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SUMMARY IN SWEDISH  

Syftet med detta arbete har varit att undersöka hur grundvatten i obe-
byggda områden påverkas av förändrad markanvändning i form av hård-
gjorda och impermeabla ytor. Det studerade området är Täby galopp, 
vilket är en galoppbana lokaliserad i Täby norr och Stockholm. Då ga-
loppbanan 2015 kommer att flytta till en ny plats öppnas området upp 
för exploatering och de tidigare fria gräsytorna kommer att täckas av 
vägar, parkering och byggnader. Denna förändrade markanvändning or-
sakar en rubbning av den lokala hydrologiska balansen då mer vatten 
rinner av som ytavrinning och mindre mängder vatten tillåts infiltrera till 
grundvattnet. Denna effekt kompenseras dock något av den reducerade 
evapotranspirationen som uppstår som en effekt av en minskad mängd 
grönytor. 

För att uppnå det uppsatta syftet kommer en 2D grundvattenmodell 
över området att skapas. Modellen skapas i COMSOL Multiphysics och 
kalibreras mot kända värden och kommer därefter att användas som bas 
för att undersöka den möjliga hydrogeologiska situationen i samma om-
råde 2030 vid avslutad exploatering. Även en modell för grundvatten-
bildningen i området har satts upp i Excel. Med hjälp av modellen och 
den planerade exploateringsgraden kan grundvattennivåer utvärderas 
jämt emot dagens uppmätta värden. 

Vid modellering finns ett stort behov av extensiva datamängder, och 
kravet på kvaliteten av den samma är även dessa stora. Under detta ar-
bete har tillgång till data varit begränsad till geotekniska mätningar och 
månadsvisa avläsningar av grundvattennivåer. Detta visade sig ha en ef-
fekt för tillvägagången av kalibrering och de slutgiltiga värden som sedan 
presenterats. Ett krav för att en god hydrogeologisk modell skall kunna 
genomföras är att det finns minst en mätning av den hydrauliska kon-
duktiviteten i området. För att kunna genomföra tids-beroende modelle-
ringar ställs även krav på att det finns tillgängligt data från pumptester. 
Beroendet av tillgängliga data varierar på modellens syfte, och då mo-
dellen i detta fall syftar till att ge en grov förutsägelse av ett möjligt fram-
tida utfall kan grövre marginaler godtas. Sensitivitetsanalyser visar emel-
lertid att förändringar i in-datat kan ge upphov till stora förändringar i de 
kalibrerade parametrarna vilket förändrar resultatet markant. En nog-
grannare studie av hur stort databehovet är i förhållande till projektets 
omfång bör därför genomföras.  
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SUMMARY IN ENGLISH  

The scope of this thesis has been to investigate how groundwater in un-
constructed areas is affected by changes of land use in the sense of hard-
ened and impermeable surfaces. The studied area is Täby galopp which is 
a horse racetrack located in Täby, just north of Stockholm. Since the 
racetrack will relocate in 2030 the area is opening up for exploitation and 
the earlier free land surfaces will be covered by roads, parking lots and 
buildings. The changes land-use causes a disturbance in the local hydro-
logical balance since more water will go off as surface-runoff and conse-
quently less water can infiltrate. This is an effect that is partly compen-
sated by the lowered evapotranspiration that comes as an effect of 
reduced green areas. 

To achieve the set up goal a 2D model will be created over the studied 
area. The model is created in COMSOL Multiphysics and will be cali-
brated against known values. When calibrated, the model will be used as 
a base for prediction of the possible future hydrogeological scenario in 
the area in the year 2030, after finished exploitation. Also a model for the 
groundwater recharge is created in Excel. With the help of the model 
and the planned degree of exploitation the groundwater levels can be 
evaluated and compared against observed values. 

When modelling there is a large demand for extensive masses of data 
and the demands on the quality of the same are equally as commanded. 
Over the course of this project the availability of data has been con-
strained to geotechnical measurements and monthly registered ground-
water fluctuations. This turned out to have an effect on the course of 
calibration and the final outcome of the model. A demand for ensuring 
the procurement of a good hydrogeological model is that there is at least 
one measurement of the hydraulic conductivity in the area. If the study 
should be transient time-dependant tests such as pumping tests are re-
quired. The demand and quality of the data varies depending on the pur-
pose of the model, and in the case when the model, as in this case, aims 
at creating a conceptual picture of a possible future outcome rougher 
margins are accepted. The sensitivity analysis, however, shows that 
changes in the in data can give raise to big changes in the calibrated pa-
rameters and consequently on the outcome of the model results. A more 
careful study of data requirements in relation to the size of the project 
should therefore be undertaken in future studies.  



Iris Engström   TRITA LWR Degree Project 13:25

 

vi 

 

  



Steady-state hydrogeological modelling in order to investigate groundwater sensitivity 

 

vii 

 

ACKNOWLEDGEMENTS  

First I would like to thank my friend Caroline Le Lann Roos at ÅF In-
frastructure who came to think of me when the opportunity of this pro-
ject showed up. Additionally I would like to thank my supervisor at ÅF 
Infrastructure, Johan Von Garrelts, along with the ÅF geotechnical 
group with Stefan Aronsson in the lead who turned out to be a great "fi-
ka"-company, and an invaluable help to understand and interpret the ge-
otechnical data. 

I would also like to send thanks to my supervisor Professor Bo Olofsson 
who gave me new perspectives and enthusiasm for groundwater in urban 
environments. I also want to thank Professor Roger Thunvik for taking 
time to guide me into the amazing world of COMSOL and for interest-
ing yourself in this project. 

I would like to thank my friends and family for cheering me up when 
things were tough and for pushing me even further when they were 
looking up. Without all you true sources of inspiration neither I, nor this 
thesis would be where we are! 

Finally, but not least I want dedicate a thank you to my fellow students 
for these five years, knowing that this is only the beginning of a lifetime 
of learning!  



Iris Engström   TRITA LWR Degree Project 13:25

 

viii 

 

  



Steady-state hydrogeological modelling in order to investigate groundwater sensitivity 

 

ix 

 

TABLE OF CONTENTS 

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

1.1. Aims and objectives 2 

1.2. Challenges 3 
2. Theoretical background 3 

2.1. Groundwater influencing factors in urban environments 3 

2.2. Groundwater budget and recharge 4 

2.3. Elements of numerical hydrogeological modelling 5 
 Conceptual model 5 2.3.1.

 Boundary conditions 5 2.3.2.

 Model parameters 6 2.3.3.

 Model calibration 6 2.3.4.

2.4. Two dimensional subsurface flow 7 

2.5. Uncertainties coupled to hydrogeological modelling 7 
3. Methods 8 

3.1. Scope of the study 8 

3.2. Assumptions 9 

3.3. Materials and methodology 9 
 Data collection 9 3.3.1.

 Data processing 10 3.3.2.

 Numerical model and modelling interface 12 3.3.3.

 Model calibration 12 3.3.4.

 Model verification and validation 13 3.3.5.

3.4. Case study – Täby galopp 13 
 Scope of the case study 13 3.4.1.

 Delineation of the studied area 14 3.4.2.

 Present land use and future development plans 15 3.4.3.

 Scenario characteristics 15 3.4.4.

4. Results 16 

4.1. Conceptual model 16 
 Geological and topographical settings 17 4.1.1.

 Hydrological and hydrogeological settings 18 4.1.2.

 Subdomain characteristics 20 4.1.3.

 Hydraulic boundaries 22 4.1.4.

4.2. Evaluation of groundwater observation pipe functionality 23 

4.3. Model – Scenario 2012 24 

4.4. Model – Scenario 2030 25 
 Status quo – 2.8% hard surfaces 25 4.4.1.

 Light development – 30% hard surfaces 25 4.4.2.

 Planned development – 66% hard surfaces 25 4.4.3.

 Heavy development –90% hard surfaces 26 4.4.4.

4.5. Evaluation of measures to preserve present groundwater levels 26 
 Measure 1 – Infiltrating water using LOD 27 4.5.1.

 Measure 2 – Point source infiltration 27 4.5.2.

 Measure 3 – Function of an equalizing pond and using buildings as a damming 28 4.5.3.



Iris Engström   TRITA LWR Degree Project 13:25

 

x 

 

4.6. Sensitivity analysis 29 
5. Discussion and conclusions 30 

5.1. Discussion of model interface and method 30 

5.2. Discussion of results 30 

5.3. Discussion of uncertainties 31 

5.4. Data availability requirements 32 

5.5. Suggestions for further studies 32 
References 33 
Other references 34 

 

  



Steady-state hydrogeological modelling in order to investigate groundwater sensitivity 

 

1 

 

ABSTRACT 

Growing regions and tighter zoning in urban areas are pushing the hydrological bal-
ances to establish new equilibriums which are causing a stress on the groundwater. 
Urbanization can affect the groundwater in several ways in which both raising and 
lowering of groundwater tables are a possibility. Both ways, sudden changes may bring 
on socioeconomic costs for the unprepared. Hydrogeological modelling creates the 
possibilities to visualise processes that cannot be seen with the naked eye. By combin-
ing knowledge about the studied area from tests and measurements a conceptual 
model and additionally a numerical model can be created. To study the magnitude 
groundwater sensitivity to changes in land-cover a hydrogeological model was created 
using COMSOL multiphysics within the frame of a case study concerning a horse 
racetrack located in Täby, north of Stockholm. The model was calibrated against 
known data and was the applied on a future scenario where both the land-use and 
climate were changed. The outcome of the model showed that hydrogeological mod-
elling is sensitive to the amount and quality of the in-data. Several insecurities in the 
results can be traced back to a lack of base material and by changing one parameter 
the result of other calibrated parameters would also change. Equifinality could thus be 
established to be a major issue when performing groundwater modelling. Further 
studies of relevant data requirements for different model objectives are required. 

