
SHE simulated the groundwater levels in a satisfactory way. Zacharias et 
al. (2005) used the model to evaluate the water balance and management 
scenarios for a catchment containing calcareous fens in Greece. They 
found that “the physical interpretation of the model offered profound 
understanding of the regional hydrologic system and valuable 
information to scientists, environmental managers and water resources 
authorities”. MIKE SHE has also been used for modelling wetlands in 
Forsmark, see further below. 

1.3. Hydrological modelling in Forsmark 
Jarsjö et al. (2006) used PCRaster-POLFLOW, which is a GIS-based 
hydrologic model that analyses flow and transport processes, to quantify 
surface-water and shallow groundwater flow in the Forsmark area on a 
catchment scale for site-descriptive reasons. Two different types of 
evapotranspiration estimations were also tested. The study found that 
the model gave runoff results that were consistent with measured data 
and that the method for estimating evapotranspiration influenced the 
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predictions to a relatively large degree. However, the study did not take 
exchange between surface-water and groundwater into account. 

MIKE SHE has, among other tools, been used to model the hydrology 
and near surface hydrogeology of Forsmark, with satisfactory results 
(Johansson at. al., 2005; Bosson et al 2008; Bosson et al., 2010). 
Modelling of the hydrology and hydrogeology in the area has been 
performed in several steps. Mårtensson et al. (2010) and Mårtensson and 
Gustafsson (2010) modelled the effects on surface hydrology of an open 
repository based on the site descriptive model described in Bosson et al. 
(2010). They included detailed studies of the effect on the wetland 
hydrology and found that the increased groundwater flow from the 
Quaternary deposits to the bedrock would lower the surface-water 
elevation, thereby affecting the hydraulic gradient and alter the water 
balance in some wetlands. One conclusion was that recharge could 
increase in recharge areas while discharge could decrease in discharge 
areas. Mårtensson et al. (2010) calculated the amount of water needed to 
maintain undisturbed water levels in several wetlands under the influence 
of an open repository, i.e. in disturbed conditions. The water was added 
uniformly over the wetland area in the model. The result was that 0.02 
L/s was needed in average over the year for wetland 16, the same weland 
that is modelled in this study. 

1.4. General setting 
The Forsmark area is situated in a very flat but undulating, low 
topography area in the Province of Uppland, Sweden. The small 
variations in topography have “led to a mosaic of different habitats” 
(SKB, 2011).  The bedrock consists mostly of granite, of which the 
upper part, about 150 m, contains a network of open and water-
conductive fractures. Further down, the frequency of open and 
connected fractures decreases. In the upper 150 m of the bedrock, there 
are horizontal sheet joints as well as some steeper fracture zones. The 
horizontal hydraulic conductivity is therefore high, in particular within 
the sheet joints. At some locations the steep fracture zones are 
connected to the Quaternary deposits (QD) (Fig. 5) (Johansson, 2008).  

The QD mainly consist of till, with an average depth of about 5 m. The 
uppermost metre of the till has higher hydraulic conductivity than the 
deeper parts. The till is also anisotropic; the horizontal conductivity is 
higher than the vertical. Other QD types in the area are glaciofluvial 
sediments, glacial clay, sand, gravel and peat. The mean groundwater 
table is less than one meter below the ground surface and it is highly 

Fig. 5. Conceptual cross-section of the bedrock, Quaternary deposits and 
groundwater movement in Forsmark. The cross section illustrates the upper parts 
(about 150 meters) of the bedrock (SKB, 2011). 



Artificial groundwater recharge in wetlands: pre modelling for a pilot study in Forsmark, Sweden  

 

  7  

correlated with the topography (Johansson, 2008). The low topography 
terrain and the shallow groundwater table in the area create a system 
with many small catchments where much of the groundwater will move 
in the QD. The unsaturated, saturated and surface-water zones are well 
connected. Exchange between the saturated zone and the surface zone 
occur mainly at the edges of the lakes. 

Some of the sub-catchments in Forsmark are covered of wetlands to 25-
40 %. Bogs, i.e. wetlands completely covered by peat and just fed by 
precipitation, are only found in the most upland parts of the area. The 
peat covers are relatively thin. Fens, with some peat, and marshes, with 
little or no peat, are the common wetland types in the lower parts of the 
area (Johansson, 2008).  

During the construction of the repository groundwater leaking in to the 
underground parts of the repository will be diverted, creating a hydraulic 
gradient which will lower the groundwater level in the bedrock. 
Modelling has shown that this will increase the groundwater flow from 
the QD to the rock (Mårtensson et al. 2010). This is most likely to occur 
where there are steep fracture zones that provide contact with the 
groundwater in the upper and lower parts of the rock (Fig. 5). Lowering 
the groundwater level in the QD will in turn create a gradient between 
groundwater and surface-water, so surface-water levels in the area could 
also be affected. 

Fig. 6. Close up of the four monitored wetlands. The surface-water level gauges 
and groundwater-monitoring wells are close, so they appear on top of one 
another. 
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1.5. Aims 
The objectives of this study are to provide knowledge about the 
hydrologic nature of a wetland in Forsmark and to serve as one of the 
background materials for planning and design of a pilot study of artificial 
groundwater recharge to a wetland. 

The specific aims of this master thesis are to: 

 Create a conceptual model of hydrological conditions and processes of a 
wetland in Forsmark; this specific wetland has been proposed by SKB as 
study object for a pilot study regarding artificial groundwater recharge to 
wetlands. 

