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“Don't you realize that the sea is the home of water? All water is off on a journey unless 
it's in the sea, and it's homesick, and bound to make its way home someday” 

         Zora Neale Hurston 
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ABSTRACT 

Gravity is the main driving force for groundwater flow, and both landscape topography and 
geology distribute the effects of gravity on groundwater flow.  The groundwater table defines the 
distribution of the potential energy of the water. In humid regions where the bedrock permeabili-
ty is relatively low and the soil depth is sufficiently shallow, the groundwater table closely follows 
the landscape topography and, thus, the topography controls the groundwater circulation in these 
regions. In this thesis, I investigate multi-scale topography-controlled groundwater flow, with the 
goal of systematizing the spatial distribution of groundwater flow and assessing geological para-
meters of importance for groundwater circulation.  Both exact solutions and numerical models 
are utilized for analyzing topography-controlled groundwater flow. The more complex numerical 
models are used to explore the importance of various simplifications of the exact solutions. The 
exact solutions are based on spectral representation of the topography and superpositioning of 
unit solutions to the groundwater flow field. This approach is an efficient way to analyze multi-
scaled topography-controlled groundwater flow because the impact of individual topographic 
scales on the groundwater flow can be analyzed separately.  The results presented here indicate 
that topography is fractal and affects groundwater flow cells at wide range of spatial scales. We 
show that the fractal nature of the land surface produces fractal distributions of the subsurface 
flow patterns. This underlying similarity in hydrological processes also yields a single scale-
independent distribution of subsurface water residence times which have been found in distribu-
tions of solute efflux from watersheds. Geological trends modify the topographic control of the 
groundwater circulation pattern and this thesis presents exact solutions explaining the impact of 
geological layering, depth-decaying and anisotropic hydraulic conductivity on the groundwater 
flow field. For instance, layers of Quaternary deposits and decaying permeability with depth both 
increase the importance of smaller topographic scales and creates groundwater flow fields where 
a larger portion of the water occupies smaller and shallower circulation cells, in comparison to 
homogeneous systems.  
 
Keywords: Groundwater, Modeling, Topography, Spectral analysis, Fourier series, Exact 
solutions, Multi-scale 
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REFERAT 

Gravitationen är den mest betydelsefulla drivkraften för grundvattenströmning. Topografin och 
geologin fördelar vattnets potentiella energi i landskapet. Grundvattenytans läge definierar vatt-
nets potentiella energi, vilket är ett randvillkor för grundvattnets strömningsfält. I humida områ-
den med en relativt tät berggrund och tillräckligt tunna jordlager, följer grundvattenytan landska-
pets topografi. Därav följer att grundvattenströmningen är styrd av topografin i dessa områden. I 
denna avhandling belyser jag den flerskaliga topografistyrda grundvattenströmningen. Min mål-
sättning har varit att kvantitativt bestämma grundvattenströmningens rumsliga fördelning samt 
att undersöka hur olika geologiska parametrar påverkar grundvattencirkulationen. Jag har använt 
såväl numeriska modeller som analytiska lösningar, för att undersöka hur topografin styr grund-
vattenströmningen. De numeriska modellerna är mer komplexa än de analytiska lösningarna och 
kan därför användas för att undersöka betydelserna av olika förenklingar som finns i de analytiska 
lösningarna. De analytiska lösningarna är baserade på spektralanalys av topografin, samt super-
ponering av enhetslösningar, där varje enhetslösning beskriver hur en specifik topografisk skala 
påverkar grundvattnets strömningsfält. Detta är ett effektivt tillvägagångssätt för att undersöka 
flerskaliga effekter av topografin, eftersom påverkan av varje enskild topografisk skala kan stude-
ras separat. Resultaten som presenteras indikerar att topografin är fraktal och att den ger upphov 
till cirkulationsceller av varierande storlek som även dessa är av en fraktal natur. Denna grundläg-
gande fördelning i grundvattnets strömningsfält ger upphov till att grundvattnets uppehållstid i 
marken följer ett självlikformigt mönster och kan förklara uppmätta tidsvariationer av lösta äm-
nens koncentrationer i vattendrag efter regn. Geologiska trender påverkar hur grundvattenström-
ningen styrs av topografin. De exakta lösningar som presenteras här, beskriver hur geologiska 
lager samt djupavtagande och anisotropisk hydraulisk konduktivitet påvekar grundvattnets 
strömning. Exempelvis är betydelsen av mindre topografiska skalor viktigare i områden med 
kvartära avlagringar och en berggrund med djupavtagande konduktivitet, än i områden med ho-
mogen bergrund utan kvartära avlagringar. Dessutom är en större andel strömmande vatten belä-
gen närmare markytan i de förstnämnda områdena.               
 
Nyckelord: Grundvatten, Modellering, Topografi, Spektralanalys, Fourier serier, Analy-
tisk lösning, Flerskalig 
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1 INTRODUCTION 

This section gives a brief explanation of 
groundwater, followed by motivation and 
scope of the thesis.  I present three extensive 
environmental problems that have inspired 
me during work on this thesis. 

1.1 What is groundwater? 

What is normally meant by the term 
“groundwater” is the water in underground 
voids. The Earth’s crust is to a large extent 
saturated with water, from depths of thou-
sands of meters up to the groundwater table.  
The groundwater table, also referred to as 
the phreatic surface or simply the water table, 
is the interface between the saturated and the 
unsaturated zone of the subsurface. Areas 
where the groundwater table intersects the 
ground surface are commonly known as 
surface water bodies, such as streams, lakes 
and seas.  The elevation of the groundwater 
table is not static; rather, it changes conti-
nuously over time. Changes in the rates of 
recharge or discharge cause changes in 
groundwater storage, which are represented 
by water-table fluctuations (or pressure fluc-
tuations in confined aquifers). The water 
table rises due to increased groundwater 
storage when the rate of recharge exceeds the 
rate of discharge and declines when these 
conditions are reversed. 
Groundwater is a rather complex chemical 
solution. The chemical composition of 
groundwater originates mainly from the 
dissolution of minerals in the soils and the 
rocks with which it is or has been in contact. 
To some extent the chemical composition of 
groundwater is also related to the chemical 
composition of the precipitation, especially at 
shallower depths.  During its travel through 
the ground, the groundwater continues to 
dissolve minerals and hence the concentra-
tion of dissolved constituents tends to in-
crease with the length of the flow path. At 
great depths, where the groundwater flow is 
extremely slow, groundwater is very saline 
and often saturated with various solutes, i.e., 
brine groundwater. 

Groundwater is also a very important geolog-
ical agent affecting numerous chemical, phys-
ical and biological processes. Tóth (1999) 
indicated three main types of interaction 
between groundwater and environment, 
namely, 1) chemical interaction, involving 
various chemical reactions; 2) physical inte-
raction, particularly with respect to processes 
of lubrication and pore-pressure; and 3) 
kinetic interaction, such as the transport of 
mass and heat. This thesis focuses on the 
third type of interaction, specifically how 
water moves and how the movement affects 
the environment.  

1.2 Motivation for the thesis 

A better understanding of groundwater 
movement and circulation is important for a 
wide range of issues within science and engi-
neering. The main scientific question ad-
dressed in this thesis is how various topo-
graphic scales affect the groundwater flow 
pattern. Although it is well known that topo-
graphy is a key factor affecting groundwater 
circulation in many parts of the world, only 
limited quantitative information is available 
on how topography controls groundwater 
circulation. This lack of knowledge leads to 
conceptual errors in groundwater flow mod-
els, where system boundaries exclude the 
impact of larger topographical scales (Tiede-
man et al. 1998, Winter 2001, Devito et al. 
2005) and the resolution of the model means 
neglecting small-scale processes (Beckie et al. 
l994, Wolock & Price 1994). A common 
conceptual error in groundwater models, for 
instance, is that of using surface water di-
vides as vertical system boundaries. Explicit-
ly, this means neglecting all groundwater 
flow at spatial scales larger than the model 
domain. However, it is impossible to account 
for all spatial scales in a model; therefore, it is 
important to understand which scales are of 
importance for the purpose of a specific 
model. Spectral analysis of the topography 
can identify trends of the spatial scales of the 
landscape (Lovejoy & Schertzer 2007). Such 
analyses have been executed in several re-
gions on Earth (e.g., Perron et al. 2008), 
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Venus (Kuchinskas et al. 1992), and Mars 
(Nikora & Goring 2004) and a general result 
is that topography is fractal (Turcotte & 
Newman 1996). Analytical solutions for 
topography-controlled groundwater flow 
utilize superposition techniques to enable 
analyses in models with arbitrary topogra-
phies (e.g., Freeze & Witherspoon 1966). 
Hence, by associating solutions with individ-
ual topographical scales, superpositioning 
facilitates comparison of how different topo-
graphic scales influence the groundwater 
flow field (e.g., Zijl 1999). However, the 
combination of spectral analysis of real land-
scape topography and exact solutions for 
groundwater flow accounting for major 
geological trends has not yet been per-
formed. In this thesis, I combine these two 
scientific methodologies to analyze how 
individual topographic scales affect the 
groundwater flow field. This approach rend-
ers it possible to understand which topo-
graphic scales are important and which can 
be neglected, with respect to specific scientif-
ic issues concerning groundwater flow. Fur-
ther, analyses based on this approach in-
crease the conceptual understanding of the 
linkage between landscape topography and 
groundwater flow.  
Increased understanding of groundwater 
flow can guide solutions to engineering is-
sues such as underground construction, 
domestic water extraction, prevention of 
natural hazards such as flooding and 
landslides, and disposal of liquid waste, nuc-
lear waste and supercritical CO2. Examples 
of classical scientific subjects closely related 
to groundwater flow include spatial ecology, 
water quality, geochemistry, and soil and rock 
mechanics.  Recent studies also highlight 
groundwater’s importance for complicated 
phenomena such as climate (Maxwell & 
Kollet 2008) and landscape morphology 
(Abrams et al. 2009). Many of these subjects 
have formed the work of this thesis but in 
this section I would like to highlight three 
issues that have been the main motivators for 
this thesis.   

1.2.1 Biogeochemical cycles 
Groundwater is an important transport agent 
for solutes, both anthropogenic and natural. 
Residence time in the subsurface, the geolog-
ical environments that groundwater passes 
through, and the location of the groundwater 
discharge areas are all factors controlling 
solute concentrations in the ecosystems 
where groundwater emerges. Therefore a 
better understanding of groundwater circula-
tion increases the knowledge of biogeochem-
ical cycles. 
The interaction of surface waters with 
groundwater influences the global cycling of 
solutes and affects aquatic ecosystems (El-
liott & Brooks 1997, Alley et al. 2002, 
O’Connor & Harvey 2008). For example, 
diffuse nutrient pollution of river networks – 
currently a pressing problem worldwide – 
involves transport and reaction of nitrogen 
as it moves from agricultural fields through 
shallow groundwater and then through sedi-
ments beneath stream channels (Winter et al. 
1998, Peterson et al. 2001). Management 
practices aimed at decreasing nitrate loads in 
rivers require detailed understanding of the 
relationships between river flow, channel 
geomorphology, and interactions with 
ground water. Also, the circulation of organic 
carbon is highly dependent on groundwater-
surface water interaction, where flows in 
hyporheic zones and meander riverbanks 
control reach-scale storage dynamics (Battin 
et al. 2008).  
Millions of people worldwide are threatened 
by arsenic contaminated drinking wells. In-
creased understanding of local and regional 
groundwater flow and patterns is important 
for identification of high risk areas (Winkel et 
al. 2008), and can provide guidance for sus-
tainable use of groundwater in threatened 
regions (Michael & Voss 2008). 