Key words: Hydrogeological modelling, COMSOL Multiphysics, hardened sur-
faces, groundwater, conceptual model 

1. INTRODUCTION 

Urbanisation is not a new phenomenon, and with a growing population 
worldwide along with the development of today’s society people find 
their way from rural areas to the city regions. The extent of impacts this 
may have on the natural environment is continuously updated and can 
locally differ depending of the local conditions. The urban expansion 
shows a trend with a densification of the city structure where green areas 
often has to give place to satisfy new demands on residential and busi-
ness districts (Ljungberg et al., 2012). The urban sprawl comes with a 
weight-off between the positive social effects of a centred society and 
the environment. This is as a result of a gradually further stressed urban 
environment where small surfaces are becoming heavily exploited. Im-
pervious surfaces now makes up about 0,43% of the land worldwide, and 
in some European countries this percentage reaches above 10%. Future-
looking studies imply that this development will not change (Haase, 
2009). Sweden is no exception to this global trend and the urbanization 
rate here is at present the highest in all of Europe. The trend indicates a 
denser city with an enlargement of the city regions and an increase of re-
gional city centres. At the same time as the demands on an attractive liv-
ing environment where sustainable and green solutions are permeating 
planning processes, these solutions has to fit in with the higher rate of 
exploitation (Ljungberg et al., 2012). The conversion of natural areas 
with the benefit for urban constructions leads to a change in surface 
coverage and brings on changes in the local climate (Oke, 1987) along 
with deterioration of the soil conditions (Haase, 2009). Cities are known 
having an increased temperature, creating heat islands that have an ener-
gy balance that is deviating from systems existing in nature. The reason 
for this are said to be changed land cover, air pollution and energy con-
sumption (Oke, 1987; Bultot et al., 1990). Several studies have focused 
on how urban land consumption can impact on the local ecosystems 
finding several biological and ecological effects of which a few also have 
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provided empirical evidence of the extent of these impacts (Haase, 
2009). 

Groundwater is an essential component in the urban hydrological cycle, 
forming an action-reaction relation with the constructed surfaces where 
changes in land cover and land use can cause alterations in the local wa-
ter balance (Bultot et al., 1990; Barron et al., 2013). Declining groundwa-
ter levels due to either anthropogenic effects or natural causes can lead 
to subsidence of land resulting in damages on buildings and under-
ground structures, whereas the opposite scenario of increased groundwa-
ter levels might lead to the flooding of basements and other low lying ar-
eas (Göbel et al., 2004; Schirmer et al., 2013). Insufficient groundwater 
control might thereby lead to high socio-economic costs due to the de-
struction of common property such as roads and paths. Even though 
measures for mitigation may be expensive, prevention can for this reason 
in many cases be a less costly alternative than restoration. By taking the 
groundwater into consideration early in the planning process measures 
can be integrated during the construction phase with the following socio-
economic benefits (Van De Ven and Rijsberman, 1999). Historically little 
effort has been put to investigate the impacts of urbanization on the 
groundwater in spite of the positive effects this would have. The case is 
the same for the effects that urbanisation have on the water balance and 
evapotranspiration in particular (Barron et al., 2013; Van De Ven and 
Rijsberman, 1999). 

The impacts mentioned above would conclude that the groundwater can 
have a substantial effect on the urban environment (Van De Ven and 
Rijsberman, 1999). However, determining groundwater responses to ur-
banisation may be intricate because of the difficult assessment of hetero-
genic soil conditions as well as the unpredictability of underground 
movements of water. Impacts and responses also differ depend on the 
type of climate and the characteristics of the studied catchment (Bultot et 
al., 1990). Numerical modelling provides a tool to visualize and analyse 
present and future groundwater responses. Modelling is becoming an in-
creasingly used tool for water resources management and is increasingly 
requested as a standard for infrastructure projects and other projects that 
may interfere with the groundwater levels. One example is Denmark, 
where groundwater modelling has been used in the construction of the 
new subway line Cityringen in Copenhagen. In Sweden however, the use 
of groundwater modelling is still uncommon and the implementation of 
groundwater models has yet to be established on the market. 

Several numerical groundwater models are presently available; some ex-
amples are the MODFLOW, MIKE-SHE and FEEFLOW models. 
These models are built upon the gathering of data and the assembly of 
information, first within a conceptual model that is then translated into a 
numerical model. For this project the software COMSOL Multiphysics 
4.3a has been used. This may not be the conventional program for 
groundwater modelling, but is an effective software for groundwater 
simulations through the “porous media and subsurface flow”-module. 

1.1. Aims and objectives 
The aim of this report is to study groundwater sensitivity in confined aq-
uifers due to urbanisation. To achieve this information will be gathered 
through literature and numerical modelling within the boundaries of a 
case study in the Stockholm region. Primarily the work includes collect-
ing and assimilating data in a case study where a limited amount of data 
is available. Secondly gathered data will be used to set up a numerical 
model using COMSOL Multiphysics 4.3a. Finally the model will be 
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simulated over the specified area for different cases of exploitation. This 
will provide an understanding on how numerical modelling can be used 
to predict groundwater responses due to changes in landcover and cli-
mate. Due to the limited amount of data available at the course of the 
project the data requirement for setting up a functional model can be 
evaluated. In short the aims of the report are to: 

a. Set up a hydrogeological model over a distinct area with the available 
data. 

b. Using this model and evaluate how groundwater conditions in this 
area will be affected by changed land use and climate change. 

c. Suggest and analyse possible measures to preserve the future 
groundwater levels in harmony with the levels of today. 

d. Investigate the data requirements to set up a hydrogeological model 
and evaluate reliability in the obtained results. 

1.2. Challenges 
Any numerical model is coupled with insecurity and will never be able to 
mimic the complexity of nature, but will give an indication of the natural 
process. As a compliment this thesis will give guidance to the insecurities 
of the model continuously. Complementary studies will be suggested as 
to give means for creating an even more developed model. Because of 
the early stage of exploitation at the time of writing this report a chal-
lenge of the project is related to the data availability. This creates the 
possibility of investigating what a sufficient amount of data is.  

2. THEORETICAL BACKGROUND 

2.1. Groundwater influencing factors in urban environments 
Hydrogeological properties and processes follows an irregular pattern, 
rendering the knowledge of the local and regional hydrological cycle as 
well as the knowledge of the physics driving these processes necessary 
information during hydrogeological modelling. The urban hydrological 
cycle differs from the natural one in the sense that both land-cover and 
subsurface conditions have been altered from their natural state. 

Several factors may influence the magnitude of the groundwater re-
sponse and urbanisation may because of the sometimes extreme inter-
ventions be a source of major disturbances. Groundwater equilibrium is 
developed over long time periods, and a change in the land-cover over a 
short period of time may cause this equilibrium to shift. The shift in 
equilibrium is also a time-consuming process and time should thereby 
always be a factor in urban planning with regard to  From a hydrogeo-
logical viewpoint the changes of temperature and water budget are the 
two most aspects caused by urbanization as many environmental pro-
cesses depend on them (Kondoh and Nishiyama, 2000). However, with 
regard to the groundwater surface infiltration and precipitation are the 
two most influencing factors. Geological and hydrogeological settings 
along with stormwater management practices are equally important for 
groundwater systems in urban environments (Barron et al., 2013). This 
highlights the importance of the setup of a water budget to ensure that 
groundwater levels are kept stable during modelling, as this is character-
ized by a balance between stormwater management, evaporation, surface 
runoff and groundwater recharge (Göbel et al., 2004). The runoff from 
hard surfaces will be increasingly irregular than for a corresponding non-
urbanized area and have a more instantaneous runoff response, with 
flow patterns of higher high and lower low flows (Hiscock, 2005; Bultot 



Iris Engström   TRITA LWR Degree Project 13:25

 

4 

 

et al., 1990). Studies have shown that lower amount of impervious sur-
faces in built-up areas will decrease the instantaneous runoff as the un-
built areas provides space where excel precipitation can percolate and in-
filtrate (Göbel et al., 2004; Haase, 2009). 

The above mentioned factors would mean that urbanization and the 
construction of hard surfaces as a result would deplete the groundwater. 
An increase of the water table becomes evident when the evapotranspi-
ration decreases, which is an effect of an increased percentage of hard 
surfaces (Bultot et al., 1990). A lowered percentage of vegetation that 
may contribute to the transpiration will result in a lower amount of water 
escaping the system (Barron et al., 2013) along with it already contrib-
uting to an increased direct runoff (Haase, 2009). An increased propor-
tion of hard surfaces will reduce the evapotranspiration as vegetated land 
cover is modified and hardened. This will render an increase in direct 
surface runoff but also consequently lead to a potential increase of the 
groundwater recharge since more water is available for infiltration (Bar-
ron et al., 2013; Bultot et al., 1990; Schirmer et al., 2013). Leakages from 
water mains transporting potable-, sewage- and storm water constructed 
in connection to urbanization constantly supply to the water levels. This 
will also contribute to both intentional and unintentional artificial re-
charge and a raise of the groundwater table (Schirmer et al., 2013; Van 
De Ven and Rijsberman, 1999). Consequently groundwater recharge and 
land use are closely related, where the degree of impact depend not only 
on the degree of hard surfaces, but also how the area is planned and de-
signed with respect to stormwater. A scheme of this is presented in fig-
ure 1.  

