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Övergripande beskrivning
Uppdrag
JM, Skanska, Viggbyholms Gårds Fastighets AB och Täby kommun planerar utvecklingen av en ny
stadsdel på platsen där Täby galopp idag är beläget. Området kommer att rymma bland annat
bostäder, kontor och parker. Det hela beräknas vara färdigställt år 2030. ÅF-Infrastructure AB har
givits i uppdrag att föreslå en strategi för att fastställa de hydrogeologiska förhållandena i
området.
I tillägg till ovanstående fick ÅF-Infrastructure i uppdrag att revidera detta PM Hydrogeologi med
frågeställningar enligt nedan:
•
Beakta effekten av den kontinuerliga bevattningen av banan från pågående
galoppverksamhet.
•
Beakta effekten av att bevattningssystemet kan ha läckage.
•
Sammanställa insamlad information avseende tillförsel av vatten som sker till området
från pågående galoppverksamhet.
•
Utlåtande avseende effekten av vattentillförseln från bevattning och läckage inom
området och vilken eventuell effekt detta har för grundvattenbalansen
Slutligen att redovisa utförda grundvattenmätningar genom ritningar i plan och profil.

Området
Området domineras av galoppbanan och är väl beskrivet i såväl förfrågningsunderlag som i de
rapporter, vilka är resultat av fördjupade undersökningar.
Det aktuella området kan, ur hydrogeologisk synvinkel, delas in i två områden: Det västra
respektive östra avrinningsområdet. Vattendelaren bedöms vara belägen strax öster om
galoppbanan och ha nord-sydlig orientering. Jorddjupet är generellt sett större i det västra
avrinningsområdet. Den största lermäktigheten (ca 12 meter) påträffas i galoppbanans sydligaste
del, där även artesiskt grundvatten förekommer. Inom lerområdet föreligger risk för sättningar
vid en eventuell grundvattensänkning. Som har diskuterats tidigare, skulle ett dagvattenmagasin
kunna anläggas i detta område. Vatten som renats högre upp skulle då ledas till magasinet för
att därefter släppas ut i Stora Värtan, i enlighet med WSP Environmentals rekommendation.
Dagvattenmagasinet bör anläggas så att det får kontakt med underliggande friktionsjord så att
vatten härigenom tillförs grundvattenmagasinet. Denna kontakt kan ske genom att borrning med
foderrör utförs. Härigenom minskar risken för sättningar på grund av sänkt grundvattennivå.
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Bakgrund
Utförda fältundersökningar
Nedan följer en sammanställning av de tidigare gjorda undersökningar som legat till grund för
ÅF-Infrastructure AB:s arbete.
Hydrogeologi
Registrering av grundvattennivåer utfördes år 1992, av dåvarande SWENOR consulting AB, i
områdets nordöstra del.
I samband med byggnationen av Bergtorpsvägens underfart under Roslagsbanan gjordes en
provpumpning samt månatliga grundvattenobservationer från december 2007 till februari 2008.
Även i samband med projekteringen av Centrumleden år 2009 installerades grundvattenrör.
Dessa är belägna strax utanför det, för detta projekt, aktuella området. De båda trafikplatserna i
det nordvästra respektive nordöstra hörnet av området, är utförda som vattentäta
konstruktioner. Grundvattennivån i anslutning till dessa har återhämtats efter det att
anläggningarna tagits i drift.
Registrering av grundvattennivåer utfördes även i oktober 2011 av ÅF-Infrastructure.
Mätningarna gjordes i 13 punkter, utspridda över hela området. Utöver detta utfördes
nivåmätningar också i två punkter längs galoppbanans östra sida från september 2011.
Vidare gjordes grundvattenmätningar i 12 sonderingshål på galoppbanan i april 2011.

Geoteknik
Geotekniska undersökningar av fastigheterna Hästen 2 respektive 3, samt delar av Viggbyholm
74:5 har utförts av ÅF-Infrastructure AB. Dessa innefattar bland annat åtta skruvprovtagningar, på
galoppbanan. Kolvprovtagning på galoppbanan utfördes också. Proverna analyserades med hjälp
av CRS-försök av SWECO Geolab. Resultatet har sammanfattats i Teknisk PM Geoteknik (ÅFInfrastructure AB).
Utöver detta gjordes en geoteknisk undersökning av Hästen 2 år 1992.
Grundvattenobservationsrör
Som framgår ovan, finns en mängd grundvattenobservationsrör. Mätningar i dessa visar att
grundvattennivån i det djupare liggande friktionsmaterialet har en tryckhöjd motsvarande cirka
0,3 – 1,0 meter under respektive grundvattenrörs markyta. Den dominerande lutningen är mot
sydost, varför nederbördsvatten rinner av på ytan mot sydost.