 Through numeric modelling with MIKE SHE provide part of the 
background material for the planning and design of a pilot study. This 
includes calculation of required water flows in the recharge system and 
response times for water levels in the wetland for different system 
layouts and meteorological conditions. 

2. METHOD  

This thesis consists of two parts; describing the wetland by creating a 
conceptual model and numerically modeling the wetland to evaluate 
management scenarios. The conceptual model was constructed using 
information from literature on wetlands generally as well as literature on 
and data from Forsmark specifically. The numerical modeling was 
performed using the modeling tool MIKE SHE, described further 
below. 

2.1. Data 
Data was provided by SKB and included data on precipitation, potential 
evapotranspiration (PET), air temperature, surface and groundwater 
levels and GIS-data on topography and bathymetry (DEM, digital 
elevation model), land use, QD types, valuable natural objects, drainage 
areas, vegetation types and  monitoring points. Groundwater monitoring 
wells and surface-water level gauges were installed in four wetlands in 
Forsmark in 2009 (Werner et al. 2009) (Fig. 6). For this study data is 
available for the period Apr. 28, 2009–Oct. 18, 2010. Standard error of 
the levelling of the groundwater monitoring wells and surface-water 
gauges was 0.05 m (Werner, 2013). In 2012 the levels of the groundwater 
monitoring wells and surface-water level gauges were re-measured, with a 
standard error of 0.002 m (Werner, 2013). The new levelling showed 
different values of the elevations than the measurements in 2009; the 
difference is between less than one centimetre up to about two 
decimetres. The values of ground- and surface-water elevation data in 
this study have not been corrected because of this since the new 
measurements are from 2012 and data in this study are from 2009 and 
2010. Also it is not sure if the new levels are due to the higher accuracy 
of the new measurement or to the fact that the pipes have moved in the 
vertical direction due to ice shear. The data on precipitation, PET, 
groundwater levels and surface-water levels were evaluated to examine 
the hydrologic nature of the wetlands. 

The precipitation data comes from SKB’s Högmasten meterological 
station (Fig. 1), and when no data was available it was extrapolated from 
the stations in Lövsta, Örskär and Söderby-Karlsäng. The mean normal 
year, based on measurements from the current reference normal period 
1961–1990, has a precipitation of 569 mm (Johansson, 2008). In 
comparison, 2009 and 2010 were both wet years with an accumulated 
precipitation of 590 and 692 mm, respectively. Data on PET is from 
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Högmasten and is calculated by the Penman method (Penman, 1948). 
Data required for the Penman method is temperature, wind speed, 
relative humidity and solar radiation. The net PET for 2009 and 2010 is 
470 and 445 mm respectively, including negative values. The mean 
annual PET for Forsmark is between 400 and 500 mm (Johansson et al., 
2005).  

2.2. Site selection 
Out of the four monitored wetlands, SKB chose wetland number 16 as 
the study site. The selection was based on factors important for the pilot 
study, such as distance from water source and feasibility for the 
infiltration facility. The hydrologic setting of the wetlands is also an 
important aspect for the site selection, so the groundwater levels and 
surface-water levels of the four wetlands were compared. 

2.3. MIKE SHE modelling 
The MIKE SHE model was chosen for this study because of its ability to 
couple the saturated zone, the unsaturated zone and overland water. The 
setup and calibration of the model was done by DHI (Danish Hydraulic 
Institute), the company that develops the MIKE SHE software, while 
the evaluation of the model with comparison to measured data, 
development of the simulation cases and analysis of the results were 
done by the author. 

MIKE SHE is a fully distributed, physically based, deterministic 
hydrological model (DHI, 2007). It describes the following processes of 
the hydrological cycle; interception, evaporation, infiltration, 
transpiration, snowmelt, the unsaturated zone, the saturated zone, 
overland flow, channel flow and interaction between surface-water and 
groundwater. The input data is represented as grid squares, and each grid 
square is discretizied in the vertical direction as layers (Fig. 7). 

Interception, evapotranspiration and snow melt are described by 
analytical solutions. The other processes are physically described as 
partial differential equations, which are solved by the finite-difference 

Fig. 7. Overview of the different water-flow processes and 
modules of MIKE SHE (Singh, 2010). 

http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Wind_speed
http://en.wikipedia.org/wiki/Relative_humidity
http://en.wikipedia.org/wiki/Solar_radiation


Maria Bergström              TRITA-LWR Degree Project 13:33 

 

10 

method. Several options are available for computation of the equations; 
the ones chosen for this study are briefly described below, for further 
details see DHI (2007). 

 Snowmelt 2.3.1.

In MIKE SHE snowmelt is described by a modified degree-day method. 
The adopted degree-day method requires less input data than an energy 
balance approach and is relatively easy to calibrate (DHI, 2007). The 
total snow melt is described as the sum of melting by air temperature 
and by energy in liquid rain 

The snowmelt does not immediately become runoff, since snow acts as a 
“sponge” that becomes wetter and wetter until it cannot hold the water 
any longer. This is conceptualised in MIKE SHE as two snow storages; 
one dry (frozen) and one wet (melted). Melting converts dry snow to wet 
snow. If the temperature drops below the freezing point, melted snow is 
refrozen. Runoff occurs when the user specified wet storage fraction is 
met. 