2.2. Groundwater budget and recharge 
Groundwater budget is the net flux of water through the system and de-
termines what amount of water that is allowed to flow in and leave the 
system in a modelling process. The resulting masses of water that are 
percolation to the groundwater in the system are contributing to the 
groundwater recharge. Groundwater recharge can be either positive and 
contribute to the recharge, or negative and cause a groundwater deple-
tion depending on the soil moisture deficit (SMD) (Hiscock, 2005).The 
main processes coupled to groundwater recharge are natural (precipita-
tion, evapotranspiration, runoff) and artificial caused by human interfer-
ence (drainage, leakage). Recharge can be either direct (through precipita-
tion and infiltration) or indirect (through in leakage from surrounding 
higher topography (Knutsson and Morfeldt, 2002). 

Fig. 1 Relation between the degree of sealed surfaces, water budget (including evap-
otranspiration, direct runoff and groundwater recharge) and groundwater table. Left: 
Natural conditions. Centre: Sealing of soil. Right: Soil sealing with infiltration 
(Göbel et al., 2004). 
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2.3. Elements of numerical hydrogeological modelling 
Numerical models belong to the deterministic approaches to groundwa-
ter analyses and are based on the sometimes simplified relationship be-
tween humans and nature. The modelling process is open ended and it-
erative, where several steps of the modelling procedure are revisited over 
time. It can be divided into three phases: 1) the creation of a conceptual 
model, 2) establishment and modelling of historical data, and 3) future 
prognostication and prediction (Hulme et al., 2002). This report will fol-
low through these steps. 

 Conceptual model 2.3.1.

The conceptual model is a compilation of the known information about 
the modelled area that is established before starting to construct the nu-
merical model. Establishing the conceptual model is one of the most im-
portant parts prior to the set-up of the numerical model (Kresic, 
1997).When developing the model there are two entities of information 
that has to be distinguished; namely the geological model and the hydrogeologi-
cal model. The geological model works “backwards” to describing the res-
ervoir while the hydrogeological model works in a “forward” manner 
building an understanding of the flow pattern. The conceptual model works 
as the link between these two models tying them together, a pictorial 
model enabling to assimilate known facts and data into one place (Rive-
ra, No date). It is important to note is that the conceptual model solely 
provides a simplification of the reality. As the real geological environ-
ment is strongly heterogonous and isotropic a model however good will 
never give an entirely perfect simulation of the real-world conditions. 
The creation process of the conceptual model is iterative and it will be al-
tered and complemented during the phase of gathering new information 
and data. Validation of the conceptual model is done by constantly test-
ing and updating it as new information becomes available. Through con-
tinuous testing of the conceptual model confidence that the model re-
flects real system properties can be established (Hulme et al., 2002). 

The main purpose of setting up a conceptual model is for it to work as 
the foundation on which the numerical model is created. Also the nu-
merical model will then be calibrated and developed iteratively. Many er-
rors in the final mathematical model can often be traced back to the 
conceptual model and thereby the creation of the conceptual model has 
to be seen as a part of the numerical modelling (McMahon et al., 2001). 
In the United States it was shown that after studying post-project evalua-
tions of mathematical groundwater models the most common case of er-
ror was due to an incorrect conceptual model (Hulme et al., 2002). 

 Boundary conditions 2.3.2.

Hydrological boundaries are an important entity of the numerical model. 
They are telling how the delineated area interacts with its surroundings 
beyond its precincts. There are two types of external boundaries, physical 
and hydraulic whereas the physical boundaries refer to geological fea-
tures that influence the pattern of the groundwater flow. Hydrologic 
boundaries on the other hand refer to “artificial” boundaries that are de-
rived from the groundwater flow pattern. These boundaries are not as 
robust as the physical ones as they can change over time and are there-
fore more difficult to handle (Kresic, 1997). There are three main 
boundary conditions that can be used, each as a part of the partial differ-
ential equation for which the model has to be solved. The three main 
types of boundary conditions are, as defined by Reilly (2001): 
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Type 1 – Specified head (Dirichlet Condition): 

                       (1) 

Type 2 – Specified flow (Neumann Condition): 

             

  
           (2) 

Type 3 – Head-Dependent flow (Cauchy Condition): 

             

  
              (3) 

The system boundaries describe the extent of the studied area and are 
essential for the model function as they will govern the in- and outflow 
to the modelled area. The boundaries doesn’t necessarily have to be 
placed adjacent to the studied area, but can with preference be placed 
further out as to make sure that stable conditions will reside within the 
area of interest (Reilly, 2001). 

 Model parameters 2.3.3.

The model parameters are the parameters that will be affected and/or 
calibrated during modelling. A “parameter” could also be identified as 
values that are characterizing the model input (Hill, 1998). Below follows 
an explanation of the parameters used and the description of their func-
tion for the model. 

Hydraulic conductivity, K [m/s] 

The hydraulic conductivity is the most important parameter as it is the prop-
erty that will have the overall highest influence on how the water is mov-
ing in the soil. When modelling the hydraulic conductivity it should be 
considered the most critical and sensitive parameter. Any attempt to 
change it should be motivated or executed when calibration of other 
possibilities such as boundaries and stresses is done (Kresic, 1997). Data 
on hydraulic conductivity can be obtained through pumping tests. 

Hydraulic head, H [m] 

The hydraulic heads are a measure of the potential groundwater surface 
in a confined aquifer. The hydraulic heads are measured in groundwater 
observation pipes. 

In- and outflow, Qin and Qout [m/s] 

In- and outflows affect the area through infiltration. The recharge of the 
aquifer is to a large extent dependent on flows of water to and from the 
subdomains through the outher boundaries och the studied area. 

Mass source, [kg/m*s] 

The mass source is a component which determines the incoming masses 
to the considered domain. Mass source is in this document considered to 
be the net flux of water reaching the groundwater and is equated to the 
groundwater recharge excluding the in- and outflow. 

 Model calibration 2.3.4.

During modelling the interdependence between the changed parameters 
becomes evident. When performing model calibration, the understand-
ing of the model sensitivity becomes of crucial importance in order to 
know how to change parameters in a constructive way to reach the de-
sired result. Model calibration is the phase of the modelling when the 
modelled values are fitted to the observations. Every calibration-set 
should have a defined target for the tolerance accepted. This tolerance 
varies with the purpose of the model. If the objective is to create an 
overall flow system of a regional aquifer the tolerance might be higher, 
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while sensitive models coupled for example to contaminant transporta-
tion might require very accurate results (Kresic, 1997). 

The calibration process is coupled to a lot of trial and error while fitting 
the model. There are several names for this approach of which the most 
common ones are inverse modelling or parameter estimation. Inverse model-
ling is used to find the properties of the studied geological bodies based 
on prior investigations on natural geological phenomena (Gorokhovski, 
2012). The modelling can sometimes be linear, but as often in nature a 
model usually requires several parameters to be fit to achieve the re-
quired tolerance (Hill, 1998). This means that with increasing number of 
model parameters the better the model can include separate processes. 
But with more model parameters the increasing is also the complexity of 
the model, thus keeping the calibrated parameters at a minimum will 
make the effort lesser. A greater number of model parameters will con-
sequently not guarantee a better model. 

2.4. Two dimensional subsurface flow 
There are two methods to modelling subsurface flow that are conceptu-
ally different, the two- and three dimensional approaches (Kresic, 1997). 
The 3D method is a cross-sectional approach to the problem, and in-
cludes the construction of a 3D environment in which each stratigraphic 
layer is represented and given their respective properties. The second 
approach is the 2D method which uses a map view approach that studies 
the development of streamlines and flow net over a two dimensional ar-
ea. Conceptually the two dimensional area is divided into several subdo-
mains where each domain is given their respective characteristics. The 2d 
approach is conceptually presented in figure 2. 

For the two dimensional approach the total flow rate of the aquifer, Q 
[m3/s], is calculated as follows: 

        (4) 

Where: 

       (5) 

    
       

  
   

  

  
 (6) 

       (7) 

Combining equations (5), (6) and (7) gives: 

        
  

  
 (8) 

Where Δq is the unit flow per flow net segment [m3/s], b is the aquifer 
thickness [m], v is the flow velocity [m/s], A is the flow area [m2], K is 
the hydraulic conductivity [m/s], Δh/ΔL is the hydraulic gradient [-] and 
ΔW is the spacing between two bounding streamlines [m]. The total flow 
rate, Q, of the aquifer is received by summing the separate flow seg-
ments (ΔQ1, ΔQ2, …, ΔQN). 

2.5. Uncertainties coupled to hydrogeological modelling 
Studying the presence and nature of the hydrogeological conditions can 
be an intricate and complex task coupled with many uncertainties 
(Gorokhovski, 2012). Due to its underground location beyond the reach 
of the human eye it is difficult to study from the soil surface. No meas-
urement can give a complete and continuous picture of the underground 
conditions and thereby studies have to be based on field experiments 
and samples. Since underground conditions are highly heterogeneous 
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and isotropic in their nature they are coupled with a great span of errors 
and incertitude regarding the outcome of any modelled results. Examples 
of methods that can be used for studying the geological and hydrological 
properties of the soil are pumping tests where a physical well is installed 
or non-intrusive geophysical methods where the sub-soil are investigated 
from the surface (Hiscock, 2005). These methods, if performed right and 
with a good accuracy, might provide good results. But the fact still re-
mains that no matter how many measurements that are made there will 
always be a lack of information to give a complete and continuous pic-
ture of the area of study (Gorokhovski, 2012) unless the results are in-
terpolated and put in a hydrogeological model. However there will al-
ways be uncertainty coupled to even the well-based numerical model. In 
Gorokhovski (2012) it is stated that “groundwater models cannot be val-
idated but only invalidated” meaning that the reliability of the model on-
ly can be confirmed by comparing it to the reality after an occurred 
event. 

In this report model calibration is to fit the modelled values with ob-
served values to a limit where the difference between modelled and ob-
served values is within set boundaries. There is however a problem to 
this method regarding approaching the difference between the observa-
tions on one hand, and the infinite number of values generated by the 
model on the other. This means that the model will only be calibrated 
against measured values at a discrete number of locations that will have 
to represent the rest of the domain (Hill, 1998). 