Samstämmighet
Följande skrifter har legat till grund för denna utredning:
• PM Dagvatten, Täby Galopp (WSP Environmental)
• Teknisk PM Geoteknik, Täby Galopp (ÅF-Infrastructure AB)
• Kompletterande hydrogeologisk utredning, Roslagsbanan/Bergtorpsvägen (WSP Environmental)
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Markförhållanden
Topografi
Ca 1/3 av området domineras av den plana yta på vilken galoppfältet idag är beläget (ca +10 till
+13 möh). Mellan de båda avrinningsområdena finns en höjdrygg (ca +15 till +19) med betydligt
mindre jorddjup än i det västra området. Berg i dagen förekommer på några platser längs med
höjdryggen, liksom just väster om området samt i områdets sydöstra del. Det östra
avrinningsområdet (ca +14 till +30) är relativt plant, bortsett ett större höjdparti (+19) i områdets
södra del.
Geoteknik
Se PM Geoteknik (ÅF-Infrastructure AB), avsnitt 6.5.
Hydrogeologi
Området väster om vattendelaren som bedöms ligga i linje med G11A0105, G11A0106 och
G11A0107 (se Bilaga 1) domineras av mark med varierande jorddjup. Främst leror känsliga för
grundvattensänkningar. Själva galoppbanan, bevattnas regelbundet samtidigt som hela området
har en kontinuerlig avrinning. Grundvattenmätningar visar att det inom galoppfältet sker
säsongsvisa variationer som är tämligen lika över hela området. Undantaget är den västra
begränsningen vilken uppvisar mycket små variationer. Anledningen till detta torde vara ett
resultat av att det västra området domineras av lermäktigheter mindre än i galoppfältets centrala
delar samt också närheten till högre liggande mark såsom Grindtorp, som till stor del utgörs av
berg.
Området öster om vattendelaren, präglas av berg i dagen med mellanliggande partier med
mindre jorddjup. Områdets nordöstra hörn uppvisar dock något större jorddjup (se Bilaga 1).
Förändringar inom det aktuella området kan påverka den naturliga grundvattenbalansen. Ett
sådant exempel är den nyanlagda vägen längs galoppfältets västra sida. Vägen ligger i ett ur
grundvattenbildningens synpunkt känsligt område, på gränsen mellan lerområdet och det högre
liggande bergiga området (Grindtorp). Vägens överyta avvattnas via ledningar och den avledda
vattenmängden kompenseras inte i detta läge. Fortsatta grundvattenmätningar kan visa hur
eventuella förändringar utvecklas. Som tidigare nämnts kan en dagvattendam med hydraulisk
kontakt med underliggande friktionsjordar kompensera för det på vägen avledda ytvattnet.
Under 2013 genomfördes en omfattande analys av grundvattenbalansen inom området. En
analys som utgjorde underlag för ett examensarbete vid KTH. Detta arbete, denna analys, leddes
främst av medarbetare hos ÅF samt stod under uppsikt av Professor Bo Olofsson, KTH. Av detta
arbete framgår att området är känsligt, ur sättningssynpunkt, för förändringar i grundvattenbalansen (se Bilaga A).
Den planerade byggnationen kommer att starkt påverka den naturliga infiltrationen och samtidigt i viss mån minska evaporationen. Hur grundvattenbalansen kommer att bli efter det att
området färdigställts är mycket svårt att förutse. Det är därför angeläget att dagvattenanläggningen byggs upp så att avrinning och nivå kan kontrolleras genom bräddning, på en
förutbestämd nivå. Vidare att det inom området anläggs fördröjningsmagasin som samtidigt kan
bidra till en minskad risk för oönskad sänkning av grundvattennivån. Detta kan underlättas
genom att kontakt skapas mellan, å ena sidan dagvattendammar och å andra sidan det undre
grundvattenmagasinet.
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För att fastställa eftersträvad grundvattennivå måste sambandet med planerad
grundläggningsutformning klarläggas. Då avrinning främst sker mot sydväst, kan kontroll av
framtida avrinning ske genom att dels grundläggningar längs den södra begränsningen ges en
dämmande utformning, dels genom att en tröskel anläggs på en nivå som främjar
upprätthållande av grundvattennivån för området. Med vad som är känt idag bör den nivån ligga
på +11 meter. Se examensarbete. ”Steady-state Hydrogeological modelling in order to investigate
Groundwater Sensitivity. Iris Engström August 2013” (Bilaga A).
Området öster om vattendelaren är mindre känsligt då jorddjupet är betydligt mindre än i den
västra delen.