1.2.2 Water resources 
Freshwater is the most important natural 
resource for human life. Even if surface 
water reservoirs are refilled much more ra-
pidly than groundwater reservoirs, ground-
water constitutes 98% of all non-frozen 
freshwater and is therefore an important 
source of freshwater in many countries (e.g., 
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Hutson et al. 2004). Further, surface waters 
are easily accessible, but often require pre-
treatment due to natural and anthropogenic 
pollutant pressures. Groundwater, on the 
other hand, is often of good quality and 
compared to surface water resources, 
groundwater resources are less vulnerable to 
seasonal and inter-annual precipitation varia-
bility. Groundwater feeds springs and 
streams, supports wetlands, maintains land 
surface stability in areas of unstable ground, 
and acts as an overall critical water resource. 
As pointed out by Oki & Kanae (2006), 
water is a circulating resource and for sus-
tainable water extraction it is more important 
to examine the circulation rates rather than 
stocks of water resources. The global re-
charge of groundwater has been estimated at 
12,666 km3/yr for the climate normal 1961–
1990, which is about half as much as the 
annual runoff from streams and rivers (Döll 
& Fiedler 2008). While the benefits derived 
from groundwater abstraction are significant, 
over-abstraction can result in such negative 
effects as reduced spring yields, dried up 
rivers and declining water quality.  
The renewal rate of groundwater is limited, 
complex, and in many regions insufficient. 
As an example, the water table under Beijing 
fell by nearly 59 m in less than 40 years, 
between 1965 and 2003 (Moench et al. 2003). 
Depletion of groundwater resources will be a 
pressing problem in decades to come for up 
to 40% of the world’s population (Gleick 
2001, Gleick 2003) and will have significant 
ecological impacts (Alley & Leake 2004). 
Currently, one-third of humanity lives in 
countries where water is already scarce. Wa-
ter demand is increasing due to energy pro-
duction (King et al. 2008), population growth 
(Vörösmarty et al. 2000, Hutson et al. 2004) 
and regional climate change-related variation 
in water supply (Barnett et al. 2005, Oki & 
Kanae 2006, Kundzewicz & Döll 2008), 
emphasizing the importance of also increas-
ing our understanding of groundwater re-
newal and circulation.   

1.2.3 Nuclear waste 
Several countries consider crystalline bedrock 
or other geological media as potential host 

media for disposal of spent nuclear fuel and 
other types of nuclear waste. Sweden and 
Finland have advanced programs for the 
development of deep repositories in crystal-
line bedrock for spent nuclear fuel (SKB 
2004b, Posiva 2006). A good understanding 
of groundwater flow in the bedrock is critical 
to the safety assessment of such repositories. 
First, the local flow properties at the reposi-
tory will impact the long-term degradation of 
the engineered barrier system. Second, 
groundwater is the main transporting agent 
for radionuclides that may escape the reposi-
tory, and will thus have a strong influence on 
the large-scale migration and potential radio-
logical consequences as the radionuclides 
reach the biosphere. Existing approaches in 
Sweden model large-scale migration behavior 
of radionuclides from an assumed repository 
and use the results as input data to biosphere 
models (SKB 2004b). Large-scale flow mod-
els provide an understanding of discharge 
pattern in the biosphere and this type of 
information is used as input for ecological 
models to assess radiological impact (SKB 
2006b). Essential issues include the spatial 
distribution of deep groundwater water dis-
charge areas in the landscape and pathways 
for radionuclides to enter ecosystems, as well 
as radiological doses to individual humans. 
The overall residence time in the biosphere is 
crucial to a safety assessment because it 
controls the maximum exposure of individu-
al humans and the environment to radioac-
tivity. 
A subject frequently addressed in recent 
studies is the effect of repository location on 
residence times for radionuclides migrating 
from an assumed repository into the bios-
phere (Voss & Andersson 1991, Tóth & 
Sheng 1996, Voss & Provost 2001, Follin & 
Svensson 2003, Holmén et al. 2003, SKB 
2003, Ericsson et al. 2006). It has been ar-
gued that inland locations for nuclear waste 
depositories would be beneficial for radioe-
cological reasons in both Canada (Tóth & 
Sheng 1996) and Sweden (Voss & Provost 
2001), due to longer flow paths through the 
geosphere. Such longer flowpaths would 
result from having a groundwater flow field 
controlled by large-scale topographic fea-
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tures. Likewise, it has been argued that at 
repository depth the spatial extension of 
groundwater circulation cells is relatively 
limited and thus the difference between using 
a coastal vs. an inland location of the reposi-
tory would be negligible from a radioecologi-
cal view point (Ericsson et al. 2006). 
Several of the questions investigated in this 
thesis have resulted from the ongoing review 
by the Swedish Radiation Safety Authority 
(SSM, former SKI and SSI) of Swedish Nuc-
lear Fuel and Waste Management Company’s 
(SKB’s) work related to the Swedish high-
level nuclear waste program. Therefore, a 
large part of this thesis is devoted to this 
specific application of groundwater flow 
modeling (Paper I).    

1.3 Objectives 

The overall aim of this thesis is to scrutinize 
groundwater flow and especially how land-
scape topography can impact groundwater 
flow. Rather than trying to replicate the 
groundwater movements at specific sites, I 
have focused on general patterns in the 
groundwater flow field. I have used site-
specific data for most of my investigations, 
primarily to point out general similarities or 
differences in the trends of groundwater 
motion between areas. In this way I have 
been able to draw general conclusions from 
the site-specific analyses. 
This thesis addresses the effects of topo-
graphic scales ranging from centimeters to 
thousands of kilometers. An important part 
of the work has been to develop tools and 
methods to quantify the importance of indi-
vidual topographic scales for groundwater 
flow. I also investigate how various hydro-
geological processes and parameters can 
modify the topographical control of ground-
water flow. Further, I examine some geologi-
cal, chemical, physical, and ecological conse-
quences that the general pattern of 
topography-controlled groundwater has on 
the environment of what it interacts with. 
Also, this thesis provides guidance on how to 
use topographic data from digital elevation 
models (DEMs), as input to both numerical 
and analytical groundwater flow models. By 
addressing these issues, it is my hope to 

provide insight into the importance of 
groundwater flow patterns for numerous 
practical and scientific issues and to derive 
new conceptual understanding of groundwa-
ter circulation.  
Detailed aims from the included papers are 

- To investigate the importance of to-
pography and Quaternary deposits 
for groundwater flow and thereby the 
performance of nuclear waste reposi-
tories. (Paper I)  

- To develop an analytical solution for 
3D static groundwater flow, based on 
spectral analysis of the landscape to-
pography. (Paper II) 

- To explain the relationship between 
the fractal residence time distribution 
of groundwater and the fractal topo-
graphy, at scales ranging from centi-
meters to thousands of kilometers. 
(Paper III) 

- Enhancement of the spectral solution 
to better represent the topography 
and to account for major geological 
trends;  further, to investigate the ef-
fect of major geological trends on to-
pography-controlled groundwater 
circulation in Swedish conditions. 
(Paper IV) 

- Enhancement of the spectral solution 
to give a better fit to the topography 
and to model the geology more rea-
listically; additionally, to investigate 
the optimal DEM resolutions for 
analyzing topography-controlled 
groundwater flow. (Paper V) 

- Scaling of subsurface permeability ef-
fects on topography-controlled 
groundwater flow. (Paper VI) 
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2  THEORY OF SATURATED 

GROUNDWATER FLOW IN 

POROUS MEDIA 

In this section, I will give a brief introduction 
to groundwater flow and how it is usually 
modeled. I will focus on saturated groundwa-
ter flow in porous media. 

2.1 Basic equations 

Groundwater moves in the direction con-
trolled by the hydraulic gradient. Flow regime 
in the saturated zone may be either laminar 
or turbulent depending on the ratio of iner-
tial forces to viscous forces of the water 
flow. This ratio is expressed in porous media 
(e.g., soil and other granular matters) by the 
Reynolds number defined as  

μ
ρ

μ
ρ vd

A
Qd

==Re    (1) 

where ρ (kg/m3) is the density of the water, 
Q (m3/s) is the water flow, A (m2) is the 
cross-section area of the medium (flow do-
main), d (m) is a representative length (e.g., 
given by the mean grain diameter), μ 
(kg/(s·m)) is the dynamic viscosity of the 
water, and the so-called Darcy velocity v 
(m/s) is the mean velocity given by the 
product of pore velocity and porosity. De-
pending on the definition of the representa-
tive length, the flow regime is laminar for 
Re<1-10 and and fully turbulent for values 
larger than about 100 (Bear 1979). For in-
termediate Re numbers the flow regime is in 
a transition state. For flow in a single plane 
fracture, d is replaced by the hydraulic diame-
ter, dh: 

P
Sdh

4
=     (2) 

where S is the cross-sectional area of the 
fracture and P is the (wetted) perimeter of 
the cross-section. Here the flow is laminar if 
Re<2000 (de Marsily 1986); however, this 
value can be much lower depending on the 
fracture roughness.  For natural groundwater 
the predominant flow regime is laminar, 
where the water moves according to Darcy’s 
Law: 

l
Kv

A
Q

∂
∂

−==
φ

   (3) 

where φ is the hydraulic potential or hydrau-
lic head (m), l (m) is distance, and K (m/s) is 
the hydraulic conductivity.  The hydraulic 
head consists of three parts; elevation, veloci-
ty head and pressure head. In groundwater 
hydrology the energy head from velocity is 
often negligible, the fluid is incompressible 
and the potential becomes 

g
pz

ρ
φ +=     (4) 

where z (m) is the elevation, p (Pa) is the 
pressure, and g (m/s2) is the earth’s gravita-
tional acceleration constant. The hydraulic 
conductivity depends on the properties of 
both the fluid and the medium: 

μ
ρgkK =     (5) 

where k (m2) is the permeability of the me-
dium. The density and viscosity are proper-
ties of the water and can vary with tempera-
ture and salinity, for example. The 
permeability (and thereby the hydraulic con-
ductivity) is normally both heterogeneous 
and anisotropic. To account for those effects 
Darcy’s law is more properly written as
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Kv xzxyxxx ∂
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φφφ  (6a) 
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z
K

y
K

x
Kv zzzyzxz ∂

∂
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−
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∂

−=
φφφ  (6c) 

where K is in the form of a 3x3 tensor. The 
additional equation required to complete the 
mathematical description of flow is the so-
called continuity equation. For incompressi-
ble, steady state flow, the continuity equation 
simplifies to  

Q
z
v

y
v

x
v zyx =

∂
∂

+
∂

∂
+

∂
∂    (7) 

where Q is a source term. When Darcy's law 
is combined with the continuity equation, 
and the Cartesian coordinate system is ad-
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justed to the principal direction of the aniso-
tropic permeability, we obtain 

Q
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K
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Without the source term, eq. 6 simplifies to  
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2.2 Groundwater modeling 

Flow modeling is a predominant method for 
studying groundwater movement. Natural 
trace elements are used to determine the 
origin (circulation paths) and age of ground-
water (Carrillo-Rivera et al. 1996, Gascoyne 
2004), but provide a limited spatial overview.  
Tracer tests in bedrock are generally re-
stricted to small spatial scale due to low flow 
velocities (Jakob et al. 2003). Pumping and 
injection test results are hard to analyze due 
to high uncertainties of the subsurface prop-
erties. Also, all such measurements often 
require complementary flow modeling to 
provide useful output.  
In groundwater flow models the equations 
stated above are normally accounted for.  
For idealized geometries and simplified re-
presentation of the geology, eq. 8 can be 
solved analytically. In order to produce more 
realistic and detailed representations for the 
groundwater flow, numerical solutions are 
often necessary because analytical solutions 
are very difficult to derive for general boun-
dary conditions.  However, there are many 
advantages to analytical solutions. These 
represent a continuous solution to the prob-
lem whereas numerical solutions are discon-
tinuous in some form (head or derivatives of 
head). Numerical models also suffer from 
numerical errors. Most important for con-
ceptual understanding is that analytical solu-
tion can provide greater insight into the 
problem.  
There are many obstacles in groundwater 
modeling. One challenge is the large spatial 
scales, from pore space volumes (Beckie et 
al. 1994) to entire continents (Döll et al. 
2003), and time scales ranging from seconds 
to million of years (Bentley et al. 1986). 