3. METHODS  

3.1. Scope of the study 
The study is built upon a combination of methods with the aim of find-
ing a quantitative approach to groundwater modelling where a limited 
amount of data is available. Additionally the study aims to investigate 
whether this data is sufficient by applying the model to a real world case. 
To facilitate the project and the study as a whole the model is based on a 
case study concerning the Täby galopp racetrack area just north of 

Fig. 2 The concept of the map approach including the theory of 
dividing the area into flow segemnts which then are summed to 
obtain the flow (Kresic, 1997). 
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Stockholm, from which the studied data has been assembled and later al-
so applied during modelling. All the data and analyses are based on and 
applied to the case study in Täby Galopp. 

3.2. Assumptions 
Modelling can never perfectly imitate the processes of nature. There’s 
always a lack of data to create an exact replica of the studied area with 
respect to physical properties. This is further dependant on the data 
availability. Several assumptions regarding these characteristics of the 
studied area have been drawn to make calculations and set up of the 
physical model possible. Following assumptions have been taken at the 
start of the process: 

 There geological model consist of three layers 

 The depth of the aquifer is uniform over the subdomains 

 The extension of hard surfaces is uniform over the sundomains 

3.3. Materials and methodology 

 Data collection 3.3.1.

Several modes of data collections have been appraised for the project 
originating from both in- situ investigations and literature studies. Below 
is a description of how the information has been gathered and handled 
to be ready for use in further analyses. 

Geology and groundwater conditions 

Geological source material comes from in situ investigations including 
geotechnical sampling methods; CPT probing, flask sampling, weight 
probing, auger sampling kind probing and lab-analysis of taken samples. 
For more information on these respective sampling methods I refer to 
the publication “Geotekniska undersökningar i fält” (in Swedish), by the 
Swedish Geotechnical Institute (Bergendahl, 1984). Data from the ge-
otechnical investigations has been interpreted to find the locations and 
thickness of the major geological deposits. Sample analyses of the clay 
have been made to establish its cohesiveness and sensitivity. This data 
has been analysed and used as a base for the geological model presented 
below. 

Groundwater conditions in form of pressure levels have been collected 
from measuring in 11 groundwater pipes placed in the area of study of 
which 9 are used for map generation. Groundwater levels have been col-
lected by monthly monitoring of groundwater pipes over the period of 
one year with start in October 2011. The data has been assimilated in 
one geological and one hydrogeological model that in their turn have 
been assembled into a conceptual model that makes out the base for the 
numerical model. 

Spatial data 

Topographical data was received from the Swedish Agricultural Universi-
ty (SLU) webpage (November 2012). Maps over Täby Galopp have been 
obtained from the Täby Galopp archives, satellite images have been re-
ceived from Google Earth. Source material consisting of digital drawings 
and earlier material has also been obtained from ÅF Infrastructure, in-
cluding the location and results from geotechnical measurements and 
measurements from groundwater observation pipes. 

Climate data 

Climatological data has been obtained from the Swedish Meteorological 
and Hydrological Institute (SMHI). Precipitation used is based on the 



Iris Engström   TRITA LWR Degree Project 13:25

 

10 

 

measurement series from 2012 also received from SMHI corresponding 
to the year of measurements in the groundwater observation pipes. Po-
tential evapotranspiration has been generated using the Rossby Centre 
climate calculations available on the SMHI webpage (www.smhi.se) cor-
responding to the A1B scenario. 

Litterature study 

Litterature values have been helpful in the case where no on-site investi-
gations have been performed. Assumptions based on the ranges of given 
values for porosity and input values for hydraulic conductivity for differ-
ent soil types (Knutsson and Morfeldt, 2002) have been used as a base 
for the parameters in the model. The hydraulic conductivity obtained in 
the final result is however a result of model calibration. 

Other modelling parameters 

Apart from the above presented data, some parameters have been estab-
lished through different processes presented in Table 1. 

 Data processing 3.3.2.

Data processing is performed based on the data gathered in the data col-
lection phase. This section deals with the further methods for compiling 
and analysing this gathered data and includes both existing methodolo-
gies for watershed delineation and groundwater time series analysis as 
well as, especially for this study, created models. 

Watershed and subdomain delineation 

This section aims at creating a representative selection of subdomains 
which reflects the overall physics of the modelled domain. Watersheds 
where found using the Arc Hydro tools within ArcGIS. The watersheds 
generated are used as the domain for the study and has to be big enough 
to cover the area of interest. GIS has been proven to be an effective tool 
when studying groundwater responses to urbanisation and has been used 
in several studies (Haase, 2009; Kondoh and Nishiyama, 2000) 

The subdomain delineation is a part of the calibration process. To create 
the first set of subdomains used as the input for the calibration primary 
subdomain delineation was performed based on data from geotechnical 
investigations and long-term measurements in groundwater control 
pipes. Furthermore, a principal component analysis (PCA) was conduct-
ed over measurements of groundwater pipes to find any spatial depend-
ence and independence between them based on seasonal fluctuations. 
The results from presented analyses where combined in order to deline-
ate the subdomains used in the model. 

Groundwater flow net distribution 

The source material in this context is the material on which the concep-
tual model is built upon. This includes the geological and hydrological 
maps that have been generated from the in-situ gathered material. The 
maps have been created using kriging using SURFER 8 (Golden soft-
ware's). Contour maps are of great help when studying the groundwater 

Table 1 Parameters and how their values have been obtained 
Parameter Source 

Hydraulic conductivity The hydraulic conductivity will be established during model 
calibration 

Aquifer thickness Mean observed depth by geotechnical measurements over the 
considered subdomain + 10%, based on results from the 
geological model. 

Porosity Literature values have been obtained based on Knutsson and 
Morfeldt (2002) 

http://www.smhi.se/
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movements and several maps can be combined to obtain information 
about water movement, hydraulic conductivity and transmissivity 
(Kresic, 1997). 

Groundwater recharge calculations 

A model for calculating the groundwater recharge has been created in 
Excel and is built up according to figure 3. The results has then been ex-
ported as input for the numerical model. Runoff, drainage and actual 
evapotranspiration are dependent of the imperviousness and the land 
cover of the land use. The land use and the associated percentage of hard 
surfaces are used as the base for selecting adequate coefficients and con-
version factors. 

The surface runoff coefficients are based on the runoff coefficients pre-
sented by Viessmann and Lewis (2002) and are calculated using the ra-
tional method (Viessmann and Lewis, 2002). Drainage depends on the 
percentage of land surface drained for different land uses. Actual evapo-
transpiration has been calculated based on potential evapotranspiration 
over the actual month, the relation between PET and AET in Sweden 
found by Wallén (1966) and the connection between evapotranspiration 
and land use presented by Haase (2009). Both the surface runoff and the 
drainage are prodicts of the difference between the precipitation and the 
actual evapotranspiration. 

To find a value for the actual evapotranspiration (AET) a conversion 
factor of 0,7 is used based the relationship presented in a study by Wal-
lén (1966) investigating the Swedish radiation balance. The value repre-
sents the studied relationship between PET and AET in the Stockholm 
region for the climatological period between 1931 and 1960. For a 
month when the evapotranspiration excels the precipitation the resulting 
mass balance is set to 0, meaning that there will be no incoming masses 

Fig. 3 The created model used for calculating the groundwater recharge. Dotted 
lines represent actions related to evapotranspiration. The other lines are actions 
directly related to precipitation. 
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contributing to the groundwater recharge over this month. Neither will 
any inflow be occurring. 

 Numerical model and modelling interface 3.3.3.

A numerical model for modelling steady state-conditions has been set up 
using the modelling software COMSOL Multiphysics, using the porous 
media and subsurface flow module and the Darcy flow simulations. 
COMSOL Multiphysics is based on the Finite Element Method (FEM) 
presented in figure 4 in which a mesh is created on a continuous surface. 
The FEM gives the possibilities to create a mesh of irregular sizes 
providing an environment suitable for modelling of heterogeneous do-
mains. As a FEM forms more complicated systems to model the mod-
elled area should be of a limited size (Knutsson and Morfeldt, 2002). The 
scenarios modelled are based on a case study and are considering present 
conditions at the site as well as the presumptive conditions that will re-
side at the site 2030 after finished exploitation. The considered study ar-
ea is both heterogeneous in its nature as well as naturally defined within a 
limited area making the FEM applicable.  

This study has appraised the 2D interface due to its applicability for 
smaller domains and its support for the AutoCAD DXF.-format. The 
difference between the 3D and 2D interfaces are, in addition to the ob-
vious differences in presentation, the need for delineation of sub domain 
within the 2D interface. The subdomains compensate for the spatial var-
iations within the studied domain and contain information about the dif-
ferent hydraulic properties residing within their borders. 

To estimate model parameters a deterministic model using inverse mod-
elling is used. This method is known for its wide utility, but also a great 
many uncertainties such as the risks for over complexity in the models 
and the discrete approach to the modelling problem. However, these un-
certainties are made up by the possibilities of diagnostics and detection 
of issues that are difficult to notice during non-automated calibration 
(Hill, 1998). COMSOL has several possibilities for generating effective 
calibration processes within the models with regard to inverse modelling 
including parametric sweeps and an optimization module. A screenshot 
of the COMSOL 4.3a interface is presented in figure 5. 

 Model calibration 3.3.4.