Tilläggsbeaktanden
Beakta effekten av den kontinuerliga bevattningen av banan från
pågående galoppverksamhet
Vid ett möte med Mikael Almén på Svensk Galopp AB framkom att bevattning av banan sker då
väderleksförhållandena medför att galoppbanan blir torr och dammig. Detta sker främst mellan
ca maj till september månad men framförallt under varma sommardagar.
Vattnet man använder för ändamålet kommer från Värtan genom att man pumpar vattnet till en
3
damm inom området – enligt uppgifter från Mikael Almén ca 100 m /dygn. Därifrån pumpas
vattnet ut till bevattningssystemet och sandbanan saltas och bevattnas med detta vatten.
Överskottsvatten rinner tillbaka till dammen via ett dräneringssystem. Bevattningssystemet har
förluster, främst genom avdunstning och eventuellt läckage från ledning/-ar och dammen, men
detta kan enbart ses som ett positivt tillskott i sammanhanget. Det genom bevattning och
läckage i bevattningssystemet tillförda vattnet minskar oönskad uttorkning på grund av
sommarperiodens ofta torrare väder. Härigenom ”skyddas” också grundvattnet. Förlusternas
storlek är dock inte känd.
Värt att notera i sammanhanget här är att det inte pumpas något grundvatten, utan vattnet
kommer från Värtan via en sluten ledning. Eventuellt överskottsvatten kan möjligen nå
grundvattenmagasinet i randzonerna kring galoppfältet, men troligen lägger det sig i en övre
grundvattenakvifär (d v s ovanpå den täta leran). Skulle det nå grundvattnet är det bara en
positiv effekt i sammanhanget.

Beakta effekten av att bevattningssystemet kan ha läckage
Se ovan resonemang.

Sammanställa insamlad information avseende tillförsel av vatten
som sker till området från pågående galoppverksamhet
Se ovan resonemang.

4 (6)

2015-02-13

Utlåtande avseende effekten av vattentillförseln från bevattning
och läckage inom området och vilken eventuell effekt detta har för
grundvattenbalansen
För ca tre år sedan hade, enligt uppgift från Mikael Almén, en vattenledning i den sydöstra delen
av området läckage. Denna eventuella effekt skulle även den ha en positiv inverkan på
grundvattenbalansen i området. Dock syns inte den effekten på de grundvattenobservationer
som gjorts inom ramen för detta uppdrag. Den tillförda bevattningen antas därför ha en
obetydlig effekt på grundvattenbalansen.
Den framtida vattenbalansen inom exploateringen kommer att bli beroende av takavvattning och
avvattning av hårdgjorda ytor. Det är därför av stor vikt att en plan för hur dessa vattenmassor
skall disponeras utförs.