 Evapotranspiration 2.3.2.

Evapotranspiration is calculated by the Kristensen and Jensen method 
that determines the actual evapotranspiration and soil moisture content 
in the root zone from the potential evapotranspiration, the leaf area 
index, i.e. the ratio of the total leaf area of a plant over the area covered 
by the plant, and maximum root depth. This part of MIKE SHE 
includes the interception and evaporation by canopies, evaporation from 
snow cover, open water and soil moisture and the transpiration by 
plants. 

 Overland flow 2.3.3.

To describe overland flow, the diffuse wave approximation of the St. 
Venant equations is used, i.e. neglecting momentum losses due to local 
and convective acceleration and lateral inflows perpendicular to the flow 
direction (DHI, 2007). The numerical solution is given by a modified 
Gauss Seidel method. At the beginning of every time step the remaining 
water is added or subtracted by interaction with other hydrologic 
processes (evapotranspiration, infiltration etc.) The flows can also be 
corrected to avoid problems with internal water balance. 

Boundary conditions 

The outer boundary is of specified head type and is based on the initial 
depth of the outer nodes of the model domain. This allows for water 
flows across the boundaries.  

 Unsaturated zone 2.3.4.

Gravity is the dominant force for infiltration so in MIKE SHE 
unsaturated flow is one-dimensional which is sufficient for most 
applications. The full Richards’ equation describes unsteady unsaturated 
flow and is the most accurate of the methods available in MIKE SHE 
when the unsaturated flow is dynamic (DHI, 2007).   

The numerical solution of the Richards equation is done by a finite 
difference implicit approximation. This makes it possible to avoid 
problems with stability and convergence (DHI, 2007). 

The method requires input either as curves or tables of the moisture 
retention curves as well as the effective conductivity. 

Boundary conditions 

The upper boundary of the unsaturated zone (UZ), i.e. the ground 
surface, is either a constant flux or a constant-head boundary within each 
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time step. At the beginning of each time step, the amount of available 
water for infiltration is calculated as the amount of ponded water, plus 
the net rainfall at the ground surface, minus evaporation from ponded 
water. If the water that is available exceeds the deficit in the uppermost 
node of the UZ then the boundary is of constant head type. If the 
available water does not exceed the deficit, the boundary is of constant 
flux type. The lower boundary of the UZ is a pressure boundary that is 
determined by the water table elevation, i.e. the groundwater table.   

 Saturated flow 2.3.5.

The spatial and temporal variations of the hydraulic head are described 
in three dimensions mathematically. It is numerically solved by an 
iterative implicit finite difference technique.  

Boundary conditions 

The saturated zone (SZ) module allows for three different boundary 
types; either hydraulic head on the boundary, flux across the boundary or 
head dependent flux on the boundary is prescribed. The different 
conditions can be specified in all layers at the model boundary. Sinks and 
sources, e.g. pumping rates, can be defined within the model domain.   

Coupling of UZ and SZ 

In MIKE SHE the UZ and SZ modules are run in parallel to allow for 
differences in time step between the two. The time step for the UZ is 
usually in term of minutes to hours, while the time step for the SZ is in 
terms of hours to days. This requires an explicit coupling of the modules 
which is done by an iterative procedure that conserves mass for the 
entire column. The process considers outflows and source/sink terms in 
the saturated zone. 

Exchange between overland and SZ 

If no unsaturated zone is specified or if the groundwater table is above 
ground level, exchange between the SZ and the overland flow occurs. 
The exchange is implicitly calculated by constant updating of the 
overland water depth. 

Fig. 8. The shadowed area shows the model domain of the semi-
local MIKE SHE model. 

Wetland 16 
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 Setup of regional, semi-local and local models 2.3.6.

The MIKE SHE model for this study was developed on the basis of the 
regional model in Mårtensson and Gustafsson (2010). The grid of the 
regional model has a spatial resolution of 40 m horizontally. The 
translation to the local model used in this study was done using an 
intermediate step to avoid problems when moving from a coarse to a 
very fine resolution. Specifically, a semi-local, 10 m grid model covering 
a larger area around the wetlands was developed (Fig. 8), using boundary 
conditions obtained from the regional model. The result from the semi-
local model was then used as boundary condition for the local model, 
which has a spatial resolution of 2 m horizontally (Fig. 9). 

The boundaries of the regional model follow surface-water divides, 
which are assumed to coincide with groundwater divides, and therefore 
no-flow boundaries apply except for the boundary towards the Baltic Sea 
which is a time varying-head boundary condition defined by measured 
sea-level time series.  The upper boundary conditions are precipitation 
and PET, whereas the actual evapotranspiration is calculated during the 
simulation as described above. The location of the upper boundary is 
described by the topography. The model was calibrated using observed 
values of groundwater levels in QD and bedrock, stream discharges and 
water levels in lakes. Refsgaard (1997) argued that the calibration of a 
model should reflect the types of applications for which it is intended. 
For the regional model, Mårtensson and Gustafsson (2010) found that 
the mean absolute error and mean error for the depth to groundwater 
table, which is an interesting factor in this study, was 0.3 m and -0.02 m, 
respectively which was judged as reasonable. 

Before running the regional model, which hence produced boundary 
conditions to the semi-local model, it was updated with new data of 
topography and bathymetry, QD depths and QD types compared to the 
model described in Mårtensson and Gustafsson (2010). 