The model is based on results from calibration over October 2012. Oc-
tober has been selected based on studies of the climate data and suitabil-
ity with respect to that the soils are susceptible for infiltration over this 
month. This is for example not the case over the winter months when 

Fig. 4 A conceptual 
sketch of the element 
set-up within the 
finite element meth-
od. The triangular 
shaped elements are 
making it easier to fit 
the mesh to the 
domains; they also 
provide the possibil-
ity of creating a finer 
grid in areas of par-
ticular interest 
(McMahon, 2001). 
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soils are frozen which prohibiting the water to percolate. The inflow pa-
rameters for this month are set as exact as possible to find right values 
for the static parameters of hydraulic head boundaries and hydraulic 
conductivity that will be used for calibrating the next months. Following, 
parameters of hydraulic conductivity and hydraulic boundaries were cal-
culated using inverse modelling. 

The objective of the calibration was to reduce the difference between 
observed and modelled values. The selected tolerance of the deviation 
for October was ±40 cm. When calibrating against the other months it 
was accepted that not all groundwater observationpipes fell within this 
limit, but where instead excluded from further analyses. 

 Model verification and validation 3.3.5.

The model will be verified by running the calibrated model for other in-
put data. As the model is run for all months using different time series 
input data the model can be verified if it gives different results for differ-
ent monthly inputs. Validation of the model will be established by com-
paring the modelled values with observed values in order to see if the 
deviation is within set limits.  

3.4. Case study – Täby galopp 

 Scope of the case study 3.4.1.

Täby galopp is located in Täby north of Stockholm as presented in igure 
6. The Stockholm region is one of the swiftest expanding regions in 
Sweden with an assumed growth rate corresponding to the size of one 
Gothenburg in year 2030 at the time of the finalization of the planned 
development. Earlier city development in the region has led to the loca-
tion of residential areas in the outskirts of the city while office-buildings, 
cultural activities and shopping have been located to the centre. This re-
sults in a social separation of the two types of land-uses and increased 

Fig. 5 A screenshot over the COMSOL 4.3a interface and the mesh generated in the 
FEM structure. 
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commuter travel times. An increased migration to Stockholm and adja-
cent municipalities’ causes the region to swiftly expand further which 
contribute to the risk for segregation. A mitigation effort to control the 
expansion of the region is required. The objective is to create regional 
city centres where the culture and professional life follows and becomes 
integrated in the new city structure in the Stockholm rand municipalities 
(Stockholms läns landsting, 2011). This strategy is now a part of the re-
gional development plan for the Stockholm region (RUFS) accepted in 
2010. The overall aim of the development is to decrease the dependence 
of cars when people can live closer to where they work (Stockholms läns 
landsting, 2010). Täby municipality is one of these focus regions for de-
velopment. The centre is already under construction and development of 
several neighbouring areas to increase the number of office and apart-
ment buildings and waiting for political ratification during spring 2013. 
Täby galopp has a good potential for development due to its central lo-
cation next to Täby centre and the large area of un-developed land that 
will become available when the racetrack moves to a new location 
(Stockholms läns landsting, 2011). 

 Delineation of the studied area 3.4.2.

The area is delineated by the commuter railway Roslagsbanan in the 
North, E18 in the South, Bergtorpsvägen in the East and the residential 
area Grindtorp in the West. There’s a natural waterdivide going through 
the centre of the domain that is topographically separating Täby galopp 
property into two watersheds. The, for this project selected area of study, 
comprises of the racetrack area to the west of the established central wa-
ter divide presented in figure 7. 

Fig. 6 Picture of the location of Täby Galopp in relation to Stockholm. 
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 Present land use and future development plans 3.4.3.

Täby Galopp is presently used as a horse racetrack where several horse 
races are held every year. As the activities are to be relocated to another 
location in 2015 the land is opening up for development. It has been 
bought up by JM AB and Skanska Nya Hem AB to be exploited with 
construction of both office and residential buildings to meet the new 
demands in the Stockholm region. A final structure plan was ratified by 
Täby city council the 25th of March 2013 and is the plan will be in prac-
tice for the further development. The presented structure plan, devel-
oped by Rosenberg's arkiteter AB and ÅWL Arkitekter AB, presented in 
figure 8, will be used as a base for the year 2030 scenario. 

 Scenario characteristics 3.4.4.

The scenarios created are based on establishing the impact different 
land-cover has on the groundwater in the studied area for 2012 (refer-
ence scenario) and 2030 (finished development). Table 2 presents the 
basic land-cover data for the different types of land-use used in the 
model scenarios, and visualises how properties of the area can change 
depending on the type of surface. The runoff coefficient is used for run-
off calculations, imperviousness determines the effect on evapotranspira-

Table 2 Basic land-cover data 

Land-use type Runoff coefficient
4 

Degree of impervious-
ness, %

5 
Percentage of land 
drained, %

6
 

Natural area
1 

0 20 0 

Park 20 20 20 

Road
2 

20 100 20 

Houses
3
 25 100 25 

1
 “Lawns, sandy soils, 7%” for acquiring a value of runoff coefficient (Viessmann and Lewis, 2002) 

2 
“Streets, Asphalt” for acquiring a value of runoff coefficient (Viessmann and Lewis, 2002) 

3
 “Roofs” for acquiring a value of runoff coefficient (Viessmann and Lewis, 2002) 

4 
After Viessmann and Lewis (2002) 

5
 After Haase (2009) 

Fig. 7 The study area (marked in red) in relation to Täby centre 
and the adjacent resudential area Grindtorp. The location of a 
topigraphical water divide is marked along the Eastern border 
and the commuter railway Roslagsbanan and the highway E18 by 
the two yellow lines. 
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tion and percentage of land drained is used to calculate the total drainage 
from a specific land parcel or subdomain. 

The 2012 scenario 

This scenario of 2012 was established and by comparing the results of 
the subdomain characteristics against observed values calibrated values 
were found to be used for the 2030 scenario. The scenario represents the 
residing conditions at the time of modelling and can therefore be seen as 
a reference scenario for further modelling. As a reference are actual 
measured values of groundwater observation used as well as known pre-
cipitation. 

The 2030 scenario 

The predicted scenario is based on the result of the construction project 
when construction is finished in 2030. It takes into consideration the 
change of land use through change in runoff and drainage and climato-
logical parameters through changed precipitation and evapotranspiration. 
Four scenarios of different percentages of land cover are created to dis-
cern how the groundwater is impacted by changes in land-use. It is im-
portant to take into consideration when evaluating the results that the 
2030 scenario is a result of several different models with different levels 
of uncertainties. 

4. RESULTS  

4.1. Conceptual model 
This part includes the finished conceptual model including the division 
of subdomains, hydraulic boundaries and the physical characteristics that 
will be of importance for the hydrological pattern and movements. This 
section will present the final result of the geological and a hydrogeologi-
cal models and how they have been combined to make up the conceptu-
al model. The setup of the conceptual model has been an iterative pro-
cess ending up with the result presented below. What is presented is the 
final conceptual model generated that is used as a base for the numerical 
model. 

Fig. 8 Planned development and zoning of Täby Galopp after exploitation, 2030 
(Täby kommun, 2012) 
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 Geological and topographical settings 4.1.1.

According to “Geologiska kartbladet” provided by SGU (1959) the bed-
rock of younger granites.  The soil cover constitutes of post glacial clay 
at the centre of the studied area with sandy till and surge sediments in 
the rand areas which are displayed in figure 9. Investigations performed 
by the consultant company Golder Associates (2008) in the area north-
west of the racecourse on the other side of Roslagsbanan indicate hard 
bedrock with a low hydraulic conductivity. The bedrock is considered to 
be unswerving over the whole domain.  

Fig. 9 Soil-cover map over Täby galopp. The solid black line 
represents the outline of the studied area dnt the dashed line the 
location of the hypotetical transection presented in figure 11 
(Lantmäteriet, 2009) 

Fig. 10 Geological model. The iso-lines represent the surface elevation while the 
coloured lines correspond to each of the three cross-sections. Red line - the soil 
surface, Blue line – transition between clay and friction material, and Grey line – 
transition between friction layer and bedrock. 
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The racecourse is located in a natural valley enclosed by higher topogra-
phy with rock outcrops on both western and eastern side. The elevation 
of the land surface of the racecourse is generally flat with a superficial 
coverage of fill material. According to the SGU soil-cover map in figure 
9 and geotechnical investigations the underlying soil layers consist of gla-
cial deposits covering the water conductive friction layer of glacial till. 
There are areas of peat at the topographical low point in the south part 
of the racetrack.  

Studies and interpretations of geotechnical investigations have resulted in 
a geological model. The identified a conceptual soil stratigraphy consist-
ing of a top-layer of friction material overlaying an impermeable layer of 
clay subsequently followed by the water conductive friction layer and the 
bedrock. The created geological model is based on results from geotech-
nical investigations and has been simplified to include two layers which 
have a vital effect on the groundwater recharge. Fig. 10 presents the geo-
logical model and the generated elevation for the layers. It is visible that 
the thickness of the friction layer tends to decrease towards the east 
boundary as the topography of the bedrock gets higher causing a higher 
hydraulic pressure over these parts. As the geological model is based on 
geostatistics the results does not entirely coincide with the real world 
scenario, especially in the rand areas where the geologicl model suggests 
rather thich layers of clay even where studies on site have shown that the 
friction layer is present. Fig. 11 shows an adaption of the geological mod-
el to the real-world observations. 

 Hydrological and hydrogeological settings 4.1.2.