Another obstacle is uncertainty of the model 
input. The value of model predictions is 
undermined by uncertainty because complex 
natural systems are always open. Models can 
never fully image the systems that they 
represent; therefore, model predictions are 
always subject to uncertainties that we can-
not fully specify (Tsang 1991). Because of 
large uncertainties in the model input, more 
complex models, even if more realistic, give 
less certain predictions. For these and other 
reasons, ground water models can never be 
verified or validated (Konikow & Bredehoeft 
1992, Oreskes et al. 1994). Therefore 
groundwater models should not be viewed as 
an accurate representation of a system but 
rather as an embodiment of a scientific hypo-
thesis of the system (Savenije 2009).  
In this thesis the subsurface is assumed to be 
a porous media. However, the groundwater 
flow predominantly occurs within fractures 
and other networks of interconnected pores. 
In order to capture this discrete nature of 
groundwater flow, models of local flow and 
transport usually account for the discrete 
network’s geometry and properties explicitly 
(e.g., Dverstorp et al. 1992, Cvetkovic et al. 
2004, MacQuarrie & Mayer 2005). These 
models are often referred to as discrete frac-
ture network (DFN) models. On a sufficient-
ly large scale in comparison to fracture sepa-
ration distances, due to lack of data and 
computational differences, groundwater flow 
is generally studied using continuum models.  
According to Bear (1979), there exists a 
spatial scale at which individual heterogenei-
ties and discrete features can be ignored, due 
to a process of averaging to produce an 
effective continuum medium. There are 
several approaches for implementation of 
DFN structures in continuum models. Expli-
cit modeling of key faults and fractures can 
be performed by finite element models 
(FEM), where the model grid is very flexible. 
The DFN can be represented by geostatistic-
al simulation of faults and fractures, e.g., by 
kriging.  Geohydrological parameters can be 
derived from DFN models by the Oda Ten-
sor approach (Oda 1986). 
Most geological features are heterogeneous 
and anisotropic, and the groundwater flow is 
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to a great extent governed by local variation 
in permeability. One of the biggest obstacles 
in groundwater modeling is the large uncer-
tainty of the permeability field, which spans 
over more than ten orders of magnitude for 
natural materials. Field measurements of 
permeability are mostly both uncertain and 
unrepresentative for the area. Renard and de 
Marsily (l997) listed a number of methods to 
represent the permeability for steady-state 
groundwater flow in porous media. Spatial 
variability in permeability and poor know-
ledge of site-specific distributions are motiva-
tions for applying stochastic fields of per-
meability in groundwater models. Even early 
studies on stochastic groundwater modeling 
pointed to the fact that groundwater flow 
fields are highly uncertain, in the sense that 
the solution exhibits significant cross-
covariance with hydraulic conductivity (Bakr 
et al. 1978, Gelhar 1986). Thus, a point value 
taken from a velocity field of a site-specific 
realization would often deviate significantly 
from the expected value solution of the 
velocity field. However, the expected value 
solution itself is generally much less depen-
dent on stochastic hydraulic conductivity, 
which explains why general trends in 
groundwater motion may be studied using 
mean values of hydraulic conductivity and its 
anisotropic properties. Other studies have 
indicated cross-correlation effects between 
stochastic properties of the velocity fields 
and solute transport that affect the expected 
value solution in terms of macro-dispersion 
and retention phenomena (Gelhar & Axness 
1983, Cvetkovic & Haggerty 2002, Wörman 
et al. 2003b). Nevertheless, this thesis deals 
with overall trends of groundwater motion 
and no stochastic analyses have been per-
formed. 

2.3 Hydrogeology 

One geological large-scale trend that has 
been observed at many locations is decaying 
permeability with depth. Because of the 
closure of fractures and the decrease in po-
rosity under increasing stress with depth, 
bedrock permeability decreases with depth in 
most geological formations. A non-linear 
decay of permeability with depth has been 

observed for boreholes in geological media 
in many regions and in different substrata 
(Streltsova 1988, Lee & Farmer 1993, Sykes 
2003, Nappi et al. 2005, Williams et al. 2006) 
and has been predicted by thermogeological 
calculations (Ingebritsen & Manning 1999, 
Saar & Manga 2003). However, the spread of 
measured data is large (e.g., Rehn et al. 2006), 
and at several boreholes, no obvious depth-
dependency was detected. There are many 
examples in the geoscientific literature of 
mathematical representation of depth-
decaying permeability. Ingebritsen and Man-
ning (1999) developed a function describing 
the relation between depth and permeability 
by a power-law function (eq. 10). This func-
tion was later refined for the top 800 meters 
of depth by Saar and Manga (2004), suggest-
ing permeability to be exponential in the top 
800 m (eq. 11).  

( )
γ−

⎟
⎠
⎞

⎜
⎝
⎛ −

=
D

zkzk D    (10) 

( ) δ/z
sekzk =     (11) 

Here, ks (m2) is the permeability at the 
ground surface, D (m), δ (m) and γ (m) are 
decay coefficients, and kD (m2) is the per-
meability at some depth. The power-law 
function (eq. 10) is identical to the one pre-
sented by Ingebritsen and Manning (1999), 
and they suggested values of kD, D, and γ as 
follows to represent the continental crust: 
kD=10-14, D=1000, and γ=3.2.  An appropri-
ate value for ks is 5x10-13 and for δ is 250, 
according to Saar and Manga (2003).  
Based on Swedish borehole data, Rehn et al. 
(1999) described the depth-decaying hydrau-
lic conductivity as 

( ) czeKzK 0=     (12) 
where K0 (m/s) is the conductivity at the 
ground surface, z (m) is elevation (negative 
below the ground surface), and c is a positive 
constant. The values of c and K0 on borehole 
were fitted to data from Sweden down to 
approximately 1,600 m depth, where c = 
0.00641 and K0 = 1.925 x 10-7.     
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2.4 Topography-controlled  
groundwater flow 

Gravity is the main driving force for 
groundwater flow, and topography as well as 
geology defines the effects of gravity on 
groundwater flow.  For regions where the 
climate is humid, bedrock permeability is 
relatively low and layers of looser deposits 
overlaying the bedrock are sufficiently shal-
low, the groundwater table closely follows 
the landscape topography. In these areas, the 
groundwater flow field is controlled by the 
topography.  There are numerous studies 
where the relation between the topographical 
elevation, Z(x,y), and the groundwater table 
location, φ(x,y,z=zs) = H(x,y) (zs=water table 
elevation), has been measured. In many 
regions a clear similarity in the sense Z(x,y) ≈ 
φ(x,y,zs) = H(x,y) is observed (e.g., Heath 
1983, Low 2002, Peck & Payne 2003, Ophori 
2004) but in other regions there is no signifi-
cant correlation (e.g., Haitjema & Mitchell-
Bruker 2005). Haitjema and Mitchell-Bruker 
(2005) developed a criterion for when the 
groundwater flow is controlled by topogra-
phy, i.e., φ(x,y,zs) = Z(x,y), and when it is 
controlled by recharge r (m/s) on a free 
water table, i.e. Kz ∂φ(x,y,z)/∂z|z=zs = -r. The 
criterion is based on a 1D analytical solution 
and includes infiltration, hydraulic conductiv-
ity, distance to surface water, aquifer thick-
ness, etc. Others have used kriging to model 
the groundwater table and the topography is 
used as a secondary parameter to improve 
the adjustment to measured points of the 
water table (Desbarats et al. 2002). Often the 
groundwater table is approximated by the 
topography, and topographic data are used as 
boundary conditions in steady-state ground-
water flow models. In numerical models 
digital elevation models (DEMs) can be used. 
There are many advantages of using DEMs.  
Elevation data are easily accessible, accurate 
and of high resolution in comparison to 
precipitation data. Further, using precipita-
tion data requires knowledge about the infil-
tration through the unsaturated zone and the 
transpiration of vegetation; such knowledge 
is often very limited for larger areas. Because 
DEMs give a discrete description of the 

elevation, but no information for interme-
diate locations, DEMs cannot be used as 
boundary conditions for exact solutions of 
groundwater flow. Therefore, various me-
thods have been developed to represent the 
topographic/water table undulation in suita-
ble ways for analytical solutions.  In a classic 
paper from 1963, Tóth (1963) presented an 
analytical solution for topography-controlled 
groundwater flow for a hypothetical drainage 
area where a 1D topographic cross-section 
was built up by a linear slope and a superim-
posed harmonic function. His main point 
was that groundwater flow is affected by 
various topographic scales and that the 
groundwater flow field can be divided into 
different spatial scales, such as local, inter-
mediate and regional scales.  Freeze and 
Witherspoon (1966) based their 1D topogra-
phy on intersecting lines of various lengths 
and angles.  They derived the first spectral 
methods to model the groundwater flow 
field. In more recent studies, spectral analys-
es of groundwater have been developed to 
include three dimensions (Zijl 1999) and 
exponentially permeability profile (Rehbinder 
& Isaksson, 1998).  In all the above-
mentioned solutions, the topographic irregu-
larity is only reflected in the pressure distri-
bution on the boundary. The geometry of the 
boundary was restricted to a horizontal flat 
surface. For 2D flow, both series and spec-
tral solutions have been derived to include 
irregular boundaries in terms of both pres-
sure and geometry (Read 1993, Gill & Read 
1996, Li et al. 1996). Recently, Craig (2008) 
presented a 2D spectral solution with an 
irregular top boundary, and an improved 
representation of the geology. 
The impact of different scales of topography 
on groundwater flow has been investigated 
for different reasons (e.g., Zijl 1999, Alley et 
al. 2002, Gleeson & Manning 2008). Recent 
research has highlighted the relationship 
between fractal topography and surface–
subsurface fluxes over a wide range of scales, 
which is manifested in terms of fractal 
stream chemistry (Kirchner et al. 2000, Car-
denas 2007).  Even when accounting for the 
vadose zone and transient flow, the influence 
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of topography on fractal stream chemistry 
persists (Kollet & Maxwell 2008). 

3  MATERIALS AND METHODS 

This thesis presents two approaches to study 
static groundwater flow. In this section I 
describe these two approaches, where one is 
based on a numerical model and the other 
involves an exact series solution.  The reason 
for using two model approaches is that dif-
ferent questions are best investigated by 
either of the models.  In particular the analyt-
ical solution includes essential simplifica-
tions, whose implications can be tested by 
the numerical model.  This chapter also 
presents the study domains and the site-
specific data used as input to the models. 