The boundaries of the semi-local model were set by holding the water 
elevation at a constant high level during a simulation with the regional 
model and identifying the area affected by the high surface-water 
elevation. The same procedure was then performed in the semi-local 
model to identify the local model area.  

Fig. 9. The shadowed area shows the model domain of the local 
MIKE SHE model. 

Wetland 16 
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The topography of the local model was defined by a DEM with a spatial 
resolution of 1 m. The DEM is based on laser scanned data which can 
create problem when dealing with open water surfaces, the water surface 
is captured and not the bathymetry. The bathymetry of the wetland was 
therefore interpolated using data from four measuring points described 
in Werner et al. (2009). This was done within MIKE SHE.  

QD types and land cover are defined as polygons; these too were used 
with the one-meter resolution. However, the computational time for 
such a high-resolution model turned out to be too long so the final 
resolution for the local MIKE SHE model was set to 2 m. The vertical 
resolution varies with depth and the lowest level in the model is at 260 m 
below sea level. 

 Model evaluation  2.3.7.

Before using the model for evaluating simulation cases, it needs to be 
evaluated to ensure that it captures the hydrologic nature of the wetland 
The model evaluation was done by running the model for the years 2009 
and 2010 as a base case, i.e. model the hydrology of the wetland without 
any artificial groundwater recharge, and then evaluating the results of the 
base case with the monitoring data.  

The performance indices used to evaluate the model were the correlation 
coefficient (R) (Eq. 1) and the The Nash-Sutcliffe model efficiency 
coefficient (Reff) (Eq. 2).  Reff ranges from minus infinity to plus one. A 
Reff value of one would mean a perfect match between simulated and 

observed values. A negative value of Reff indicates that the mean of the 

observed values make for a better prediction than the simulation (Krause 
et al., 2005).  
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2.4. Simulation cases 
Using the hot-start function in MIKE SHE, the results from the base 
case were used for simulating the infiltration cases. The artificial 
groundwater recharge was conceptualised as a “local rainfall” over a 
number of cells to resemble the perforated hose that may be used during 
the pilot study, i.e. the “local rainfall” is set over a 2 m wide area with a 
length of 20 m. 

The west side of the pond was chosen by SKB as the location for the 
pilot study. Some simulations were also done for the east side (Table 1, 
Fig. 10). Two alternative locations at the west side were chosen for this 
study, 20 and 10 meters from the pond. Three periods in terms of 
meteorological conditions were chosen for the simulations; a dry, a semi-
wet and a wet period to represent different meteorological conditions 
that might prevail during the pilot-study (Appendix 1 Fig. 1 to 6). Four 
different recharge rates, from 0.25 up to 2 L/s, were used for each 
chosen location and period (Table 1).  
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Three simulation cases were selected to be studied more in detail. For 
these output data was stored for every 6 hours, whereas in the other 
simulation cases output data were stored every 24 hours. Simulation case 
number 2, 6 and 10 were chosen since they all concern the same 
recharge rate, which manages to manipulate the surface-water level 
sufficiently, so the effects of location and period could be studied. No 
simulation from the wet period was studied in detail, as it will be avoided 
to perform the pilot study during such a period.  

3. RESULTS  

Since one of the aims of this thesis is to create a conceptual model of a 
wetland in Forsmark it will be presented under this heading, along with 
results from the recharge simulations. To promote readability and 
understanding of the conceptual model, some statements regarded as 
background material will be included.  

3.1. Conceptual model of wetlands in Forsmark 
The conceptual model does not take snow storage into account, but it is 
a conceptual model of wetlands in the Forsmark area during unfrozen 
conditions (Fig. 11). The wetlands consist of three types of storages; the 
unsaturated zone, the saturated zone and the surface-water. Between 
these storages there are different water flows, described below.  

The unsaturated zone in areas with the kind of topography that 
Forsmark has is variable in thickness and affects the relationship 
between groundwater and surface-water in a dynamic way (Winter, 
1998). The size of the different storages will fluctuate throughout the 
year.  

Table 1. Summary of the recharge simulations. 
Simulation number Location from the pond Rate Period 

1 20 meters west 0.25 L/s Dry 

2 20 meters west 0.5 L/s Dry 

3 20 meters west 1 L/s Dry 

4 20 meters west 2 l/s Dry 

5 10 meters west 0.25 L/s Dry 

6 10 meters west 0.5 L/s Dry 

7 10 meters west 1 L/s Dry 

8 10 meters west 2 L/s Dry 

9 10 meters west 0.25 L/s Semi-wet 

10 10 meters west 0.5 L/s Semi-wet 

11 10 meters west 1 L/s Semi-wet 

12 10 meters west 2 L/s Semi-wet 

13 10 meters west 0.25 L/s Wet 

14 10 meters west 0.5 L/s Wet 

15 10 meters west 1 L/s Wet 

16 10 meters west 2 L/s Wet 

17 10 meters east 0.25 L/s Dry 

18 10 meters east 0.5 L/s Dry 

19 10 meters east 1 L/s Dry 
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Precipitation is distributed over the wetland itself and its drainage area. 
The fraction falling on the open water will directly raise the surface-water 
level; the area of the open water will vary over time. The fraction falling 
on the ground will be intercepted by vegetation or infiltrate the ground 
in the unsaturated zone. Precipitation falling on the saturated areas will 
create surface runoff. 