The general groundwater flow at Täby galopp is directed in a southwest 
direction which is eventually culminating in Stora Värtan. Seasonally ar-
tesian groundwater has been observed over this area. Groundwater 
measurements indicate a high hydraulic pressure over the whole domain 
with shallow groundwater levels of about 1 meter below ground surface. 
High groundwater pressures are indicators of a hydraulic conductivity in 
the underlying friction layer that is many times greater than in the glacial 
clay. Groundwater sensitivity in the area is considered to be low over the 
centre of the racetrack due to the thick confining layers of clay 
(Knutsson and Morfeldt, 2002). As the groundwater recharge is predom-

Fig. 11 A conceptual sketch of the cross sectional soil stratigraphy. The sections A, 
B and C represent the subdomains presented in the next section. The sketch is an 
adaption to the geological model presented in figure 10 (the figure is not according 
to scale). 
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inantly located to the rand-areas consisting of coarser material ground-
water in these areas is more sensitive to changes in land cover. Major 
groundwater transport over the racecourse area can be located to the 
underlying friction layer. This can be indicated by the high hydraulic 
pressure where the groundwater surface at some locations during certain 
times of the year behaves in an artesian manner. Overlaying the friction 
layer is the confining clay. The large differences in hydraulic conductivi-
ties between overlaying and underlying materials will consequently in a 
higher hydraulic pressure in the conductive layer. 

The urban areas surrounding the area of the racetrack are drained by an 
extensive drainage network, draining both domestic water and storm-
water. The racetrack itself is drained by a stormwater culvert that is trav-
ersing the racecourse in a north-south direction collecting the water to 
the municipal stormwater tunnel that is eventually taking the water to-
wards Stora Värtan. The same tunnel also collects water drained from 
the adjacent E18 along the southern border of the delineated study area 
as can be seen in figure 7 (Rydberg and Ekman, 2011). 

The iso-lines in figure 12 are indicating the change of hydraulic heads in 
the area. These lines are a good indicator of the distribution of the hy-
draulic conductivity. In homogenous aquifers with uniform hydraulic 
conductivity they are an indicator of the aquifer thickness where widely 
spaced gradients indicate a large aquifer thickness and steep hydraulic 
gradients indicate the reverse. If the aquifer is of the same thickness over 
the domain the spacing of the gradients are instead measures of the hy-
draulic conductivity (Kresic, 1997). Distances between the hydraulic lines 
in figure 12 (right) shows a uniform decline in hydraulic head progressing 
towards the hydraulic low-points. This is likewise the case also for areas 
where profound clay depths have been recorded and presented in figure 
12 (left). Comparing the spread of the iso-lines presented in figure 12 
(left and right) it becomes apparent that the depth of the clay layer and 
the hydraulic heads doesn’t coincide. This would indicate that even in ar-

Fig. 12 To the left: Clay depth contour map pointing out an area of deep clay layers 
in the middle of the studied area. The light blue squares represent the locations of 
geotechnical investigations. To the right: Contour map of the hydraulic heads 
based on the observed clay depths. 
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eas where the clay depth is profound the friction layer is of consistent 
thickness. 

As shown in figure 12 (right) the hydraulic head maps generated using 
kriging suggests the location of a water divide traversing the centre of the 
area in a north-east direction. During field studies deviating vegetation in 
line with this presumptive location of the water divide have been ob-
served which further confirms its existence. Two major hydraulic low 
points are observed in the area. The northern dip coincides with a pas-
sage under the tramway Roslagsbanan where the groundwater levels are 
most likely to be under the influence of a pump pit keeping them stable 
at this location. Studying the fluctuations in the closes located groundwa-
ter observation pipe, GA-309GV, it shows a similar fluctuation pattern 
as the majority of the other observation pipes, shown in figure 18. How-
ever this pipe is at a level of about 1 meter below the others which may 
be due to that the pumping station at the under passage has been going 
on for enough time to establish a new equilibrium.  The southern sink 
concurs with the drainage pipe that connects to the municipal storm-
water tunnel just south of this location. 

 Subdomain characteristics 4.1.3.

In this section their characteristics are presented in further detail. When 
selecting the number and locations of subdomains a principle has been 
appraised stating that: an increased number of model parameters will not 
improve the accuracy of the model. The number of subdomains has, 
over the course of model calibration, been formed to the ones presented 

Fig. 13 The study area 
is divided into five 
subdomains split into 
three main areas. 
Subdonaims A and B 
cover the rand areas 
with a higher hy-
draulig concact with 
the atmosphere. The 
subdomains C1 to C3 
are located over the 
confined aquifer of the 
racetrack. 

Fig. 14 Concep-
tual sketch of 
the mass bal-
ance for subdo-
main A.  
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in figure 13. Each subdomain (A,B and C) are under the influence of 
separate mass sources and their properties are presented further down. 

Subdomain A 

Subdomain A is located in the western side of the studied domain and 
consists of a higher topography sloping steeply towards the racecourse. 
According to the SGU soil cover map the soil comprises of sandy till, 
some flushed coarse sediments and rock outcrops. These soils are rather 
shallow which allows for water to pass through and contribute to the 
groundwater recharge. The area is not built but is partly included for fu-
ture constructions. The aquifer is open in this rand-area and infiltration 
is thereby not hindered by a confining clay layer. The mass balance of 
subdomain A is presented in figure 14. 

Properties of Subdomain A 

 Area      [m^2]   81090 

 Depth    [m]     6,4 

 Volume   [m^3]   518976 

Subdomain B 

The soil in subdomain B is of the same type as in subdomain A, however 
with a greater contribution of postglacial till between the outcrops of 
bedrock making these soils are less permeable and the aquifer smaller. 
This eastern side of the racecourse is already to some extent covered by 
impermeable surfaces and constructions contributing to drainage. Studies 
of the groundwater observation pipes in this area show soil layers that 
are more sensitive to precipitation which confirms a small aquifer. The 
mass balance of subdomain B is presented in figure 15. 

Properties of Subdomain B 

 Area      [m^2]   64160 

 Depth    [m]     5,7 

 Volume   [m^3]   365712 

Table 3 Land covers distribution between subdomains A-C for different percent-
ages of hard surfaces (2,8%, 30%, 66% and 90 %). 

Land type 

Subdomain A 

Scenario [% hard surfaces] 

Subdomain B 

Scenario [% hard surfaces] 

Subdomain C 

Scenario [% hard surfaces] 

2,8 30 66 90 2,8 30 66 90 2,8 30 66 90 

Natural area 100 85 75 30 80 45 25 10 10 4 10 3 

Park 0 0 0 0 0 30 25 0 90 25 10 2 

Road 0 5 10 35 10 5 10 25 0 10 10 30 

Houses 0 10 15 35 10 20 40 65 0 25 70 65 

  

Fig. 15 Concep-
tual mass bal-
ance for subdo-
main B. 
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Subdomain C1-C3 

Subdomain C is located over the racetrack. It is divided into three areas 
representing different hydraulic conductivities; however the area is under 
the influence of the same mass balance. The SGU soil cover map shows 
that the soils over the racecourse consist of thick layers of postglacial till 
and at the centre also some peat. By studying the spread of the contour 
lines in figure 12 a division of the three subdomains C1-C3 has been es-
tablished. The spacing of the iso-lines along the centre-part of the stud-
ied area is indicating the location of a possible water divide and makes 
out a natural division between subdomain C1 and C2. The aquifer is 
confined over the entire C-domain, however some water is still percolat-
ing and the possibility of recharge from the surface is not excluded. Ma-
jor groundwater recharge is coming from the eastern and western rand-
areas (subdomain A and B). 

There is a present drainage system draining water from the racecourse 
which is considered to be similar to a drainage system occurring at a 
park-area. Outflow occurs at two locations; one in the south and one in 
the north are also determined by the iso-lines in figure 12. There is also 
an inflow along the southern border towards the western side. The re-
sulting balance is presented in figure 16. Table 3 displays how the land 
cover is varied over the subdomains and scenarios. 

Properties of Subdomain C 

 Area      [m^2]   315840 

 Depth    [m]     12 

 Volume   [m^3]   3790080 

 Hydraulic boundaries 4.1.4.

The following section presents the hydraulic boundaries as can be seen 
in figure 17 that have been set along with some of the theories behind 
their mechanisms. In COMSOL no-flow boundaries are the default 
boundaries set. This is also the case for MODFLOW which assumes a 
no-flow boundary condition around the perimeter of the studied area 
(Kresic, 1997). 

Table 4 Properties of the constant head boundaries after calibra-
tion 
ID Description Fixed value 

A - 1 Hydraulic head along the northern border 10.15 [m] 

A - 2 Hydraulic head along the southern border 11.7 [m] 

A - 3 Hydraulic head along the southern border 9 [m] 

 

  

Fig. 16 Concep-
tual mass bal-
ance for subdo-
main C. 
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The properties of the constant head boundaries in figure 17 A) are pre-
sented in Table 4. These boundaries are set as constant head based on 
analysis of the behaviour of nearby groundwater observation pipes. No-
flow boundaries in B) are Specified flow boundaries with the flow set as 
0. The specified head boundaries in C) are calculated as ¼ of the total 
water balance coming in to the adjacent subdomain and are thereby vary-
ing over the months. 

4.2. Evaluation of groundwater observation pipe functionality 
Further understanding of the hydrogeological settings is obtained by ana-
lysing measured values in the set groundwater observation pipes. The 
groundwater observation pipes are spread out over the studied area, rep-
resenting conditions both at the location of the racetrack and the rand 
areas as can be seen in figure 18. The diagram in figure 19 shows the 
monthly fluctuations of the observed heads of the measured observation 
pipes with relation to precipitation and potential evapotranspiration that 

Fig. 17 The location and characteristics of the hydraulic boundaries. A) Constant 
head boundaries, B) Constant flow and C) No-flow boundaries. 

Fig. 18 Locations of the observed groundwater pipes. Source 
background map: Google earth (2012) 
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month. 2012 has been one of the wettest years since the start of the 
SMHI measurements. The highest precipitation of 2012 was measured in 
June, and this is where the gap between precipitation and evapotranspira-
tion is at its greatest. This has an impact on the observed hydraulic heads 
which are peaking for the majority of the observation pipes. A second 
peak occurs in November when rain has been accumulated from Octo-
ber. Over the winter months, December to February there’s a surplus in 
precipitation, however the groundwater levels are kept consistent due to 
that the ground is frozen which prohibits water from infiltrating. 