Slutsatser
Den planerade byggnationen kommer att medföra en avsevärd förändring i dagvattenmiljön. Det
är därför angeläget att en god planering görs för att säkerställa att dagvatten i största möjliga
utsträckning kan hanteras lokalt. Som exempel kan nämnas att dagvatten från tak och
hårdgjorda ytor bör ledas till dagvattendam som i sin tur skall stå i hydraulisk förbindelse med
det undre grundvattenmagasinet. Denna förbindelse kan ske genom att foderrör borras i
dammen ner till bergytan.
Effekterna av den hittills utförda bevattningen är obetydlig ur hydrogeologisk synpunkt. Denna
bevattning antas upphöra då exploateringen påbörjas.
Området väster om vattendelaren, d v s hela galoppbanan, utgörs av ett lerområde känsligt för
sänkning av grundvattennivån. I samband med anläggningsarbeten i områdets omedelbara
närhet har konstaterats att då grundvattensänkning skett under anläggningsarbetet, har den
under driftskedet relativt snabbt återhämtat sig.
Området öster om vattendelaren domineras, i den södra halvan, av berg i dagen eller områden
med ringa jorddjup medan den norra halvan karakteriseras av något större jorddjup.
Sammantaget gäller att galoppbanan utgör ett lerområde med lerdjup varierande mellan några
få meter upp till ca 12 meter. En sänkning av grundvattennivån inom detta område kan leda till
oönskade sättningar i mark. Med anledning härav är det angeläget att åtgärder vidtas för att
minimera risken för grundvattensänkning. Detta kan ske genom att grundläggningar mot
områdets sydvästra begränsning utförs så att de blir dämmande. Den slutliga grundvattennivån
som skall eftersträvas bestäms av planerade byggnaders grundläggningsutformning.
I bilaga 1-5 redovisas långtidsavläsningen i grundvattenrören inom området. Vad vi ser där är att
den varma och nederbördsfattiga sommaren 2013 fått en direkteffekt på samtliga avläsningar
med en tydlig grundvattensänkning inom hela området.
Vidare kan konstateras att den planerade grundvattensänkningen i samband med byggandet av
de båda undergångarna av Roslagsbanan i områdets nordvästra- respektive nordöstra del, har
haft ringa betydelse för grundvattensituationen.
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Bilagor:
Bilaga A

Examensarbete ”Steady-state Hydrogeological modelling in order to investigate
Groundwater Sensitivity. Iris Engström August 2013”

Bilaga 1
Bilaga 2
Bilaga 3
Bilaga 4
Bilaga 5

Plan 1 (planritning över området som visar grundvattenrörens placering)
Profil 1 (redovisning av långtidsmätning)
Profil 2 (redovisning av långtidsmätning)
Profil 3 (redovisning av långtidsmätning)
Profil 4 (redovisning av långtidsmätning)
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S UMMARY IN S WEDISH
Syftet med detta arbete har varit att undersöka hur grundvatten i obebyggda områden påverkas av förändrad markanvändning i form av hårdgjorda och impermeabla ytor. Det studerade området är Täby galopp,
vilket är en galoppbana lokaliserad i Täby norr och Stockholm. Då galoppbanan 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 orsakar 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 område 2030 vid avslutad exploatering. Även en modell för grundvattenbildningen 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 arbete har tillgång till data varit begränsad till geotekniska mätningar och
månadsvisa avläsningar av grundvattennivåer. Detta visade sig ha en effekt 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 konduktiviteten i området. För att kunna genomföra tids-beroende modelleringar ställs även krav på att det finns tillgängligt data från pumptester.
Beroendet av tillgängliga data varierar på modellens syfte, och då modellen i detta fall syftar till att ge en grov förutsägelse av ett möjligt framtida utfall kan grövre marginaler godtas. Sensitivitetsanalyser visar emellertid att förändringar i in-datat kan ge upphov till stora förändringar i de
kalibrerade parametrarna vilket förändrar resultatet markant. En noggrannare studie av hur stort databehovet är i förhållande till projektets
omfång bör därför genomföras.
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S UMMARY IN E NGLISH
The scope of this thesis has been to investigate how groundwater in unconstructed areas is affected by changes of land use in the sense of hardened 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 hydrological balance since more water will go off as surface-runoff and consequently less water can infiltrate. This is an effect that is partly compensated 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 calibrated 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 constrained to geotechnical measurements and monthly registered groundwater 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 required. The demand and quality of the data varies depending on the purpose 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 parameters 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.
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A BSTRACT
Growing regions and tighter zoning in urban areas are pushing the hydrological balances 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 combining 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 modelling 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 surfaces, groundwater, conceptual model

1. I NTRODUCTION
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 business 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. Impervious surfaces now makes up about 0,43% of the land worldwide, and
in some European countries this percentage reaches above 10%. Futurelooking 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 regional city centres. At the same time as the demands on an attractive living 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 energy balance that is deviating from systems existing in nature. The reason
for this are said to be changed land cover, air pollution and energy consumption (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
1
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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 water balance (Bultot et al., 1990; Barron et al., 2013). Declining groundwater levels due to either anthropogenic effects or natural causes can lead
to subsidence of land resulting in damages on buildings and underground structures, whereas the opposite scenario of increased groundwater levels might lead to the flooding of basements and other low lying areas (Göbel et al., 2004; Schirmer et al., 2013). Insufficient groundwater
control might thereby lead to high socio-economic costs due to the destruction 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 socioeconomic 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 urbanisation may be intricate because of the difficult assessment of heterogenic 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 increasingly 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 examples 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 aquifers 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 collecting 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
2
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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 climate. 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 challenge of the project is related to the data availability. This creates the
possibility of investigating what a sufficient amount of data is.