The infiltrated water will then flow vertically through the unsaturated 
zone until reaching the saturated zone where flow will be mostly 
horizontally since the horizontal conductivity of the till is higher than the 
vertical conductivity (Johansson, 2008). From the saturated zone the 
groundwater will discharge into the pond in groundwater discharge areas. 
Because of the topography and the groundwater table location in the 
area, generally the wetlands will be areas of groundwater discharge, 
however during dry seasons it may be possible that the flow is directed 
from the surface-water to the saturated zone. The rate of flow is affected 

Fig. 11. Conceptual model of wetlands in Forsmark. 

Fig. 10. Wetland 16 and the different positions of the recharge. 
The blue color represents the pond. 
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by the hydraulic conductivities of the unsaturated and saturated zone as 
well as the slope of the groundwater surface, which in the Forsmark area 
follows the topography very closely (Johansson, 2008).  

Water will evaporate from the surface-water and the soil as well as be 
transpirated by plants having their roots in both saturated and 
unsaturated zone. This process will consume water from all the storages 
and the rate of evapotranspiration will differ depending on water 
availability and meteorological factors. 

Surface-water inflow is normally in the form of channelized flow; the 
infiltration rate is high so overland flow is generally unusual in the area 
(Johansson, 2008). Overland flow is probably more common in the local 
areas near the wetlands, due to saturated conditions. Some of the 
wetlands in the area have continuous surface-water in- and/or outflows 
while for some it only occur during wet conditions, e.g. during the spring 
flood. The other outflow from the system is from the saturated zone, 
either as percolation to deeper groundwater systems or as horizontal 
transport.  

  Comparison between wetlands 3.1.1.

The change in surface-water elevation throughout the year is similar for 
all four wetlands, and they all seem to respond quickly to larger 
precipitation events (Fig. 12). There are differences between the wetlands 
when the hydraulic gradient is studied (Fig. 13). However the gradient is 
generally small and the error in measuring the elevation of the 
groundwater monitoring wells and surface-water gauges are in the order 
of five centimetres as discussed above. The measurement-errors are of 
the same order of magnitude as the gradients, therefore the magnitudes 
of these are questionable. For two of the wetlands, 14 and 18, the 
gradient has a more dynamic behaviour than for the other two, 7 and 16. 
For 14 and 18 it seems that the gradient changes during dry seasons so 
that surface-water will recharge the groundwater. This behaviour has 
been observed also for lakes in the Forsmark area (Johansson, 2008).  

 Conceptual model: Wetland 16 3.1.2.

The wetland is a pond surrounded by a fen. The main deposit in the 
wetland is clay mud directly on top of the till. There are also areas with 
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postglacial sand; the sand is at some places underlain with glacial clay 
(Sohlenius and Hedenström, 2009). Mud clay is postglacial clay with 
higher conductivity than glacial clay. There is therefore no strong 
indication that there is an upper and a lower aquifer in the wetland. It 
seems that the contact between the groundwater zone and the pond is 
good. The consistency of the hydraulic gradient is another sign of this. 

The general water-flow direction is from the south to the north. The 
water in- and outflows and locations of these are not consistent through 
the year. Surface-water inflows occur during wet periods and surface-
water outflow is through a small, spatially diffuse, stream to the north. 

The vegetation in the surroundings is mainly coniferous forest with old 
clear-cuts, which implies that young pines predominate. There are also 
some thickets of birch trees. 

Fig. 13. Gradients in the four monitored wetlands, i.e. groundwater elevation minus 
surface water elevation.  
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Based on the DEM that was modified within MIKE SHE a relationship 
between surface-water level and flooded area (Fig. 14), as well as a 
relationship between surface-water level and volume of water in the 
wetland (Fig. 15) was created. These figures can be related to the concept 
of hydroperiod described above. The measured surface-water levels 
differ between about 2.1 and 2.5 m during the monitored period which 
correspond to a flooded area of 1200 and 3000 m2 respectively.  The 
shift in inclination of the curve in fig. 14 at about 2.5 m water level is due 
to an area south of the wetland that becomes flooded at that water level. 
The shape of the curve in figure 15 gives an indication of the expected 
effect of artificial recharge; the same volume of added water will give a 
bigger response on the surface-water level if it is added when the level is 
low than it would if the level is already high. 

3.2. MIKE SHE modelling  

 Model evaluation 3.2.1.

The model captures the seasonal variations of the water levels of the 
wetland quite well (Fig. 16), the correlation coefficient between simulated 
and observed surface-water and groundwater are both 0.9. The model 
does not capture the gradient between groundwater and surface-water 
(Fig 16). As stated earlier the gradient is very small and could be affected 
by leveling errors in the observed data. The application of the model is 
to predict manipulations of surface-water elevation, therefore the 
seasonal variations was seen as more important than the gradient, for 
which the magnitude is unclear. 

The Nash-Sutcliffe model efficiency coefficient (Reff) has a value of 0.96 
when comparing the observed and simulated surface-water. When 
comparing observed and simulated groundwater Reff has a value of 0.74, 
indicating a poorer match than for surface-water. 

 Water balances 3.2.2.