3.1 Site-specific data 

All analyses within this thesis are based on 
spatial data from Sweden and North Ameri-
ca, covering surface topography and batho-
metry, land use characteristics and geological 
structure. Two areas in Sweden, here referred 
to as Forsmark and Oskarshamn, were pre-
viously selected as candidate areas for the 
Swedish deep repository for high-level nuc-
lear waste and are currently subject to site 
investigations by the Swedish Nuclear Fuel 
and Waste Management Company (SKB). As 
part of these site investigations, SKB has 
gathered data and developed models for 
numerous site-specific parameters (SKB 
2004a, SKB 2006a), providing a unique op-
portunity to obtain input for my models. 
Examples of data from the site investigations 
used in my models include topography, ba-
thymetry and soil depth.  

3.1.1 Study domains 
The analyses in this thesis are based on site-
specific data from various areas in Sweden 
and North America, spanning from ~10x10 
m2 to ~1,000x1,000 km2.  
Papers II and III include analyses of five 
terrestrial domains in Sweden of various size 
and one domain covering a large part of the 
North American continent (Fig. 1). In addi-
tion, three aquatic environments were ana-
lyzed. Sugar Creek is a small headwater tribu-
tary of the Illinois and Mississippi River 

systems, located near Kentland, Indiana. 
Alternate bars were generated in a tilting 
flume of the St. Anthony Falls Laboratory, 
University of Minnesota.  Ripple-dune topo-
graphy was generated in a recirculating flume 
with a 12 m long channel. 
In Papers I and IV, various study domains in 
Sweden were investigated. The domains were 
categorized into three size classes where the 
largest domains surround the middle-sized 
domains which in turn surround the smallest 
domains (Fig. 2). In Paper I, two additional 
study domains were assessed that are not 
included in Fig. 2A. Within the Forsmark 
site, a domain of 10x10x2.5 km3 (subsequent-
ly referred to as the FZ domain) was selected 
to study the impact of bedrock heterogeneity 
on the groundwater flow field and radionuc-
lide migration (see further in 3.1.2). Within 
the Oskarshamn site, a domain of 9.4x5.9x1 
km3 (subsequently referred to as the QD 
domain) was selected to study the impact of 
Quaternary deposits on the groundwater 
flow field and radionuclide migration (see 
further in 3.1.2).   
 

 
Figure 1. The model domain used for the 
North American continent (Papers II & III), 
covering a rectangular area of 4,375x2,775 
km2 (colored area). 
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In Paper VI, 30 domains of Sweden and 
North America were analyzed, including 10 
small (2,500x2,500 m2), 10 medium-sized 
(25,000x25,000 m2), and 10 large 
(250,000x250,000 m2) domains. The small 
and medium-sized domains are all located in 
Sweden, while the large domains are located 
in North America (Fig. 3).  

All analyses in Paper V were performed in a 
25 km2 quadratic domain in the south-east of 
Sweden, within the site investigated by SKB 
that is here referred to as Oskarshamn.  In 
the study domain the permeability is low 
(Rhén et al. 2006) and the precipitation rela-
tively high (SMHI), which provides a close 
relationship between topography and the 
ground water table. 

Figure 3. The study domains of Paper VI. A: Map of small (2,500x2,500 m2) and medium-sized 
(25,000x25,000 m2) study domains, all located in Sweden. B: Map of large (250,000x250,000 m2) 
study domains, all located in North America. 

Figure 2. Map of Sweden showing the study domains organized in three different size classes: L 
(350x350 km2), M (100x100 km2) and S (30x30 km2). A: The study domains of Paper I. B: The 
study domains of Paper IV. 



Topographic Control of Groundwater Flow 

 

11 
 

3.1.2 Geology 
To account for the soil layers in Paper IV 
and VI, I used data from the Swedish well 
archive (SGU), in particular the ~283,000 
bedrock wells where the soil thickness has 
been measured (see Paper VI). The number 
of wells in each domain differs from 20,778 
in the densest area to only a couple of wells 
in the area with the smallest population. In 
the less-populated areas, the calculated soil 
depth may overestimate the real value be-
cause people tend to live close to rivers, 
where the soil depth is often large. Data on 
thickness of Quaternary deposits were also 
available for the site investigated by SKB 
referred to as the Oskarshamn site. At this 
site SKB has interpolated the soil depth from 
descrete measurements (Nyman 2005). In 
Paper I, a domain of 9.4x5.9x1 km3 (the QD 
domain, see 3.1.1) located in the Oskarshamn 
site was used to analyze the impact of Qua-
ternary deposits on the groundwater flow 
field and radionuclide migration.  Also the 
study domain analyzed in Paper V (see 3.1.1) 
used the modeled soil depth from the Oskar-
shamn site. Typical values of saturated hy-
draulic conductivity in Swedish till (which is 
the dominant soil type in all areas studied) 
range from 10-7 to 10-4 m/s (Lind 1989). 
Here we have chosen to use 10-5 (Paper I) or 
5 x10-6 (Papers IV & VI) m/s as representa-
tive values for all soils. 
Simulations with conductivity including 
horizontal heterogeneity were only per-
formed with the numerical model in a do-
main of 10x10x2.5 km3 (the FZ domain, see 
3.1.1) in Forsmark (Paper I). The anisotropy 
and the heterogeneity of the bedrock were 
modeled by combining deterministically 
defined fracture zones (on the 1-20 km scale) 
with stochastically defined fracture popula-
tions (on the 1-1000 m scale). Data for frac-
ture zones and fracture descriptions within 
the Forsmark site were taken from SKB 
(2004a), and complemented by a larger-scale 
lineament interpretation by Geosigma AB.  A 
realization of this mixed deterministic-
stochastic model was then used to calculate 
the 3-D conductivity tensor for each 
50x50x50 m block to be used in the conti-
nuum model. Conductivity tensors were 

calculated using classical formulae for infinite 
fractures (Snow 1969) but scaled for the 
proportion of a given fracture plane within a 
block that is occupied by the finite fractures 
in the DFN model.  I note that this approach 
may overestimate the connectivity and con-
ductivity tensor components (Long et al. 
1982) but used it for simplicity and economi-
cal constraints of the computations.  

3.1.3 Topography 
RT 90 (Rikets koordinatsystem 1990) is the 
local geodetic datum system used in Sweden. 
The Swedish national map series are based 
on a Transverse Mercator grid of this datum, 
denoted as RT 90 2.5 gon V 0:-15. The x-axis 
of this national grid system is pointing in the 
North direction and the y-axis in the East 
direction.  The elevation data of Sweden are 
defined in terms of a 50 m grid resolution 
DEM and originate from the National Land 
Survey of Sweden. From the SKB site inves-
tigation program, elevation data are also 
provided in a 10 m grid resolution DEM and 
elevation data including bathometry are given 
in a 20 m grid resolution DEM (Brydsten & 
Strömgren 2004, Brydsten & Strömgren 
2005). In North America the DEM was 
originally produced by U.S. Geological Sur-
vey and transformed by ESRI using NAD 
1983 Albers projection, and the grid resolu-
tion is 1 km. 

3.1.4 Land use and hydrology  
Data on land use are available from the Na-
tional Land Survey of Sweden in a 25 m grid 
resolution raster, as well as in shape-files. 
The land use is defined as 80 different 
classes, including surface water elements 
such as lakes, streams, wetlands and seas. In 
Paper V, infiltration was used as a boundary 
condition in the numerical model. The infil-
tration was estimated by SMHI, based on 
annual precipitation and evapotranspiration 
in three catchments coinciding with the study 
domain in Paper V (see 3.1.1). 
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3.2 Numerical model 

3.2.1 Scope and use of  the numerical  
models  

The numerical model was used to analyze the 
groundwater flow field in four domains in 
Sweden and to see how the flow field was 
affected by local and surrounding topogra-
phy (Paper I). Focus was on how the flow 
velocities at repository depth (~500 m) were 
related to various topographic scales. To 
address these issues, the numerical evaluation 
was performed by a telescopic grid refine-
ment approach using three different domain 
sizes (Fig. 2A). Simulations of groundwater 
flow were first performed in a relatively large 
(L) domain (550x350x15 km3). Within the L-
domains, intermediate-sized (M) domains 
(100x100x5 km3) surrounding the study areas 
were located. In the M-domains, groundwa-
ter flow simulations were performed using 
the results from the L-domains as boundary 
conditions. The results from that simulation 
were then used as boundary conditions in the 
relatively small (S) domains of the study areas 
(30x30x2 km3 or 35x20x23 km). The L-
domains are assumed to be large enough for 
covering the continental groundwater flow 
that in Sweden is most likely to occur in the 
West-East direction. The L-domain for 
Svealand stretched over the entire width of 
Sweden at that latitude range (see Fig. 2A). 
For Götaland the domain includes the largest 
surface water divide for flow in the East-
West direction (see Fig. 2A). The S-domains 
are located in the center of the M-domains. 
The reason for setting up the M-domains is 
that the resolution of the L-domains is too 
rough to give realistic boundary conditions 
for the S-domains. 
To explore the importance of heterogeneity 
effects, a mixed deterministic and stochastic 
representation of heterogeneity in bedrock 
permeability, based on site-specific data, is 
included in the model (see 3.1.2 and further 
Paper I).  
In Paper V, the numerical model was used to 
calculate the annual mean location of the 
phreatic surface in Oskarshamn. This was 
done using the annual mean infiltration and 
location of surface water bodies (see 3.1.4) as 

the top boundary condition. Further, the 
surface infiltration rate was modeled for 
various DEM resolutions numerically (Paper 
V). 
In Paper II, the error induced by approx-
imating the topography as a head distribution 
on a flat upper surface was evaluated numer-
ically.  
In paper III, the effect of depth-decaying 
hydraulic conductivity was evaluated numeri-
cally.  

3.2.2 Model setup 
The three-dimensional numerical simulations 
were performed using a computational pack-
age in a Matlab® environment. The ground-
water flow model includes bedrock, soil, and 
surface water bodies, as well as a description 
of the relevant landscape topography. The 
problem is formulated based on a (Darcy) 
continuum formulation for the groundwater 
flow and is solved using central finite differ-
ences. The problem to be solved is expressed 
in eq. 6a-c and 7, however horizontal hetero-
geneity was only accounted for in the FZ-
domain, in the other domains the problem is 
defined by eq. 8. For simplicity (not due to 
limitation of the solution method), the lower 
boundary of the model is taken as a flat 
horizontal surface and the side walls are flat 
vertical surfaces. The top surface coincides 
with the groundwater table (Fig. 4). Each 
grid point, except those located on the 
boundaries, is located in the centre of a 
prism of anisotropic hydraulic conductivity. 
Provided that the prisms have individual 
hydraulic conductivities, the model 
represents both anisotropic and heterogene-
ous hydraulic conductivity.  The grid distance 
is variable within the domain, providing the 
possibility of representing interesting geolog-
ical formations, e.g., Quaternary deposits, in 
more detail. At the boundaries, either con-
stant hydraulic head (Dirichlet condition) or 
constant flux (Neumann condition), can be 
specified. 
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When solving the central finite differences 
representation of the problem considered in 
the form of A h = B, where A is a coefficient 
matrix containing the K-values of eq. 8, and 
statements related to the size of the related 
prisms, h is the solution vector (hydraulic 
head) and the vector B contains zero or 
boundary conditions. The solution can be 
expressed by a direct solution algorithm in 
the form h = A-1 B. After the hydraulic head 
is calculated, the groundwater table, i.e., the 
top boundary of the model, is adapted to the 
spatial head distribution. This leads to a new 
domain geometry, a new grid (different from 
the former in the vertical direction), new 
properties of the prisms related to the grid 
points, and a new coefficient matrix A. Be-
cause the coefficient matrix depends on the 
solution the problem is non-linear. The non-
linearity requires an iterative solution proce-
dure where the coefficient matrix is gradually 
updated. However, if the topography is used 
as the boundary condition, no iteration is 
nessesary. Prior to the iteration, the grid 
node system is defined based on assumed 

start values of water depth. The iteration, 
which is interrupted when the change of the 
water table is sufficiently small, includes the 
following steps: 

- Assemble equation system based on 
"old" values of water depth in coeffi-
cient matrix.  