2. T HEORETICAL BACKGROUN D
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 response and urbanisation may because of the sometimes extreme interventions 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 hydrogeological viewpoint the changes of temperature and water budget are the
two most aspects caused by urbanization as many environmental processes 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 characterized 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 nonurbanized area and have a more instantaneous runoff response, with
flow patterns of higher high and lower low flows (Hiscock, 2005; Bultot
3
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Fig. 1 Relation between the degree of sealed surfaces, water budget (including evapotranspiration, direct runoff and groundwater recharge) and groundwater table. Left:
Natural conditions. Centre: Sealing of soil. Right: Soil sealing with infiltration
(Göbel et al., 2004).
et al., 1990). Studies have shown that lower amount of impervious surfaces in built-up areas will decrease the instantaneous runoff as the unbuilt areas provides space where excel precipitation can percolate and infiltrate (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 evapotranspiration 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 contributing to an increased direct runoff (Haase, 2009). An increased proportion 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 (Barron 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 recharge 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 designed with respect to stormwater. A scheme of this is presented in figure 1.

2.2. Groundwater budget and recharge
Groundwater budget is the net flux of water through the system and determines 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 depletion depending on the soil moisture deficit (SMD) (Hiscock, 2005).The
main processes coupled to groundwater recharge are natural (precipitation, evapotranspiration, runoff) and artificial caused by human interference (drainage, leakage). Recharge can be either direct (through precipitation and infiltration) or indirect (through in leakage from surrounding
higher topography (Knutsson and Morfeldt, 2002).
4

Steady-state hydrogeological modelling in order to investigate groundwater sensitivity

2.3. Elements of numerical hydrogeological modelling
Numerical models belong to the deterministic approaches to groundwater analyses and are based on the sometimes simplified relationship between humans and nature. The modelling process is open ended and iterative, 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 follow through these steps.
2.3.1. Conceptual model
The conceptual model is a compilation of the known information about
the modelled area that is established before starting to construct the numerical model. Establishing the conceptual model is one of the most important 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 hydrogeological model. The geological model works “backwards” to describing the reservoir 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 (Rivera, No date). It is important to note is that the conceptual model solely
provides a simplification of the reality. As the real geological environment 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 altered and complemented during the phase of gathering new information
and data. Validation of the conceptual model is done by constantly testing and updating it as new information becomes available. Through continuous testing of the conceptual model confidence that the model reflects 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 numerical model will then be calibrated and developed iteratively. Many errors 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 evaluations of mathematical groundwater models the most common case of error was due to an incorrect conceptual model (Hulme et al., 2002).
2.3.2. Boundary conditions
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 features that influence the pattern of the groundwater flow. Hydrologic
boundaries on the other hand refer to “artificial” boundaries that are derived from the groundwater flow pattern. These boundaries are not as
robust as the physical ones as they can change over time and are therefore more difficult to handle (Kresic, 1997). There are three main
boundary conditions that can be used, each as a part of the partial differential 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).
2.3.3. Model parameters
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 function for the model.
Hydraulic conductivity, K [m/s]
The hydraulic conductivity is the most important parameter as it is the property that will have the overall highest influence on how the water is moving 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.
2.3.4. Model calibration
During modelling the interdependence between the changed parameters
becomes evident. When performing model calibration, the understanding of the model sensitivity becomes of crucial importance in order to
know how to change parameters in a constructive way to reach the desired 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,
6
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while sensitive models coupled for example to contaminant transportation 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 modelling 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 required 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 consequently not guarantee a better model.