For an explanation of the different flows presented in the water balance 
figures, see Appendix 2. All water balances concern the whole local 
model domain. For the base case, a water balance was created for the 
whole year the local model was run (Fig. 17). The water balance indicates 
that the wetland acts as a groundwater discharge area as the net flow 
between the overland compartment and the saturated zone is directed 

Fig. 15. Surface-water level and corresponding volume of water in 
the pond of wetland 16. 
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towards the former. It also indicates that there is a net outflow of 
overland water across the model boundaries. 

Water balances were also produced for the three recharge simulation 
cases that were studied in detail, and for the corresponding time periods 
for the base case (Appendix 2 Fig 2 to 6). These were then compared 
(Fig. 18 to 20). For these water balances the snow compartment will not 
be presented as the periods are during the summer so precipitation only 
bypasses the snow storage. 

Fig. 16. Observed and modelled water levels in wetland 16. GW = groundwater level, 
SW = surface water level. 

 

Fig. 17. Water balance for the base case for the whole period (2009-12-27 – 2010-12-
27). 
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Fig. 18. Difference between the water balance during simulation case 2 period and 
the base case during the same period (June 28, 2010 – July 14, 2010). 

 

Fig. 19. Difference between the water balance during simulation case 6 period and 
the base case during the same period (June 28, 2010 – July 14, 2010). 
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Water balance for simulation case 2 

During the dry period there is an upward flow from the saturated to the 
unsaturated zone, the net-flow between the overland and the saturated 
zone is to the latter indicating groundwater recharge. There is a net 
inflow to the overland zone. By comparing the water balances for base 
case and the recharge simulation case (Fig. 18) it can be seen that 
precipitation and infiltration increase while the interception evaporation 
is more or less unaffected. The flow from the saturated to the 
unsaturated zone decreases and so does the net flow between the 
overland and the saturated zone. Evapotranspiration from the 
unsaturated zone decreases, while it increases from the saturated and 
overland zones. The same changes are true for the storages in the zones, 
i.e. during the infiltration simulation case more of the land will belong to 
the saturated zone or the overland compartment and less to the 
unsaturated zone. 

Water balance for simulation case 6 

Much of the same reasoning that was presented for simulation case 2 is 
true for simulation case 6 as well. Therefore only the differences between 
the two will be presented here. For simulation case 2 the net flow from 
the overland compartment to the saturated zone decreases, while it 
increases for simulation case 6. There is also less infiltration from the 
overland to the unsaturated zone in simulation case 6 than there is in 
simulation case 2. This is an effect of the location of the infiltration 
facility; when it is further away from the wetland (simulation case 2) 
more water will be added to the unsaturated zone but when it is closer 
more water will be added directly to the saturated zone. At the location 
closer to the wetland the thickness of the unsaturated zone is smaller 
than it is further away from the wetland. 

Water balance for simulation case 10 

As opposed to the dry period the net flow between the overland and the 
saturated zone is towards the former and there is recharge from the 
unsaturated to the saturated zone during this period. 

Fig. 20. Difference between the water balance during simulation case 10 period and 
the base case during the same period (May 8, 2010 – May 21, 2010). 
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Fig. 21. Surface water elevation for recharge simulation during the dry 
period, 20 m west of the pond, i.e. simulations number 1 to 4. The start 
and stop times as well as the base case are also marked. 
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Fig. 22. The increase of surface water elevation of the recharge 
simulations during the dry period, 20 m west of the pond, i.e. 
simulations number 1 to 4, compared to the base case. The start and 
stop times are also marked. 
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period, 10 m west of the pond, i.e. simulations number 5 to 8. The start 
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Fig. 24. The increase of surface water elevation of the recharge 
simulations during the dry period, 10 m west of the pond, i.e. 
simulations number 5 to 8, compared to the base case. The start and 
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Fig. 25. Surface water elevation for recharge simulation during the 
semi-wet period, 10 m west of the pond, i.e. simulations number 9 to 12. 
The start and stop times as well as the basecase are also marked. 
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simulations during the semi-wet period, 10 m west of the pond, i.e. 
simulations number 9 to 12, compared to the base case. The start and 
stop times are also marked. 
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Fig. 28. The increase of surface water elevation of the recharge 
simulations during the wet period, 10 m west of the pond, i.e. 
simulations number 13 to 16, compared to the base case. The start and 
stop times are also marked. 
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Fig. 29. Surface water elevation for recharge simulation during the dry 
period, 10 m east of the pond, i.e. simulations number 17 to 19. The start 
and stop times as well as the base case are also marked. 
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During the simulation case the infiltration from the overland to the 
unsaturated zone decreases, and so does the recharge from the 
unsaturated to the saturated zone. The net flow from the saturated to the 
overland zone decreases and the outflow from the overland zone out 
from the model increases. It seems that some of the infiltrated water 
goes directly from the overland to the saturated zone while much of it 
leaves the model as overland water. 

Table 2. Response time and maximum difference in terms of 
surface water elevation (between recharge simulations and 
base case). The response time is defined as the time after the 
infiltration starts until the increase of the surface-water 
elevation exceeds 0.01 m. 