4.3. Model – Scenario 2012 
Hard surfaces: 2,8% 

Degree of imperviousness: 22% 

Table 5 presents the land uptake distribution of the 2012 scenario which 
is used ot establish the parameters that will be further incorporated when 
evaluating the future scenarios. The objective of evaluating the status 
quo scenario has been to find static parameters through model calibra-
tion that are incorporated when later modelling the scenarios. Calibration 
was performed by comparing observed values in observation wells for 
August and November 2012 with modelled values. During calibration 
the following parameters were evaluated and fixed and are presented in 
Table 6 below. 

The status quo is calibrated to achieve a maximum difference between 
observed and modelled values of 1 meter. Two observation pipes, 
G11A0106 and GA-269GV, were proved difficult to fit to the model us-
ing the in data provided and therefore these will not be included in fur-

Table 5: Land uptake (%) of the 2012 scenario 
 Subdomain A Subdomain B Subdomain C 

Natural area 100 80 10 

Park 0 0 90 

Road 0 10 0 

Houses 0 10 0 

Fig. 19 Fluctuations of groundwater in relation to monthly precipitation and poten-
tial evapotranspiration. 
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ther analyses. Groundwater observation pipe G11A0106 to precipitation 
which is a result of the thin conductive layer which is also indicated in 
the geological model represented in figure 10 and 11. 

The fixed parameters could not ensure a perfect model where all mod-
elled values correspond with the observed ones. To mitigate errors cou-
pled to great deviations from observed values, only observation pipes 
with a monthly difference between observed and modelled values of 
more than 40 cm have been included when evaluating the results. The 
included groundwater observation pipes are presented in Table 7, for the 
location of the pipes see figure 18. 

4.4. Model – Scenario 2030 
The scenario includes modelling the response of the groundwater levels 
to 66% impermeable surfaces equivalent to when the planned exploita-
tion in Täby galopp year 2030. To further investigate the impact of 
changed land use three complementary scenarios were created with 
2.8%, 30% and 90% hard surfaces. 

 Status quo – 2.8% hard surfaces 4.4.1.

Degree of imperviousness: 22% 

This scenario mimics the status quo in the sense that it has the same 
properties as for the case when no changes have been made to the pre-
sent land-use. The results show a prognosticated increase in hydraulic 
heads due to a wetter climate. 

 Light development – 30% hard surfaces 4.4.2.

Degree of imperviousness: 55% 

With 30% hard surfaces the increased precipitation has a higher influ-
ence on the groundwater levels which becomes significantly higher than 
for the status quo-scenario. March, April, June, August and November 
stands out as a month where the groundwater levels are declining slight-
ly. For November the groundwater levels can go as low as -0.4 meters in 
observation pipe G11A0102. The wetter months July and September in-
dicates a higher groundwater table where the highest increases are ob-
served in July for observation pipe G09GM25 (+0.61m) and G11A0102 
(+0.51m). None of these increases are so high as to cause artesian 
groundwater levels. 

 Planned development – 66% hard surfaces 4.4.3.

Degree of imperviousness: 73% 

The predicted scenario with an approximate portion of hard surfaces of 
50% shows lowered groundwater levels for the majority of the months. 
This decrease in groundwater table only exceeds 0.5 meters for Novem-
ber in observation pipe G11A0102, for the other observation pipes the 
values are either higher or even higher than the observed values. Low-
ered water tables can be expected during February, April, June and Sep-
tember through December with the lowest in November. There will be 
an increase in water table in July (+0.31m in G11A0101) as well as in 

Table 6: Obtained parameter values for hydraulic conductivity 

Parameter ID Description Fixed value 

K1 Hydraulic conductivity in subdomain 1 9e-4 [m/s] 

K2 Hydraulic conductivity in subdomain 2 1.9e-5 [m/s] 

K3 Hydraulic conductivity in subdomain 3 3e-4 [m/s] 

K4 Hydraulic conductivity in subdomain 4 5e-4 [m/s] 

K5 Hydraulic conductivity in subdomain 5 9e-4 [m/s] 
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August (+0.56m in G09GM25), however no risk for artesian groundwa-
ter is apparent. 

 Heavy development –90% hard surfaces 4.4.4.

Degree of imperviousness: 92% 

For a heavy development when the percentage of hard surfaces go up to 
90% the levels in the observation wells are generally decreasing from the 
observed values. Compensation from increased precipitation is possible 
to discern for separate observation pipes but is not consistent for all ob-
servation pipes over any month. The highest raising levels are observed 
in G11A0104 (+0.28m). The lowest observed value is found in October 
for observation pipe G11A0105 (-0.66m). 

4.5. Evaluation of measures to preserve present groundwater levels 
A selection of three different measures was evaluated to study the possi-
ble impacts these would have on the groundwater levels in the area. The 
three suggested measures with results are presented in the following sec-
tion. All calculations are based on the results from the planned develop-
ment scenario with 66% hard surfaces if not stated otherwise. The 

Table 7: Groundwater observation pipes falling within the criteria 
for further analysis 
Month Groundwater observation pipes falling within the set tolerance 

limits 

Jan All 

Feb All 

Mar G11A0101, G11A0102, G11A0103, G11A0104, G09GM25 and GA-
309GV 

Apr G11A0101, G11A0102, G11A0103, G11A0104 and G09GM25 

May G11A0102, G11A0103, G11A0104 and G09GM25 

Jun All 

Jul G11A0101, G11A0102, G11A0103, G11A0104 and G09GM25 

Aug G11A0101, G11A0102, G11A0104 and G11A0105 

Sep G11A0101, G11A0102, G11A0103, G11A0104 and G09GM25 

Oct All 

Nov G11A0101, G11A0102, G11A0103, G11A0104 

Dec G11A0101, G11A0102, G11A0103, G11A0104 and G11A0105 

Fig. 20 Monthly variations of the effects of LOD. The 0% change in May is due to a 
negative water balance where evapotranspiration exceeds precipitation and thus 
causing the mass source to be zero. 
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month chosen for representating the results is October 2030 (if nothing 
else is stated. 

 Measure 1 – Infiltrating water using LOD 4.5.1.

Local disposal of stormwater (LOD) implies reducing the percentage of 
impermeable surfaces by for example selecting permeable alternatives to 
impervious surfaces like asphalt. By comparing the planned development 
scenario with the 30% hard surfaces scenario it is possible to see that 
LOD will have an effect on the groundwater levels. This analysis requires 
that the LOD solutions are directly connected to the permeable layer be-
neath the clay. 

Figure 22 shows how groundwater levels are affected by LOD in the ob-
servation pipes. A trend of increasing hydraulic heads is discernible for 
all months meaning that LOD has a positive effect on the groundwater 
in the area. This effect is the strongest in groundwater observation pipes 
G11A0102 and G11A0105 and over the summer months when the 
groundwater recharge often is at its lowest if any. In figure 21 the residu-
al change in hydraulic head is displayes as contih´nous over the studied 
area. LOD is showing to have greatest effect along the eastern rand area 
whereas the effect is negligeable along most of the southern border and 
parts of the eastern border which is result of the constant head bounda-
ries. 

 Measure 2 – Point source infiltration 4.5.2.

A second option for infiltration is to locate point sources of infiltration 
where water is injected. The challenge with this method is to find the lo-
cations and infiltration rates that will have the greatest effect. In figure 22 
the response from the measure at four potential infiltration sites is visu-
alised. The results are valid for October 2030. Depending on the location 
of the well different influence areas can be distinguished as well as the 

Fig. 21 Type picture on how the groundwater levels are affected 
by a lower coverage of hard surfaces. Iso-lines are representing 
the change in hydraulic head. 
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magnitude of this influence. Infiltration well G11A0105 shows the 
strongest response to injection which is due to its location close to an 
impermeable border. For the best effect from injection well they should 
be located as far from an impermeable border as possible. Therefore in-
jection should be located to one or both of the two wells at the centre; 
G11A0102 and G11A0103. 

 Measure 3 – Function of an equalizing pond and using buildings as a 4.5.3.
damming 

A pond is planned to be located in the middle of the racetrack area. The 
pond has two purposes; the first is the aesthetic value achieved by bring-
ing the natural environment into the neighbourhood, and the second 
purpose is the technical possibility of the pond to work as an equalizing 
magazine for keeping the groundwater levels stable over the domain. To 
fulfil these purposes the pond has to keep water all year round and be 
large enough. It also has to hold and release water when necessary. A 
possible solution to assure that the water table is kept constant at the de-
sired level is to construct the planned office buildings facing E18 in the 
north as damming constructions regulating the highest head through an 
overflow. The volume of the dam is given a depth of 1 meter and has an 
area of 27000 m2. The location of the pond and the damming construc-
tions are presented in figure 23. 

Fig. 22 Results from infiltration 2,1E-04 l/s in the four point sources in the case of 
66% hard surfaces. The infiltration rate is exaggerated to clearly visualize the zones 
of influence that each well has. The centre picture is representing a case without 
infiltration, October 2030. 
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With a set desired water level of 11 meters, a required hydraulic head of 
at least 11 meters has to be fulfilled by the damming constructions for all 
months. To keep a hydraulic head at this level will primarily have an ef-
fect on the levels in groundwater observation pipe G11A0104 that will 
gain an average increase of 1.3 m and reach to 10.9 m as opposed to the 
modeled level of 9.6 m in the case of no intervention. 