2.4. Two dimensional subsurface flow

There are two methods to modelling subsurface flow that are conceptually different, the two- and three dimensional approaches (Kresic, 1997).
The 3D method is a cross-sectional approach to the problem, and includes 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 area. Conceptually the two dimensional area is divided into several subdomains 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 segments (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 measurement 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
7

Iris Engström

TRITA LWR Degree Project 13:25

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).
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 remains that no matter how many measurements that are made there will
always be a lack of information to give a complete and continuous picture of the area of study (Gorokhovski, 2012) unless the results are interpolated and put in a hydrogeological model. However there will always be uncertainty coupled to even the well-based numerical model. In
Gorokhovski (2012) it is stated that “groundwater models cannot be validated but only invalidated” meaning that the reliability of the model only 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 observed values to a limit where the difference between modelled and observed values is within set boundaries. There is however a problem to
this method regarding approaching the difference between the observations 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. M ETHODS
3.1. Scope of the study

The study is built upon a combination of methods with the aim of finding 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
8
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Stockholm, from which the studied data has been assembled and later also 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
3.3.1. Data collection
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 geotechnical 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 collected 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 University (SLU) webpage (November 2012). Maps over Täby Galopp have been
obtained from the Täby Galopp archives, satellite images have been received from Google Earth. Source material consisting of digital drawings
and earlier material has also been obtained from ÅF Infrastructure, including 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
9
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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)

measurement series from 2012 also received from SMHI corresponding
to the year of measurements in the groundwater observation pipes. Potential evapotranspiration has been generated using the Rossby Centre
climate calculations available on the SMHI webpage (www.smhi.se) corresponding to the A1B scenario.
Litterature study
Litterature values have been helpful in the case where no on-site investigations have been performed. Assumptions based on the ranges of given
values for porosity and input values for hydraulic conductivity for different 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 established through different processes presented in Table 1.
3.3.2. Data processing
Data processing is performed based on the data gathered in the data collection phase. This section deals with the further methods for compiling
and analysing this gathered data and includes both existing methodologies 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 conducted over measurements of groundwater pipes to find any spatial dependence and independence between them based on seasonal fluctuations.
The results from presented analyses where combined in order to delineate the subdomains used in the model.
Groundwater flow net distribution
The source material in this context is the material on which the conceptual 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 software's). Contour maps are of great help when studying the groundwater
10
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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.
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 exported 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 conversion factors.
The surface runoff coefficients are based on the runoff coefficients presented by Viessmann and Lewis (2002) and are calculated using the rational method (Viessmann and Lewis, 2002). Drainage depends on the
percentage of land surface drained for different land uses. Actual evapotranspiration 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 Wallén (1966) investigating the Swedish radiation balance. The value represents 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
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Fig. 4 A conceptual
sketch of the element
set-up within the
finite element method. The triangular
shaped elements are
making it easier to fit
the mesh to the
domains; they also
provide the possibility of creating a finer
grid in areas of particular interest
(McMahon, 2001).
contributing to the groundwater recharge over this month. Neither will
any inflow be occurring.
3.3.3. Numerical model and modelling interface
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 domains. As a FEM forms more complicated systems to model the modelled 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 reside at the site 2030 after finished exploitation. The considered study area 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 obvious differences in presentation, the need for delineation of sub domain
within the 2D interface. The subdomains compensate for the spatial variations within the studied domain and contain information about the different hydraulic properties residing within their borders.
To estimate model parameters a deterministic model using inverse modelling 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 uncertainties 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.
3.3.4. Model calibration
The model is based on results from calibration over October 2012. October has been selected based on studies of the climate data and suitability 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
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soils are frozen which prohibiting the water to percolate. The inflow parameters 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 calculated 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.
3.3.5. Model verification and validation
The model will be verified by running the calibrated model for other input 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 different monthly inputs. Validation of the model will be established by comparing the modelled values with observed values in order to see if the
deviation is within set limits.

3.4. Case study – Täby galopp
3.4.1. Scope of the case study
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 location of residential areas in the outskirts of the city while office-buildings,
cultural activities and shopping have been located to the centre. This results 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.
13

Iris Engström

TRITA LWR Degree Project 13:25

Fig. 6 Picture of the location of Täby Galopp in relation to Stockholm.
commuter travel times. An increased migration to Stockholm and adjacent 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 regional 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 development. The centre is already under construction and development of
several neighbouring areas to increase the number of office and apartment buildings and waiting for political ratification during spring 2013.
Täby galopp has a good potential for development due to its central location 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).
3.4.2. Delineation of the studied area
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 water divide presented in figure 7.
14
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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.
3.4.3. Present land use and future development plans
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 practice for the further development. The presented structure plan, developed by Rosenberg's arkiteter AB and ÅWL Arkitekter AB, presented in
figure 8, will be used as a base for the year 2030 scenario.
3.4.4. Scenario characteristics
The scenarios created are based on establishing the impact different
land-cover has on the groundwater in the studied area for 2012 (reference 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 runoff calculations, imperviousness determines the effect on evapotranspira-