- Solve system. 
- Let water depth equal hydraulic po-

tential in uppermost layer of nodes. 
- Define new grid net. 
- Calculate error based on change in 

water depth between iterations. 
- Continue calculation as long as error 

exceeds a certain limit. 
 
If no site-specific data of the hydraulic con-
ductivity or permeability are available, the 
permeability/hydraulic conductivity is as-
sumed to be constant or depth-dependent 
according to eq. 10 and 11 or 12. When 
calculating hydraulic conductivity from the 
permeability, the viscosity of water also 

Figure 4. Vertical cross-section of the numerical model, including the grid point system; φ (m) is 
the hydraulic head and z (m) is the elevation of node points to be used in finite difference for-
mulation. 

φ 

Fixed reference level 

z
Grid point 

Stream

Lower domain surface 

Upper domain surface  

Ground surface 
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slightly affects hydraulic conductivity. Vis-
cosity decreases with depth due to the ther-
modynamic relation between depth, pressure, 
temperature and viscosity (Bird et al. 2002). 
In the Quaternary deposits the hydraulic 
conductivity is assumed to be constant and 
was given a constant value of 10-5 m/s in 
Paper I and 5x10-6 m/s in Papers V and VI.  

3.2.3 Limitations of  the model 
A quasi-steady formulation is applied to the 
flow. This approach was adopted mostly 
because the water circulation and radionuc-
lide migration are assumed to occur over a 
long time compared to short-term seasonal 
fluctuations of the groundwater surface. 
Exchange of radionuclides with the unsatu-
rated zone and further uptake in root zones 
can be accounted for independently of this 
quasi-stationary modeling approach.  
The flow problem is solved using the finite 
difference method. A reason for using finite 
differences is the simpler expressions for 
elements of the coefficient matrix and the 
fact that the problem requires an iterative 
solution in which the coefficient matrix is 
repeatedly reassembled. The finite element 
method has other advantages such as the 
possibility of using various sizes of the grid 
elements in a straightforward manner. 
Another problem with the finite difference 
method in this context, however, is the adap-
tation of the grid to the surface water ele-
ments and other features.  
The finite difference method used here im-
plies that the (x,y)-components of the veloci-
ty are horizontal. Hence, the calculation 
points should be organized in a 3D ortho-
gonal grid. Here, however, the grid follows 
the water table (see Fig. 4). This implies that 
the distances between grid points depend on 
their position as well as the local slope of 
water table. In the finite difference method 
proposed, the distances between nodes with-
in the layers are calculated without considera-
tion of the slope of the water table. Howev-
er, this simplification is appropriate if the 
slope of the water surface is relatively small. 
This error also diminishes with depth be-
cause the grid is horizontal at the bottom of 
the domain. This limitation of the calculation 

method also motivates the use of a horizon-
tal bottom boundary. 
Another limitation of the model is that the 
effect of variable-density flow due to salinity 
is neglected. In transient groundwater models 
the origin of the salinity field can be mod-
eled, but in a static model like this, the salini-
ty must be assumed. However, salinity mea-
surements are sparse and the heterogeneity is 
large. A depth-dependent model for salinity 
would be an alternative. One simple way of 
representing the brine stratum is to introduce 
an impermeable bottom below the fresh 
water flow.  

3.3 Spectral solutions  

3.3.1 Scope and use of  the spectral  
solutions 

The result of the spectral analysis is a repre-
sentation of the ground surface topography 
in a Fourier-series spectrum. Assuming a 
groundwater surface that follows the ground 
surface gives us the hydraulic potential as a 
boundary condition for the groundwater 
flow field defined in eq. 8. As will be shown 
later, each individual harmonic function 
included in the Fourier series provides a 
boundary condition, giving us a problem that 
is possible to solve analytically.  Hence, the 
Fourier-series spectrum combined with the 
hydraulic conductivity field provides an exact 
solution of the underlying three-dimensional 
groundwater flows induced by these topo-
graphic features over a wide range of spatial 
scales.   
The analytical model is used in all included 
papers.  However, the exact solution of 
ground water flow, as well as the methods 
for spectral analyses of the topography, has 
evolved during this work. The first version 
was limited in two aspects. First, the super-
position principle was based on the assump-
tion that the hydraulic potential of the 
groundwater surface is given along a flat 
upper surface of the flow domain. Second, 
the solution only applies for homogeneous 
hydraulic conditions (Papers I-III). Changes 
were then introduced at several times. First, a 
layered representation of the subsurface was 
provided such that the hydraulic conductivity 
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of each layer was exponentially decaying, as 
well as a method to account for topographic 
trends larger than the domain size (Paper 
IV).  Second, anisotropic hydraulic conduc-
tivity was included, and the limitation of the 
flat upper boundary was removed (Paper V 
& VI). These solutions and their derivations 
are presented in Papers II, IV and V. Here 
only the most complex solution (Paper V) is 
presented. The other solutions can be ob-
tained simply by neglecting some compo-
nents of the more complex solution.   
The analytical model was used to analyze the 
importance of large versus small topographic 
scales for the groundwater flow field at repo-
sitory depth (~500 m), in Swedish bedrock 
(Paper I). It was also used to study the rela-
tionship between fractal topography and 
groundwater circulation times (Papers II & 
III).  Further, the importance of geological 
trends could be related to various topograph-
ic scales by utilizing the analytical model 
(Papers IV & VI). A general advantage of 
deriving analytical solutions for groundwater 
flow is the possibility to find clear expres-
sions for various relations (Paper VI). The 
particular advantage to analytical solutions 
based on Fourier representations, in compa-
rasion to other analytical solutions is the 
possibility to represent an arbitrary shape of 
the water table. Equally important is the 
possibility of comparing the contributions of 
individual topographic scales to the ground-
water flow (Papers I-VI).  

3.3.2 Spectral analysis of  the topography 
Discrete Fourier series in 2D consist of a 
double sum of harmonic functions (harmon-
ics) of specified wavelengths.  The ampli-
tudes of the harmonics are named Fourier 
coefficients and are adjusted to make the 
Fourier series converge to the desired data 
set. Here, the optimal Fourier coefficients (in 
a least-squares sense) are obtained by specify-
ing known surface/water table elevations (or 
known flux rates) at a finite set of control 
points along a topographic surface, i.e., a 

DEM.  All harmonics in 2D Fourier series 
include one wavelength in the x-direction (λx) 
and one in the y-direction (λy), i.e., a wave-
length couple. All wavelengths of the Fourier 
series are periodic within the model domain. 
This means that the longest wavelength is 
restricted by the fundamental Fourier fre-
quency. Additionally, the shortest wavelength 
is restricted by the map resolution according 
to the Nyqvist theorem (Chatfield 2004). 
Therefore, the maximum number of possible 
wavelength couples is restricted by the DEM 
grid. 
For each wavelength couple there are nu-
merous possible harmonics. To facilitate the 
interpretation of different Fourier spectra, in 
terms of importance of individual topograph-
ic scales, the combination of harmonics of a 
specific wavelength couple is here called 
wavelength function and is denoted Gi,j(x,y), 
where i and j are integers defining the specif-
ic wavelengths. This gives us a general for-
mulation for the 2D Fourier representation 
of landscape topography: 

( )∑∑
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x yN
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ji yxGyxf
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where f(x,y) is an arbitrary, continuous or 
discrete, surface function (i.e., landscape or 
groundwater surface topography), Nx and Ny 
are the number of wavelength in x-and y-
direction, respectively. A simple form of 
Gi,j(x,y) is used in Papers I-IV and VI: 
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An alternative wavelength function, investi-
gated in Paper V, consists of a combination 
of four harmonics: 
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Figure 5. Definition of a model domain with M horizontal layers, representing various geological 
media. However, the groundwater table is the boundary of the calculation domain, which means 
the exact solution is not valid in layer M. 

As mentioned earlier in this section, when 
representing a DEM, the number of possible 
wavelengths is restricted. Increasing the 
number of Fourier coefficients in each wave-
length function therefore increases the total 
number of Fourier coefficients of the Fourier 
series. This provides a better fit to the DEM 
(see Paper V). However, the spectral analysis 
is an important tool for understanding the 
importance of individual topographic scales 
for topography-controlled groundwater flow. 
Fourier series where more than one Fourier 
coefficient is related to each wavelength 
couple complicate the interpretation of how 
an individual topographic scale may affect 
the groundwater flow field.  
To enable the use of DEMs as a top boun-
dary condition of the groundwater flow, we 
will assume that the water table follows the 
land surface, Z(x,y) ≈ zs(x,y), where Z is the 
land surface elevation and zs is the water 
table elevation. This limitation is not neces-
sary to derive the exact solution, but moti-
vated from the viewpoint of data access (see 
2.4). At the water table elevation, the hydrau-
lic potential φ is equal to the water table 
elevation, i.e., φ(x,y,z=zs) = zs(x,y) ≈ Z(x,y) 
(Fig. 5).  
Fourier series are by definition sums of peri-
odic functions. The topography on the other 
hand is seldom periodic (in the sense that it 
has the same value on opposite domain 

boundaries) in either 1D or in 2D. This af-
fects the fit especially at the boundaries, 
where the periodic functions are zero but the 
real elevation varies. Because the topography 
is often situated within a topographic trend 
larger than the studied area, this error can be 
mitigated by subtracting a trend plane from 
the topography of the study domain. Then 
the spectral representation of the topography 
is given in the form: 
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where A0, B0, and C0 are constants defining 
the trend (in form of a sloping plane) of the 
topography that extends further than the 
domain size. Further, ψ is a decay function, 
introduced so that eq. 13 not only provides a 
fit to the head boundary condition, but fur-
ther on also describes the depth variance of 
the 3D potential field. This decay function is 
dependent on the geology and will be ex-
plored at a later stage.  The factor m defines 
the geological layer (m=1, 2…M).  The val-
ues of A0, B0, and C0, are obtained by least-
squares optimization, and the trend plane is 
subtracted from the topographic data before 
the determination of the Fourier coefficients. 
The Fourier coefficients are evaluated in a 
least-square sense to minimize the error of  
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where | | indicates the absolute value. The 
problem can be stated as Z=CH, in which Z 
is an Mx1 vector containing the observed 
elevation in M locations with the trend plane 
subtracted, C is a NxNyNGxM coefficient 
matrix containing the right hand side of eq. 
17, and H is the NxNyNGx1 Fourier coeffi-
cient vector. Here NG is the number of 
Fourier coefficients in the wavelength func-
tion.   
So far we have only discussed the use of the 
hydraulic head distribution as a top boundary 
condition, i.e., a Dirichlet condition. Howev-
er, as for the hydraulic head, the vertical flux, 
vz, can be represented by the spectral solu-
tion, i.e., a Neumann condition. It is also 
possible to use a data set of both conditions 
at different grid points. When determining 
the Fourier coefficients for a solution with a 
top boundary of alternating conditions 
(Neumann and Dirichlet), we use the vertical 
flux instead of the potential in the grid cells 
where infiltration is to be represented: 
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Important to remember is that the vertical 
flux is defined at the groundwater surface 
and cannot be directly interpreted as the 
infiltration through the ground surface. Us-
ing precipitation data requires knowledge 
about or estimations for the infiltration 
through the unsaturated zone and the trans-
piration of vegetation. This information is 
normally limited for larger areas.  