Simulation number Response times (h) Maximum difference (m) 

1 120  (24 h time step) 0.030 

2 42  (6 h time step) 0.065 

3 24  (24 h time step) 0.110 

4 24  (24 h time step) 0.167 

5 72 (24 h time step) 0.034 

6 30 (6 h time step) 0.066 

7 24  (24 h time step) 0.110 

8 24  (24 h time step) 0.162 

9 96 (24 h time step) 0.014 

10 30 (6 h time step) 0.031 

11 24 (24 h time step) 0.056 

12 24  (24 h time step) 0.095 

13  - (24 h time step) 0.001 

14 96 (24 h time step) 0.014 

15 72 (24 h time step) 0.026 

16 72 (24 h time step) 0.047 

17 96 (24 h time step) 0.028 

18 48 (24 h time step) 0.053 

19 24 (24 h time step) 0.10 
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Fig. 30. The increase of surface water elevation of the recharge 
simulations during the dry period, 10 m east of the pond, i.e. 
simulations number 17 to 19, compared to the base case. The start 
and stop times are also marked. 
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 Simulation cases 3.2.1.

Surface-water level time series were created for all simulation cases as 
well as comparisons between each simulation and the base case (Fig. 21 
to 30). Since the surface-water levels, in the uppermost calculation layer, 
coincide with the groundwater levels no time series were created for the 
groundwater levels.  

The maximum difference compared to the base case simulation and the 
response time was identified for all simulations (Table 2). The response 
time is here defined as the elapsed time from initiation of the recharge 
phase until the increase in surface-water elevation reaches one 
centimetre. The response time may differ as the results are saved with 
different time steps. The propagation of the water from the recharge 
location towards the pond is shown in the plots describing the deficit in 
the unsaturated zone (Fig. 31 to 33). These plots compare a snapshot, at 
the same date and time, of the base case and one simulation, a couple of 
days into the infiltration. The time of the snapshot was chosen so that 
the effect of the recharge is visible. The deficit can be interpreted as the 
inverse of the storage, when the deficit in an area is zero the area is 
saturated.  

Fig. 31. Deficit in unsaturated zone, simulation case 2 (above) and base case 
(below). This is a snapshot a few days after the initiation of the infiltration (July 6, 
2010).  The recharge location is marked with a yellow circle. Red color marks the 
saturated zones.  
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Fig. 32. Deficit in unsaturated zone, simulation case 6 (above) and base case 
(below).  This is a snapshot a few days after the initiation of the infiltration (July 6, 
2010). The recharge location is marked with a yellow circle. Red color marks the 
saturated zones. 

4. DISCUSSION  

The concept of an infiltration facility for controlling surface-water levels 
in ponds seems appropriate. Adding water at a distance of 10 to 20 
meters from the wetland creates a quite fast surface-water level response. 
A manageable amount of water, 0.5 L/s, is sufficient for controlling the 
surface-water level during undisturbed conditions in both the semi-dry 
and dry conditions. For wet conditions a larger amount of water needs to 
be added for a response on the surface- water level. The magnitude of 
the response on the surface-water level from the infiltration seems to be 
almost proportional to the recharge rate (Fig. 21 to 30). During dry 
conditions, a rate of 0.25 L/s gives a response, however this rate seems 
too low for the semi-wet and the wet period (Table 2). A raise of only a 
bit more than one cm (semi-wet conditions) is too low as it could be 
disregarded as error in measurement or be concealed by a rain event 
during the pilot study. As the conceptual model suggested, a higher 
recharge rate is necessary when the surface-water level is higher (Fig. 27 
to 28). Looking at the wet season the effect of the recharge is not 
detectable until the surface-water level naturally drops. The dry period is 
of most interest during the pilot study as the surface-water level then is 
low, however weather cannot be controlled and a larger rain event during 
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the pilot study could create a situation where it would be hard to 
distinguish between the effect of the infiltration and the rain. Therefore a 
supply of 0.5 L/s is recommended for the pilot study. This supply is 
larger than the one suggested in Mårtensson et al. (2010) which was 
0.02 L/s. However in that study the water was added uniformly over the 
whole wetland area, using a regional-scale model and the value is a mean 
for the whole year. In this study the concept of the pilot study was tested 
so water was added in a more realistic manner, mimicking the proposed 
set up for the pilot study, and a shorter time-period was studied.  

The amount of water also seems to affect the response time. Adding 
more water creates a larger gradient towards the wetland, resulting in a 
faster flow of groundwater. 

The location of the infiltration facility only seems to affect the travel 
time for the water and thereby the response time of the surface-water 
elevation (Table 2). At 10 metres from the pond the response is quite 
fast. Table 2 suggests that the response time is in the order of 30 hours. 
Increasing the water recharge to 1 L/s seems to reduce the response 
time; however data from those simulations were saved with another time 
step. To be able to investigate the effect of the amount of recharge on 

Fig. 33. Deficit in unsaturated zone, simulation case 10 (above) and base case 
(below).  This is a snapshot a few days into after the initiation of the infiltration 
(May 12, 2010).  The recharge location is marked with a yellow circle. Red color 
marks the saturated zones. 
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the response time all simulations should be saved with the same time 
step, preferably shorter than 24 hours. It does not seem as the location 
of the facility would affect the amount of water needed, the difference in 
different locations on the maximum difference is in the order of mm 
when comparing the locations on the west side of the pond. Since the 
groundwater table is so closely linked with surface topography it is 
probably the topography that is the ruling factor for the proper 
placement of the facility. The facility should be placed where there is a 
slope towards the pond and where it is practically feasible, preferentially 
close to the wetland for a quick response. A distance of 10 to 20 meters 
seems proper based on the results of this study. 