Table 2 Basic land-cover data
Land-use type

Runoff coefficient4

Degree of
ness, %5

Natural area1

0

20

0

Park

20

20

20

Road2

20

100

20

Houses3

25

100

25

1

impervious- Percentage
drained, %6

of

“Lawns, sandy soils, 7%” for acquiring a value of runoff coefficient (Viessmann and Lewis, 2002)
“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)
2
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Fig. 8 Planned development and zoning of Täby Galopp after exploitation, 2030
(Täby kommun, 2012)
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 precipitation.
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 climatological parameters through changed precipitation and evapotranspiration.
Four scenarios of different percentages of land cover are created to discern how the groundwater is impacted by changes in land-use. It is important 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. R ESULTS
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 hydrogeological models and how they have been combined to make up the conceptual model. The setup of the conceptual model has been an iterative process 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.
16
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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)
4.1.1. Geological and topographical settings
According to “Geologiska kartbladet” provided by SGU (1959) the bedrock 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 northwest 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. 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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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).
The racecourse is located in a natural valley enclosed by higher topography 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 glacial 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 consisting 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 geotechnical investigations and has been simplified to include two layers which
have a vital effect on the groundwater recharge. Fig. 10 presents the geological 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 model to the real-world observations.
4.1.2. Hydrological and hydrogeological settings
The general groundwater flow at Täby galopp is directed in a southwest
direction which is eventually culminating in Stora Värtan. Seasonally artesian 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 predom18
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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.
inantly located to the rand-areas consisting of coarser material groundwater 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 conductivities 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 stormwater. The racetrack itself is drained by a stormwater culvert that is traversing the racecourse in a north-south direction collecting the water to
the municipal stormwater tunnel that is eventually taking the water towards 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 hydraulic 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 hydraulic 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 ar19
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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 hydraulig concact with
the atmosphere. The
subdomains C1 to C3
are located over the
confined aquifer of the
racetrack.

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 observed which further confirms its existence. Two major hydraulic low
points are observed in the area. The northern dip coincides with a passage 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 groundwater observation pipe, GA-309GV, it shows a similar fluctuation pattern
as the majority of the other observation pipes, shown in figure 18. However 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 stormwater tunnel just south of this location.
4.1.3. Subdomain characteristics
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. 14 Conceptual sketch of
the mass balance for subdomain A.
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Fig. 15 Conceptual mass balance for subdomain B.

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 future 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
Depth
Volume

[m^2]
[m]
[m^3]

81090
6,4
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
Depth
Volume

[m^2]
[m]
[m^3]

64160
5,7
365712

Table 3 Land covers distribution between subdomains A-C for different percentages of hard surfaces (2,8%, 30%, 66% and 90 %).
Subdomain A
Scenario [% hard surfaces]

Subdomain B
Scenario [% hard surfaces]

Subdomain C
Scenario [% hard surfaces]

Land type

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
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Fig. 16 Conceptual mass balance for subdomain C.

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 established. The spacing of the iso-lines along the centre-part of the studied 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 percolating and the possibility of recharge from the surface is not excluded. Major groundwater recharge is coming from the eastern and western randareas (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 resulting 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
Depth
Volume

[m^2]
[m]
[m^3]

315840
12
3790080

4.1.4. Hydraulic boundaries
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 calibration
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]
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Fig. 17 The location and characteristics of the hydraulic boundaries. A) Constant
head boundaries, B) Constant flow and C) No-flow boundaries.
The properties of the constant head boundaries in figure 17 A) are presented in Table 4. These boundaries are set as constant head based on
analysis of the behaviour of nearby groundwater observation pipes. Noflow 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 varying over the months.