3.3.3 Deriving exact solution for 3D 
groundwater flow  

To represent the large-scale heterogeneities 
in the geological setting, the aquifer is subdi-
vided into parallel horizontal layers (Fig. 5). 
The hydraulic conductivity in each layer is 
anisotropic and decreases exponentially with 

depth as described in eq. 12. The anisotropy 
is aligned with the horizontal layering; there-
fore, the anisotropy of the hydraulic conduc-
tivity is simplified to include only a horizon-
tal (Kh) and a vertical (Kv) component, and 
the relationships between those are given by    
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The groundwater flow follows eq. 9 and a 
combination of eq. 9 and 19 gives 
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Because Kv is only a function of z (according 
to eq. 12), eq. 20 can be simplified to  
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which defines the head variation in each 
geological layer.  
In section 2.2, we concluded that the Fourier 
series was a good approximation for any 
surface solution. Therefore, if we can find an 
appropriate decay function with depth, eq. 21 
is satisfied and the 3-dimensional potential 
field in layer m can be described as  
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To exemplify the derivation of ψ, we use the 
wavelength function expressed by eq. 14 and 
insert in eq. 22, which yields 
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Because eq. 21 is linear, we know that if it is 
satisfied by one harmonic of eq. 23 (i.e. a 
specified wavelength couple), hence the 
linear combination of harmonics will also 
satisfy eq. 21. For the wavelength functions 
in eq. 15, the same approach is utilized be-
cause eq. 15 consists of linear combinations 
that also satisfy eq. 21. To determine the 
decay function we combine eq. 21 and 23, 
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which gives us the following expression for 
one wavelength couple: 
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A general solution to eq. 24 is 
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In each layer, the arbitrary constants Am and 
Bm will be calculated to satisfy the appropri-
ate boundary conditions as well as head and 
flow continuity conditions at the interfaces 
between layers.  The continuity of flow and 
head condition, expressed in terms of poten-
tial, is given as 
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where ε is the elevation of the top of layer m. 
The domain bottom is located at an infinite 
depth where the pressure fluctuations in-
duced by the topography are eliminated: 

( ) ( ) 0,,0,, 11 =−∞⇔=−∞ yxyx ψφ  (28) 

By assuming a constant value of ψ at z=0, we 
can derive all the arbitrary constants Am and 
Bm, (m=1, 2..M) and thereby provide a solu-
tion that satisfies (21) for all layers. The 
simplest solution is obtained by choosing 
ψ=1: 
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By combining eq. 21, the boundary condi-
tions, and continuity conditions (eq. 26-28), 
an expression for φm(x,y,z) can be derived 
(see Paper V, Appendix A). Here this is 
exemplified for a semi-infinite domain, with 
exponentially decaying hydraulic conductivity 
(no geological layering): 
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After deriving the expression, the real top 
boundary condition (the head distribution or 
the vertical flux distribution) at the water 
table is met by adjusting the Fourier coeffi-
cients, hi,j, as explained in section 3.3.2. 
However, because the water table is the top 
boundary of the domain, the solution is 
invalid in the area between the topography 
and z=0 (z< zs). 
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Figure 6. Definition of a model domain of M horizontal layers, representing various geological 
media. Here, the domain boundary is flat and the groundwater table undulation is only 
represented by the head boundary condition. However, this model setup provides a good repre-
sentation of the geological layers, providing that these follow the topography. 

3.3.4 Limitations of  the spectral solutions 
The horizontal layering is a rough simplifica-
tion. Many geological layers, such as Quater-
nary till, follow the landscape topography 
approximately. If the topographic undulation 
is large, a better approximation of the 
groundwater flow is obtained by assuming a 
flat upper domain boundary and only ac-
counting for the topographic undulation by 
an induced head boundary condition (Fig. 6). 
Also, a single layer domain of depth-decaying 
hydraulic conductivity can motivate the use 
of a flat upper surface. If the topographic 
relief of the domain is large, the conductivity 
will be too small below topographic lows in 
the domain because the conductivity profile 
is based on measurements starting from the 
ground surface.  
Local heterogeneities in subsurface strata, 
such as fracture zones, have additional spe-
cific and local effects on the subsurface flow. 
These variations are only partially known 
from site-specific investigations (e.g., SKB 
2004a, 2006a) and even if many geologically 
conductive features can be determined, it is 
difficult to assign typical permeability values 
without adding additional stochastic permea-
bility due to unknown features. Therefore, 
site-specific analyses of groundwater circula-
tion are often stochastic, in the sense that 

several possible outcomes are acknowledged. 
The method presented in this section is 
foremost developed to represent the general 
trends in the groundwater flow and permea-
bility of the subsurface. The statistical expec-
tation of the generic problem can in prin-
ciple, include stochastic perturbations in 
permeability as a second order effect (Gelhar 
1986). Consequently, the universal scaling of 
surface head gradients accounted for in this 
paper still produces the dominant scaling in 
surface water-groundwater interactions. 
When representing discrete hydraulic fea-
tures by a continuum, the size of the mod-
eled volume has to be large compared to the 
lengths of the features (Long et al. 1982). 
While local heterogeneities in permeability 
can affect local flow patterns, the expected 
groundwater circulation averaged over large 
areas (25-62,500 km2) is still primarily influ-
enced by the surface topography.  

3.4 Particle tracking 

3.4.1 Scope and use of  the particle tracking 
routine 

The particle tracking routine was used to 
evaluate transport pathways and residence 
times in bedrock and soils of radionuclides 
originating from a hypothetical nuclear waste 
repository. In addition, the particle tracking 
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results were used to study the spatial distribu-
tion of repository-depth groundwater dis-
charge areas in the landscape (Paper I). As 
will be explained in detail in this section, 
particles were released at a horizontal plane 
at repository depth, covering the entire do-
main. Thereby, it is possible to analyze how 
discharging radionuclides are distributed on 
various landscape elements, and where high 
concentrations of radionuclides are most 
likely to be located, regardless of the exact 
location and design of the repository.     
The groundwater circulation time was also 
assessed for various landscapes (Papers II & 
III). Groundwater circulation time is here 
defined as the residence time for a water 
parcel, from its entrance into the soil through 
percolation to its discharge into a surface 
water body. 

3.4.2 Particle tracking methodology 
A particle tracking routine has been devel-
oped that simulates inert particle trajectories 
in the groundwater flow field. The flow field 
can be obtained either by the numerical 
model (3.2) or by the exact solution (3.3). 
The particles are moved forward stepwise in 
the flow domain, with a velocity that corres-
ponds to the mean velocity for each step. 
The step length is adjusted automatically to 
the velocity magnitude in each position, but 
can also be adjusted manually. The particle 
travel time and position is saved for each 
step, and when the particle intersects the 
water table or an open domain surface, the 
routine stops. 
For the groundwater circulation assessment, 
particles were released at the top boundary in 
a regular grid covering the domain, provided 
that the vertical flux in the point was directed 
downwards (Paper III) (Fig. 7). In Paper III, 
the flow fields were obtained both by numer-
ical modeling and exact solution. 
 

 
Figure 7. Examples of particle tracking simulations for three of the study domains in Paper III. 
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In the studies of hypothetical locations for 
nuclear waste repositories, particles were 
released in a horizontal regular grid covering 
the entire domain at 500 m depth, which 
corresponds to the suggested approximate 
depth of the Swedish repository (Paper I). In 
Paper I, the flow fields were obtained by 
numerical modeling. When applying the 
method of telescopic mesh refinement (see 
3.2.1), particles were allowed to cross domain 
boundaries and particles were tracked in the 
surrounding domain. As a comparison, 
transport simulations were performed also 
with impermeable boundary walls. A simplis-
tic approach to account for retardation of 
non-conservative solutes (like many interest-
ing radionuclides), caused by matrix diffusion 
in bedrock as well as sorption, is to introduce 
a retardation factor. By adding retardation of 
the radionuclides in different geological 
strata, the residence times can be estimated. 
The retardation of radionuclides is here 
exemplified by using typical values for Cs-
135. The velocities of the radionuclides are 
expressed as 

R
vv water

solute +
=

1
   (31) 

where v is the velocity and R is the retarda-
tion factor for the actual geological strata due 
to matrix diffusion and sorption. Typical 
values of R in bedrock fractures as well as in 
soil of Cs-135 were presented by Wörman et 
al. (2003a) to Rrock ~ 10, Rsoil ~ 500. 
 

4  RESULTS AND DISCUSSION 

In this section, I present the most important 
results of the six attached papers. Here, I also 
discuss the results briefly (for more detailed 
discussions, see the discussion section in 
each paper). Because a majority of the pre-
sented results are based on analyses with 
topography (in the form of DEMs) as a top 
boundary condition, this section is intro-
duced by analyses of the implications of 
using DEMs as top boundary condition in 
groundwater flow models. The results are 
organized by method, separating the results 
obtained by utilizing the numerical model 

from the results derived by exact solution. 
The results of the numerical model represent 
more site-specific analyses due to fewer 
simplifications, and are primarily used in 
Paper I for analyzing topography-controlled 
groundwater flow on hypothetical nuclear 
waste repositories. The results of the exact 
solution should be considered as general 
trends in topography-controlled groundwater 
flow, providing conceptual understanding of 
how the flow field is scaled by the topogra-
phy and the geology.  

4.1 Representing the groundwater 
surface by topographic data 

Landscape topography can be used as the 
top boundary condition in groundwater flow 
models (see 2.4). This boundary condition is 
strictly valid if the groundwater table is a 
subdued replica of the topography. This 
condition is fulfilled in regions that have 
humid climates without permafrost, where 
the soil layers are relatively shallow and the 
bedrock consists of low-permeability mate-
rials. In other regions it is necessary to par-
tially or completely use groundwater recharge 
as the boundary condition in groundwater 
flow models. Soil development is dependent 
on precipitation, exposure time, and parent 
material. The dominant soil type is therefore 
highly related to depth of groundwater. 
Based on the dominant soil type, I have 
developed maps of Europe and North Amer-
ica (Fig. 8) showing where the groundwater 
surface is likely to follow the topographic 
surface (green color). The green areas in Fig. 
8 coincide with the climate zones Dfa, Dfb, 
Dfc, Cfa, and Cfb in the updated Köppen-
Geiger climate classification system (Kottek 
et al. 2006). In the northern hemisphere, the 
green areas correspond to the humid boreal 
and northern temperate vegetation zones. 
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Figure 8. Maps identifying areas where the 
groundwater table is likely to follow the land-
scape topography. The maps are based on 
soil types, where green represents a soil type 
that indicates a close relationship between 
the landscape topography and groundwater 
surface. Upper: North America. Lower: Eu-
rope. 
 