As can be seen in figure 24 the dam will increase the pressure along the 
eastern border of the studied area at the same time as it will displace the 
mobile water divide further to the south. Overall the pond will have an 
increasing effect on the groundwater head over the whole domain and 
groundwater levels will tend to be higher than they were 2012. The water 
level in observation pipe G11A0103 will constantly be at a level above 
land surface and seasonal artesian groundwater can be observed in ob-
servation pipe G09GM25. 

4.6. Sensitivity analysis 
The sensitivity analysis was carried out as a part of the calibration pro-
cess. Calibration proved the hydraulic conductivity to be the single most 
influencing parameter. Also the location and size of subdomains were in-
fluencing the results, but not to the same extent. The interaction and in-
terdependence between subdomains and their hydraulic conductivities 
became apparent when two or more hydraulic conductivities were 
changed simultaneously. For the composition of hydraulic parameters 

Fig. 23 The 
location of the 
pond (blue) and 
damming con-
structions (cir-
cle) as imple-
mented in the 
model. 

Fig. 24 Comparing the effect of the dam and damming with an overflow level of 11 
meters (right) and without dam (left) for a case with 66% hard surfaces in October 
2030. 
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the mass balance was shown to be of great importance for the final out-
come. 

If decreasing the incoming mass flux by a factor of 10^-3 the calibrated 
K-values were decreased by a factor of 10 (Table 8). Although the mass 
flux is reduced a lowered hydraulic conductivity is resulting in higher 
groundwater levels that over many months behave artesian in the studied 
observation pipes. This is due to that the water transportation decreases 
as the hydraulic conductivity decreases resulting in a higher accumulation 
of water. The result is considered unrealistic which establish the chosen 
and presented combination of mass-flux and hydraulic conductivities as 
a closer match to the local conditions. 

5. DISCUSSION AND CONCLUSIONS 

5.1. Discussion of model interface and method 
When modelling, reliability and certainty in obtained results depends on 
the quantity of the in-data, and quality of the same. A model can never 
fully mimic the processes of nature in detail, but is primarily used to give 
an idea of the main processes governing the hydrogeological system. It 
has been proven to be an efficient tool for assimilating data and where to 
focus further investigations. 

The chosen 2D modelling interface provides a simpler model composi-
tion and output than a 3D model would. Consequently variations along 
the z-axis have not been possible to study in detail, neither has the inter-
action between the different geological layers. With respect to the ambi-
tions of creating a 3D model in order to study the groundwater, 
COMSOL Multiphysics, due to difficulties with file format compatibility, 
should not be a first choice for studies of continuous natural areas of 
other software are available that can take this into better consideration. 

On the other hand, COMSOL 4.3a is suitable when dealing with discrete 
objects that have to be constructed in order to function in the selected 
environment. Projects concerning natural areas with continuous surfaces 
and occurrences are better suited together with models using a raster 
continuous-approach. Since parts of the material used for this project 
was produced and analysed using GIS, a closer compatibility between the 
GIS interface and COMSOL would improve the processing of results. 

5.2. Discussion of results 
Changing groundwater levels cause risk for subsidence of the ground 
which may damage buildings that are not firmly founded on a solid 
foundation. The structures at Täby galopp will not be present at the fina-
lization of the construction project; therefore no attention has to be tak-
en with regard to economic consequences due to damages on present 
constructions. There is consequently no risk for any economic conse-
quences due to subsidence of present constructions over ground. The 
storm water culvert traversing the race track is the only evident under-

Table 8: Sensitivity analysis of mass flux resulting in changed 
hydraulic conductivities. 
 K before reduced mass flux K after reducing mass flux by a 

factor 10^-3 

K1 9e-4 9e-5 

K2 1,9e-5 6e-7 

K3 3e-4 2,5e-5 

K4 5e-4 7e-5 

K5 9e-4 8e-5 
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ground construction may be at risk and should be monitored during 
construction.  

Out of the evaluated measures for mitigation the pond is the most effec-
tive alternative evaluated with respect to the possibility of maintaining 
the levels of the groundwater. If constructed right the pond can be used 
as an equalization magazine taking up and releasing water when neces-
sary. This property will be especially important during extreme rainfalls 
when the storm water network might not be sufficient. Additionally a 
pond will contribute to recreation and increase if the value of the proper-
ties. 

Additional studies of the area are required to build a stronger conceptual 
model over Täby galopp. Flow measures of the water flow in the storm 
water culvert would be advised to learn how much water that is drained 
from the area. The functionality of the observation pipes has been estab-
lished and no pipe is behaving in such a way that the function can be 
discussed. However, G11A0101 and GA-269GV are excluded from the 
analyses due to the deviation of the modelled values from the observed. 
G11A0106 reacts strongly to precipitation and possibly the location of a 
drainage system. GA-269GV is located in the rand area between the till-
covered height ledge in the west and the clay-sink at the racetrack. Addi-
tional groundwater observation pipes would give further information 
and secure knowledge about the studied area. 

5.3. Discussion of uncertainties 
All numeric models are coupled to great many uncertainties and also this 
model should be observed with caution. For every parameter that is not 
known with certainty the uncertainty of the model increases. The general 
flow patterns follow the ones that were established in the conceptual 
model. In this study pretty much all the values are estimates except for 
the measured groundwater levels that have been used for model calibra-
tion. 

One of the sources of uncertainty in the results is based in the lack of da-
ta. Other sources of uncertainty are the possible errors in the available 
data when gauging the groundwater levels. These errors could be ob-
served and corrected during the course of this project which made a sub-
stantial impact on the analysis of the groundwater fluctuation variability 
in the PCA analysis. 

The climatological data used is based on previous measurements, but are 
accountable for the whole Stockholm region, thereby bringing some res-
ervations due to the possibilities of local variations. The groundwater re-
charge that is calculated based on these data could thereby be wrongly 
calculated. Another reservation regarding the groundwater recharge is 
the number of parameters influencing how much water that is actually 
contributing to the recharge of the aquifer. During several months the 
recharge is visible overestimated which could either indicate another not 
observed outlet or additional drainage. The local conditions some days 
prior and up to the day when the measurements were taken also may in-
fluence the measurements. To mitigate this, the weather conditions could 
for example be indicated in the protocol during future measurements. 

In June almost all the modelled heads in the observation wells are over-
estimated with relation to the calibrated values and is most likely linked 
to an overestimated groundwater recharge. This month had a high total 
precipitation and excess water must go off as extra surface runoff instead 
of infiltrating. This makes the values unreliable and unsuitable for sce-
nario comparison. 
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5.4. Data availability requirements 
The data available has given the possibility of calibrating the model over 
steady-state conditions. It would however be preferable to also run and 
calibrate the model under transient conditions to fully uncover the aqui-
fer characteristics. This analysis has not been possible due to a lack of 
pumping data. As groundwater flow is transient by nature the steady-
state modelling only provides another dimension to the simplification of 
the real world. The steady state solutions will not provide values on aqui-
fer storage properties such as the storage coefficient or the transmissivi-
ty. 

As mentioned earlier any modelling is coupled with several uncertainties. 
Lacking of data will give raise to the need of looking at similar cases, lit-
erature values, results from other model simulations or the experience of 
the modeller. In any modelling process lacking of data will cause a lack in 
the model. For any parameter that can be established with certainty one 
less parameter to model is apprehended. 

The data available was enough to build a hydrogeological model over 
Täby galopp and to draw conclusions of future interventions in land-use. 
As mentioned in the report the hydraulic conductivity is one of the most 
sensitive and critical parameters when performing hydrogeological mod-
elling. The outcome of the model will strongly depend on the set hydrau-
lic conductivity. Without a known and established hydraulic conductivity 
in the modelled area equifinality would provide a nearly infinite set of 
conductivities that would fulfil the set tolerances. Establishing which of 
these sets is the one reflecting the real world is the becoming like finding 
a needle in a haystack. 

So even if the available data allowed for setting up a model and investi-
gating the outcome of scenarios the obvious error originating for lacks in 
the model is complemented by the complementary error originating from the 
lack of data. This means that the obvious error, where the margin of er-
ror exceeds a 30 cm deviation between observed and modelled values, is 
complemented by the possibilities that the model used has the wrong set 
up of parameters. 

5.5. Suggestions for further studies 
Further field studies to obtain more data about the local hydrogeological 
conditions are necessary if the model is to be improved. Below is a sug-
gestion of further investigations: 

a. A pumping has to be made to determine the transmissivity and 
storativity of the aquifer as well as confirming the placement of hy-
draulic boundaries.  

b. To confirm the possible location of the moving water divide travers-
ing the racecourse geophysical investigations such as measurements 
using geoelectrical equipment is recommended. The geoelectrical 
equipment can penetrate through the clay and can with benefit in-
vestigate at several depths to generate a 3D model. 

c. Additional groundwater observation pipes have to be installed in or-
der to investigate the groundwater fluctuation pattern in the middle 
of the area. At the point of writing this thesis the project is still un-
der an initial phase where the groundwater situation is under primary 
investigation, for this reason the observation pipes are measured 
once every month. During the construction phase measurement fre-
quency should be increased to once a week to control groundwater 
sensitivity over this crucial time period. 
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Recommendations for further theoretical studies are to perform in-depth 
investigations on climate change and how presumptive scenarios could 
impact groundwater levels, both in a changing land-use and as status 
quo. The results of this model show that evapotranspiration has some 
importance for the groundwater recharge in urban environments. An-
other approach for further studied would therefore be to look back in 
time and see if the changing climate has been compensated through in-
creased or decreased evapotranspiration for some of the changed land-
use.  Further investigations are also required in order to investigate how 
evapotranspiration and groundwater relates when the land-use changes.  

There is still a lacking of hydrological models that concern groundwater 
in urban settings. Most of the models available are adapted for un-
touched natural areas where urban infrastructures are absent. In urban 
areas new elements are present that increase the complexity in the al-
ready intricate groundwater dynamics. 
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