4.2. Evaluation of groundwater observation pipe functionality

Further understanding of the hydrogeological settings is obtained by analysing measured values in the set groundwater observation pipes. The
groundwater observation pipes are spread out over the studied area, representing 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. 18 Locations of the observed groundwater pipes. Source
background map: Google earth (2012)
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Fig. 19 Fluctuations of groundwater in relation to monthly precipitation and potential evapotranspiration.
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 evapotranspiration 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 October. 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 calibration 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 using 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
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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]

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 modelled values correspond with the observed ones. To mitigate errors coupled 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 exploitation 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.
4.4.1. Status quo – 2.8% hard surfaces
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 present land-use. The results show a prognosticated increase in hydraulic
heads due to a wetter climate.
4.4.2. Light development – 30% hard surfaces
Degree of imperviousness: 55%
With 30% hard surfaces the increased precipitation has a higher influence 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 slightly. For November the groundwater levels can go as low as -0.4 meters in
observation pipe G11A0102. The wetter months July and September indicates a higher groundwater table where the highest increases are observed 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.
4.4.3. Planned development – 66% hard surfaces
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 November in observation pipe G11A0102, for the other observation pipes the
values are either higher or even higher than the observed values. Lowered water tables can be expected during February, April, June and September 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
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Iris Engström

TRITA LWR Degree Project 13:25

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 GA309GV

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

August (+0.56m in G09GM25), however no risk for artesian groundwater is apparent.
4.4.4. Heavy development –90% hard surfaces
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 observation 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 possible impacts these would have on the groundwater levels in the area. The
three suggested measures with results are presented in the following section. All calculations are based on the results from the planned development scenario with 66% hard surfaces if not stated otherwise. The

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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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.
month chosen for representating the results is October 2030 (if nothing
else is stated.
4.5.1. Measure 1 – Infiltrating water using LOD
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 beneath the clay.
Figure 22 shows how groundwater levels are affected by LOD in the observation 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 residual 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 boundaries.
4.5.2. Measure 2 – Point source infiltration
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 locations and infiltration rates that will have the greatest effect. In figure 22
the response from the measure at four potential infiltration sites is visualised. The results are valid for October 2030. Depending on the location
of the well different influence areas can be distinguished as well as the
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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.
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 injection should be located to one or both of the two wells at the centre;
G11A0102 and G11A0103.
4.5.3. Measure 3 – Function of an equalizing pond and using buildings as a

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 bringing 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 desired 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 constructions are presented in figure 23.

28

Steady-state hydrogeological modelling in order to investigate groundwater sensitivity

Fig. 23 The
location of the
pond (blue) and
damming constructions (circle) as implemented in the
model.

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 effect 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 observation pipe G09GM25.

4.6. Sensitivity analysis

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

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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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

the mass balance was shown to be of great importance for the final outcome.
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. D ISCUSSION AND CONCLU SIONS
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 composition and output than a 3D model would. Consequently variations along
the z-axis have not been possible to study in detail, neither has the interaction between the different geological layers. With respect to the ambitions 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 finalization of the construction project; therefore no attention has to be taken with regard to economic consequences due to damages on present
constructions. There is consequently no risk for any economic consequences due to subsidence of present constructions over ground. The
storm water culvert traversing the race track is the only evident under30
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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 effective 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 necessary. 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 properties.
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 established 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 tillcovered height ledge in the west and the clay-sink at the racetrack. Additional 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 calibration.
One of the sources of uncertainty in the results is based in the lack of data. Other sources of uncertainty are the possible errors in the available
data when gauging the groundwater levels. These errors could be observed and corrected during the course of this project which made a substantial 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 reservations due to the possibilities of local variations. The groundwater recharge 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 influence 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 overestimated 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 scenario 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 aquifer characteristics. This analysis has not been possible due to a lack of
pumping data. As groundwater flow is transient by nature the steadystate modelling only provides another dimension to the simplification of
the real world. The steady state solutions will not provide values on aquifer storage properties such as the storage coefficient or the transmissivity.
As mentioned earlier any modelling is coupled with several uncertainties.
Lacking of data will give raise to the need of looking at similar cases, literature 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 modelling. The outcome of the model will strongly depend on the set hydraulic 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 investigating 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 error 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 suggestion 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 hydraulic boundaries.
b. To confirm the possible location of the moving water divide traversing the racecourse geophysical investigations such as measurements
using geoelectrical equipment is recommended. The geoelectrical
equipment can penetrate through the clay and can with benefit investigate at several depths to generate a 3D model.
c. Additional groundwater observation pipes have to be installed in order to investigate the groundwater fluctuation pattern in the middle
of the area. At the point of writing this thesis the project is still under 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 frequency 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. Another approach for further studied would therefore be to look back in
time and see if the changing climate has been compensated through increased or decreased evapotranspiration for some of the changed landuse. 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 untouched natural areas where urban infrastructures are absent. In urban
areas new elements are present that increase the complexity in the already intricate groundwater dynamics.
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