Even if the groundwater table follows the 
topography, the mounding of the groundwa-
ter table does not replicate all small topo-
graphical features. Hence, the groundwater 
table replicates DEM with an appropriate 
resolution, where small topographical fea-
tures are excluded. To find the required 
resolution of topography to represent the 
groundwater surface I increased the resolu-
tion stepwise (using decreased distances 
between grid points) in the study area (Paper 
V), where a high resolution (10 m) DEM was 
available (Brydsten & Strömgren 2005). The 
groundwater infiltration (vertical surface flux) 
was evaluated numerically after every step 
and compared to measured areal mean value 
of the infiltration (SMHI). Computationally, 
the groundwater infiltration is clearly deter-
mined by the DEM resolution, where a high-
er resolution creates larger fluxes (Fig. 9). 
This is because small-scale undulations of the 
groundwater surface create high velocities in 
shallow groundwater. When I compared the 
modeled infiltration to observations (Fig. 9, 
red line) I found that the most suitable reso-
lution is about 70 m. Even for conditions 
where previous studies have implied a good 
fit between topography and groundwater 
table (Haitjema & Mitchell-Bruker 2005), the 
high infiltration created by topographic un-
dulations smaller than 70 m is not confirmed 
by observations.  
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Figure 9. Groundwater infiltration (vertical surface flux) averaged over the entire study domain 
versus DEM resolution, based on calculations of numerical models. The red dotted line 
represents the measured annual mean infiltration. The 25 km2 study domain presented in Paper 
V. 
Due to the nature of groundwater flow, the 
importance of the DEM resolution is depth-
dependent, where the largest implications of 
the error are restricted to shallow groundwa-
ter flow (Fig. 10). The error in vertical flux is 
especially significant in soils and Quaternary 
deposits, where small topographic scales are 
of greatest importance to the induced flux. 
Even if we use the proposed appropriate grid 
resolution (70 m) to reproduce the spatial 
average infiltration of the domain, there are 
still local errors for the infiltration. To get an 
approximation of these errors we modeled 
the annual mean location of the phreatic 
surface in the study domain in Paper V. This 
was done using the annual mean infiltration 
and location of surface water bodies as the 
top boundary condition (see 3.2.2). The 
modeled groundwater surface generally is a 
subdued replica of landscape topography 
throughout the study area (Fig. 11). The 
divergences between the modeled phreatic 
surface and the DEM (at 70 m resolution) 
were mostly less than 1 m, which we used as 
a cut-off value for an acceptable divergence. 
Areas of larger divergence are relatively local 
and relate to small-scale topographic ele-
ments in high-elevation areas. This implies 
that the groundwater surface is smoother 

than the surface topography and relates more 
to larger topographic features. These results 
correspond well to previous studies (Wolock 
and Price 1994). 
 

0.01

0.1

1

10

100

1000

10000

0 100 200 300 400 500 600

GW Flux [mm/year]

D
ep

th
 [m

] 

30 m
40 m
50 m
70 m
100 m

 
Figure 10. Groundwater flux versus depth 
based on calculations of numerical models 
with various DEM resolutions. The red line 
represents a DEM resolution of 100 m, the 
purple line represents a DEM resolution of 
70 m, the green line represents a DEM reso-
lution of 500 m, the pink line represents a 
DEM resolution of 40 m, and the blue line 
represents a DEM resolution of 30 m. The 25 
km2 study domain presented in Paper V. 
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Figure 11. The difference between a modeled 
representation of the annual average of 
ground water table elevation and a DEM 
with a grid resolution of 70 m. Differences 
smaller than one meter are regarded as neg-
ligible and are not shown. The 25 km2 study 
domain presented in Paper V.  

4.2 Spectral analyses of topography 

The spectral analyses of the topography, 
which are performed in all study domains 
included in this thesis, all indicate fractal 
surface topographic distributions over a wide 
variety of landscapes and spatial scales. This 
is reflected by a power-law relationship be-
tween the amplitude and the wavelengths in 
the topographic spectra, h = a λb, where h is 
the amplitude, λ is the topographic wave-
length, and a and b are constants defining the 
topographic relationship. In Paper III, we 
evaluate scaling behavior in surface topogra-
phies and subsurface head gradients for 
different Swedish landscapes and three dif-
ferent types of fluvial forms observed in a 
small stream and in laboratory model systems 
(where very detailed measurements can be 
made). The power-law relationship is consis-
tent within spatial scales ranging from deci-
meters to thousands of kilometers (Fig. 12). 
Here the 2D topography has been 
represented in one specific direction (x). To 
account for all wavelength couples, h is in 
the form of the marginal distribution h(λx) 
obtained as an average over λy from two-
dimensional analysis, i.e., h(λx, λy). As shown 
in Fig. 12, the power spectra of the surface 
topographies follow the power-law scaling in 
the form h ~ λx

b in which the power-law 
exponent (scaling factor) b ≈ 2/3. While this 

type of self-similarity behavior has been 
observed previously in terms of the fractal 
distributions of stream path lengths, river 
drainage networks, relief in glacial land-
scapes, and large dunes in rivers (Rodriguez-
Iturbe et al. 1992, Turcotte & Newman 1996, 
Jerolmack & Mohrig 2005) the results pre-
sented in Fig. 12 provide the new observa-
tion that this topographic scaling also ex-
tends to the distribution of the smallest scale 
sedimentary features within stream channels. 
The slope of this power-law scaling relation-
ship is within range of those found in pre-
vious investigations. 
In the power law relationship the constant a 
scales the absolute altitude and reflects num-
ber of terms in a discrete Fourier series. The 
constant b defines the relative importance of 
various topographic sales. The value of a can 
therefore differ between domains, depending 
on the topographical relief within the do-
mains, where more mountainous domains 
renders larger values (Fig. 13). As will be 
explained later, the constant a is important 
for the groundwater flow, where a larger 
value implies higher flow rates.  The results 
in Fig. 12 and Fig. 13 indicate an almost 
identical value of b in all domains. This 
means that the relationship between various 
topographic scales is consistent across all 
spatial scales. 
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Figure 12.  The amplitude spectrum of sever-
al glacial and boreal landscapes, and fluvial 
systems. Here the fractal relationship is 
shown by plotting the amplitude, h (m) 
against 1/λ, where λ is the wavelength (m) 
and h is in the form of the marginal distribu-
tion h(λx) obtained as an average over λy from 
two-dimensional analysis, i.e., h(λx, λy).  
 
 

The resulting amplitude spectrum in Paper 
VI, shown in Fig. 14, illustrates a fractal 
relationship between topographic amplitude 
(h) and wavelength (λ) in each domain size 
category of Paper VI. Every individual ampli-
tude value in the spectra represents the mean 
of ten domains. The upper frame shows the 
marginal distribution and the lower shows 
the amplitudes associated with the use of 
equal wavelengths in both directions (λx= λy), 
i.e., an isotropic analysis. Due to the averag-
ing in the marginal distribution, the value of 
b varies between the two representations.  
The power-law relationship is consistent for 
all three domain size categories, but because 
the value of b varies from 0.64 for the large 
domains up to 0.87 for the small ones (Fig. 
14A), the topography is weakly multi-fractal.  
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Figure 14: Topographic amplitude spectra of 30 domains in North America and Scandinavia. 
Here, λ (m) is the wavelength and h (m) is the topographic amplitude. The blue triangles 
represent the spectra of the small (6.25 km2) domains in Sweden, red dots represent spectra of the 
medium (625 km2) domains in Sweden, and green squares represent spectra of the large (62,500 
km2) domains in North America. A: Shows the marginal distribution (average in one dimension) 
of the two-dimensional spectra. B: Shows the amplitudes associated with the use of equal wave-
lengths in both directions (λx= λy), i.e., an isotropic analysis.  
 

4.3 Topographic control of the 
groundwater flow field 

4.3.1 Results of  analytical model 
To characterize the effects of the land sur-
face topography on the groundwater flow 
field, I derive an expression for the vertical 
water flux component from the expression 

of the potential field (eq. 30) (see 3.3.3), and 
to simplify the expression further, only the 
isotropic case (α=1) is shown and I define a 
characteristic wavelength λi,j as 
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According to fractal surface topographic 
distributions, the magnitude of the topo-
graphic gradient (|(dφ/dx, dφ/dy, dφ/dz)| ≈ 
h/λ), which is directly proportional to the 
water flux across the surface (z=0) and gen-
eral magnitude of the circulation, is also 
constrained by a power-law, h/λ = a λb-1. 
This simple expression explains how the 
groundwater surface flux is related to the 
distribution of topographic scales.  The ex-
pression of the vertical water flux also indi-
cates a simple exponential expression for 
how the impact of a specific topographic 
scale varies with depth in a homogenous 
subsurface:   

z
z ezv λ

π2

~)(     (32) 
Therefore, the effects of the surface topo-
graphy decay relatively rapidly, and the flows 
found at increasing depths must be induced 
by larger-scale topographic features. 

4.3.2 Results of  numerical model 
The results of the numerical analyses based 
on a telescopic simulation approach (3.2.1) to 
the overall groundwater flow field in the 
investigated domains (Forsmark, Oskar-
shamn, Vetlanda and Älvdalen) indicate a 
noticeable impact of the groundwater flow 
generated by the topography of the continen-
tal scale domain, L-domain (subsequently 
referred to as “continental flow”) (Table IV 
in Paper I). This is presented as differences 
between simulations where continental flow 
is or is not accounted for, in mean velocities 

(evaluated over the domain volume). Here 
the subsurface is represented by non-linear 
decaying permeability and temperature-
dependent water viscosity (see 3.2.2). The 
magnitude of the velocity component in each 
direction is represented by the mean of the 
absolute value. The magnitudes in all do-
mains increase in the vertical direction when 
continental flow is taken into account. Con-
tinental flow has the smallest impact on the 
flow field in the mountainous inland do-
mains (Älvdalen and Vetlanda). One interest-
ing observation is that even without the 
continental flow, the velocity component in 
the Y-direction is predominantly positive in 
all areas. This is most likely related to the 
large-scale hydraulic gradient that prevails 
also on the small scale (see Fig. 1B in Paper 
I). All four S-domains are sloping in the east-
west direction, as well as both L-domains.  
At repository depth (500 m, see 3.4.2), 
changes in flow velocities are only noticeable 
in the flatter coastal areas (Forsmark and 
Oskarshamn) and there, only in the vertical 
direction (Table 1). The largest flow veloci-
ties are found in mountainous inland do-
mains, both for the case with and the case 
without the continental flow component. 
This indicates that the groundwater flow is 
mainly driven by small-scale topography, and 
these numerical results all coincide with the 
results of the spectral analyses. 
 
 

 
Table 1. Mean groundwater flow velocities at 500 m depth in the four study areas, where 
u is in the E-W direction, v is in the S-N direction and w is directed upwards. The abso-
lute values of the velocities are denoted |u|, |v| and |w|. 