The effect of the infiltration appears to be quite local (Fig. 31 to 33). Not 
much water seems to be lost to other parts of the area, i.e. not reaching 
the surface-water. This suggests that an infiltration facility would be an 
effective use of water for the purpose of manipulating the surface-water 
level. However during the semi-wet period much of the added water 
seems to leave the system as surface-water. The situation simulated in 
this study is undisturbed conditions and in the semi-wet and wet periods 
the surface-water level is already, without recharge, close to the natural 
threshold level of the wetland, i.e. the level where surface-water will be 
discharged from the wetland. It is therefore not unexpected that 
overland water should leave the system. 

In Mårtensson et al. (2010) the water balance for wetland 16 indicated 
that it was a groundwater recharge area. In this study on the other hand 
the wetland seems to be a groundwater discharge area (Fig. 17), an effect 
of the reduced model area and the increased resolution. The results also 
indicated that during dry periods groundwater can be recharged in the 
area, something that has been observed for small lakes in Forsmark. 
Relating to the overall setting in Forsmark with the shallow groundwater 
table it seems more reasonable that the wetland generally is a discharge 
area.  

4.1. Model performance 
The area studied is quite small and the resolution of the model used in 
this study was very high. Earlier studies using MIKE SHE in the 
Forsmark area have all been of more regional type, covering larger areas 
with coarser spatial resolution. The high resolution means that input data 
needs to have high accuracy. The reliability of modelling outcome is 
always a result of, among other things, the quality of input data. Also the 
quality of the data to which the results are compared needs to be high in 
order to properly evaluate the model performance. The Forsmark area is 
well surveyed so the access to and reliability of the input data is high and 
the horizontal resolution of it was also high in this study. The model 
does not capture the gradient that is indicated by the measured data. If 
this is because of the model or levelling errors in the observed data is not 
sure. The vertical resolution was much coarser than the horizontal, with 
calculation layers starting a thickness of 25 meters, so perhaps adding 
more, thinner layers could be one way to go to develop the model. 
Another is examining the bathymetry of the wetland closer; in this study 
it is interpolated using information from four measuring points and the 
bathymetry is therefore not represented in full detail. On the other hand, 
a model is always a simplification of reality and uncertainty is inherent in 
the modelling process. More input data and more complicated models 
are not always the answer. It is not given that adding more complexity 
gives more accurate results. The performance of a model must be 
evaluated based on the task at hand, i.e. what the model should be used 
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for. In this case the level of surface-water was of importance. The model 
showed that it recreated the seasonal changes of the surface-water level 
well. Therefore the results from the different infiltration simulations 
seem reliable.  

The use of MIKE SHE for modelling a wetland has advantages; the fully 
integrated approach that describes the different hydrological processes 
gives insight to the hydrology of a wetland. The model could be used for 
answering questions important for wetland managers such as the aspects 
brought up by Hollis and Thompson (1998), i.e. hydroperiod, level-area-
volume relationship, water balance, turnover rate, extreme hydrological 
events and water quality. The fact that MIKE SHE is a fully distributed 
model made it easy to represent the infiltration. The model is 
transparent; it is easy to follow the effects of the added water by 
calculating water balances and creating different types of visual results. 
All in all the model proved to be a good tool for modelling management 
scenarios, as was also suggested by Zacharias et al. (2005).  

5. CONCLUSIONS  

An infiltration facility seems to be able to act as a controlling device on 
the hydroperiod, thus serving its purpose of aiding in maintaining 
ecologically important habitats. This study shows that a rate of 0.5 L/s 
would be enough to manipulate the surface-water level in the wetland 
during undisturbed conditions. The response time of the surface-water 
level will depend on the location of the infiltration facility, for a faster 
response the facility should be placed closer to the wetland. The 
expected raise in surface-water elevation will depend on during which 
period the infiltration trial takes place, for a wetter period a smaller 
increase can be anticipated. 

MIKE SHE proved to be a good model for assessing management 
scenarios. Lessons learned for future modelling is that the effect on the 
surface-water level is fast, so saving data on a 24-hour basis is not 
enough, a smaller step would be preferential. 
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APPENDIX 1  –  HYDROLOGICAL CONDITIONS FOR THE PRE 

MODELLING STUDY 
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Fig. 1. Precipitation during the dry period. 
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Fig. 2. Measured water levels in wetland 16 during the dry period. GW 
= groundwater level, SW = surface-water level. 
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Fig. 4. Measured water levels in wetland 16 during the semi-wet period. 
GW = groundwater level, SW = surface-water level. 
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Fig. 3. Precipitation during the semi-wet period. 
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Fig. 5. Precipitation during the wet period. 
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Fig. 6. Measured water levels in wetland 16 during the wet period. GW = 
groundwater level, SW = surface-water level. 
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APPENDIX 2  –  WATER BALANCES  

  

Fig. 1. Explanation of the illustration of water balances. 

Fig. 2. Water balance showing net flows and storage changes for the 
base case during the dry period, i.e. the same period as simulation 
cases 2 and 6. Unit is mm per year. 
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Fig. 3. Water balance showing net flows and storage changes for 
simulation case 2. 

Fig. 4. Water balance showing net flows and storage changes for 
simulation case 6. 
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Fig. 6. Water balance showing net flows and storage changes for 
simulation case 10. 

Fig. 5. Water balance showing net flows and storage changes for the 
base case during the semi-wet period, i.e. the same period as 
simulation case 10. 