  

Area  u (m/s) v (m/s) w (m/s) |u| (m/s) |v| (m/s) |w| (m/s)

Älvdalen 
No continental flow 3.04x10-11 -1.77x10-11 -1.11x10-11 2.40x10-10 1.91x10-10 1.22x10-10

Continental flow 3.08x10-11 -1.77x10-11 -1.53x10-11 2.40x10-10 1.91x10-10 1.23x10-10

Forsmark 
No continental flow 4.95x10-12 4.83x10-12 8.18x10-14 1.76x10-11 1.45x10-11 9.38x10-12

Continental flow 5.00x10-12 4.87x10-12 3.05x10-13 1.76x10-11 1.45x10-11 9.50x10-12

Oskarshamn 
No continental flow 1.97x10-11 -1.88x10-12 6.72x10-13 2.96x10-11 2.33x10-11 1.62x10-11

Continental flow 1.97x10-11 -1.85x10-12 8.81x10-12 2.96x10-11 2.35x10-11 1.69x10-11

Vetlanda 
No continental flow 8.03x10-12 -2.78x10-11 -4.31x10-13 1.04x10-10 1.16x10-10 6.41x10-11

Continental flow 8.02x10-12 -2.75x10-11 -2.52x10-12 1.04x10-10 1.15x10-11 6.42x10-11
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4.4 Modification of topography-
controlled groundwater field by 
geology 

In areas with outcrops of bedrock, the ver-
tical flux at the ground surface (infiltration 
and discharge) is linearly proportional to the 
topographic slope (see 4.3.1). Because the 
slope (b) of the isotropic topographic spec-
trum is greater than one (Fig. 14B), the spec-
trum of the topographic slopes increases 
with the size of the landscape features. Con-
sequently, this characteristic of the Earth’s 
surface provides a basic driver for surface 
infiltration that increases with the topograph-
ic scale. Figure 15 illustrates that the surface 
flux in a hypothetical homogeneous subsur-
face (green line) increases with the topo-
graphic wavelength (λ), according to the 
power-law relationship introduced above. 
Specifically, the slope of the green line in Fig. 
15 is one order of magnitude lower than the 
slope of the amplitude spectrum of the me-
dium-sized domain in Fig. 14B.  

However, our analyses show that the impact 
of topography on groundwater flow is signif-
icantly moderated by geological heterogenei-
ty, such as depth-decaying and anisotropic 
permeability in bedrock, and the presence of 
Quaternary deposits. Quaternary deposits, 
which normally overlie the bedrock, enhance 
the effect of topographic scales smaller than 
approximately 20 km on the groundwater 
flux at the ground surface. The effect of 
topographic scales larger than 20 km is not 
changed significantly by the presence of 
Quaternary deposits. This means that the 
groundwater flux at ground surface decreases 
with topographic scales up to 10 km, and 
increases with topographic scale larger than 
20 km, in areas covered by a thin (~7 m) soil 
layer (Fig. 15, black line). The average soil 
depths in the investigated areas in Scandina-
via measured 2-15 m. 
  

 
Figure 15. Vertical water flux at the groundwater surface as a function of individual topographic 
scales. Red circles represent results derived in each domain individually when accounting for the 
observed soil depth in each domain and decaying hydraulic conductivity of the rock. The values 
are averages of the ten medium-sized (625 km2) domains representative of Sweden (Paper VI). 
The curves represent the relationship between topographic scale and groundwater surface flux 
according to (32), based on the general topographic trend identified for the medium sized do-
mains, h = 7x10-6 λ1.31 (see Fig. 14B). The green line represents results for homogeneous bedrock, 
the black line represents results for an isotropic rock overlain by a 7 m layer of glacial till, the blue 
line represents results for bedrock with depth-dependent permeability, and the red line represents 
results for bedrock with depth-dependent permeability overlain by a 7 m layer of glacial till. 
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Also, the depth-dependent permeability of 
the bedrock affects the surface flux. Here we 
represent the decaying permeability by eq. 12. 
The effect of the decaying permeability on 
the surface water flux is highly related to the 
topographic scale. According to eq. 32 the 
surface vertical flux, vz (m/s), of a specific 
topographic scale is proportional to 

 
2
16 222 λπλ

λ
cch −+

⋅  

If λ << 4π/c, i.e. wavelengths much smaller 
than about 2000 m, vz at the groundwater 
surface is proportional to h/λ = λ0.31 as in the 
homogeneous case. However, if λ >> 4π/c, 
vz at the groundwater surface is approximate-
ly proportional to λ-0.68. Consequently, when 
we account for the effects of both a soil layer 
and depth-dependent permeability of the 
bedrock, the vertical water flux at the surface 
level decreases with topographic scale for all 
scales considered. When comparing the red 
line in Fig. 15 (both soil layer and depth-
dependent permeability in the bedrock) with 
the black (soil layer) and blue (depth-
dependent permeability in the bedrock) lines, 
it can be seen that the soil layer is more im-
portant for topographic scales smaller than 
~1 km than the permeability of the bedrock. 
For larger topographic scales the permeabili-
ty of the bedrock is more important than the 
soil layers. 
The relationship between vz and the individ-
ual topographic scales on groundwater flux 
changes with depth (see eq. 32) where the 
depth-dependency function is defined as  

zcc

e 2
16 222 λπλ −+

 (according to eq. 32) 

This depth-dependency function implies that 
the influence of the topographic scale with 
the largest effect on the groundwater flow 
changes with depth. Hence, if the bedrock 
were homogeneous (c=0), the influence of 
the most important topographic scale would 
increase monotonically with depth. This 
tendency is altered by the decreasing per-
meability with depth (Fig. 4, Paper VI). If λ 
>> 4π/c (i.e. ~2 km for the investigated 
areas of Scandinavia), the depth function 
stated above becomes insensitive to increase 
of the topographic scale. Landforms of in-
creasing size still dominate groundwater 
fluxes at sufficiently large depth, but their 
impact is strongly reduced compared to the 
hypothetical case of homogeneous bedrock 
(see Fig. 16B). Because topography domi-
nates the groundwater flow more deeply as 
landform size increases, and the decaying 
hydraulic conductivity counteracts ground-
water flow increasingly with depth, the flow 
velocities at great depths are surprisingly low 
(Fig. 16B). For the investigated areas in Swe-
den, we find that 99.9% of all groundwater 
circulation occurs above 700 m depth in 
crystalline bedrock. As a direct consequence 
of the relationship between topographic 
scale, depth and water flux, topographic 
scales larger than 60 km contribute only 
0.01% of the groundwater flux at 700 m 
depth, and even less at shallower depths. 
Therefore, only topographic features smaller 
than 60 km in horizontal extent are of im-
portance for the overall groundwater circula-
tion.  
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Figure 16. Average vertical groundwater flux, vz (mm/year) versus elevation, z (m). The solid 
curves represent results while accounting for the observed thickness of Quaternary deposits and 
decaying bedrock hydraulic conductivity. For comparison, we also include the result for a com-
pletely homogeneous subsurface (dashed curves). A: Shows fluxes associated with two individual 
topographic scales. Red curves represent the contribution to the vertical water flux from a topo-
graphic wavelength of 4 km in both the x- and y-directions (λx= λy). Green curves represent a 
topographic wavelength of 200 m. The values are averages of ten small domains (Paper VI) repre-
sentative of Sweden. The blue area represents the average soil depth in the investigated areas, 
which ranges from ~1.5 to ~14 meters. B: Shows the resulting (total) flux. The results are from the 
medium- and small-sized domains (Paper VI). The red area represents the average soil depth in 
the investigated areas, which ranges from ~2 to ~18 meters. 
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We generally find much higher renewal rates 
for groundwater in Quaternary deposits than 
in bedrock, which is due to a permeability 
that is generally orders of magnitude higher 
than in the underlying bedrock in the stu-
died areas. Figure 16b shows the average 
water flux as function of depth in 20 well-
distributed areas, based on observed deposit 
thicknesses in about 300,000 drilled wells in 
Sweden (see 3.1.2). The surface layer of 
glacial till (on average 7 m thick in the inves-
tigated areas) increases the surface infiltra-
tion about ten times compared to areas with 
mostly outcrops of bedrock. However, the 
flow in the bedrock is not affected consider-
ably by the presence of Quaternary deposits 
in the Scandinavian conditions. We estimate 
that, for the entire surface of Sweden, in 
average ~90% of the water infiltrating the 
Quaternary deposits discharges into surface 
water without passing through bedrock (Fig. 
16B).  

4.5 Topographic control of individual 
groundwater flow paths 

4.5.1 Results of  analytical model 
The trajectory of a water parcel, from its 
entrance into the soil through percolation to 
its discharge into a surface water body, de-
fines the streamline contour of a groundwa-
ter circulation cell. The distribution of sub-
surface residence times depends on both the 
lengths of the circulation cell contour and 
the travel times along the paths. As a result, 
the subsurface residence time distribution 
will be a complicated function of the topo-
graphic spectrum.  In Paper III, we eva-
luated this functional behavior numerically 
by particle tracking based on the calculated 
subsurface velocity field. In Fig. 17, we show 

the distribution of residence times, T, along 
the flow paths from circulation cells in all 
systems whose surface topographies were 
analyzed in Fig. 12.  
For the glacial and fluvial landscapes consi-
dered here, a single dimensionless subsur-
face residence time probability density func-
tion (PDF) is found regardless of scale, 
indicating consistent self-similar behavior in 
the temporal scaling of surface-subsurface 
interactions. The non-linear mathematical 
transformation involved in the solution of 
the groundwater flow problem implies, 
however, that the PDFs of T should not 
follow a power law for the boundary condi-
tion analyzed here. Similar behavior is also 
found for the lower resolution applied to 
Sugar Creek, which may suggest that not all 
topographical scales in the spectrum have 
equal importance for the residence time 
distribution. Nonetheless, the surface-
subsurface water flux is clearly fractal be-
cause the power spectra of all velocity com-
ponents are predominantly related to the 
power spectrum of the topography as hm ~ 
λx

(b-1) because of the topographic control of 
the boundary head gradients.  Similar fractal 
behavior has been observed previously in 
the distribution of solute efflux from water-
sheds and in hyporheic exchange in both 
pristine mountain streams and lowland agri-
cultural streams (Kirchner et al. 2000, Hag-
gerty et al. 2002, Wörman et al. 2002).  The 
results presented here indicate that the sur-
face-groundwater interactions observed in 
these different systems all directly result 
from the fractal topography that exists from 
the bedform scale to the continental scale.  
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Figure 17. Residence time distributions for subsurface flows induced by surface topography in all 
glacial and fluvial systems shown in Fig. 12. The residence time is denoted T and its arithmetic 
average <T>. A: Results of the spectral method. B: Results from the numerical model. The fact 
that a single distribution is found for systems of different scale indicates that subsurface resi-
dence times show statistical self-similarity. These results indicate that the decrease of permeabili-
ty with depth shifts the residence time distribution towards smaller times while retaining self-
similarity. The dashed black curve in B shows the results of numerical simulations performed 
using a constant permeability with depth, consistent with A. 
 
In Paper VI we show that the observed 
depth-decaying permeability of the Earth’s 
crust has a major impact on the size and 
shape of the groundwater circulation cells. 
Here we use the penetration depth of a spe-
cified topographic scale to illustrate the size 
of circulation cells, and we define the pene-
tration depth as the depth at which the 
groundwater flux of a certain topographic 
scale measures 1‰ of the flux associated 
with the same topographic scale at the be-
drock top surface. The penetration depth 
increases considerably with landform size 
down to a depth of ~1 km (Fig. 4, in Paper 
VI). However, even for the largest landforms 
on the continents, such as mountain ranges, 
the penetration depth as defined herein is 
still limited to about 1 km. This restriction is 
caused by the depth-decaying permeability of 
the Earth’s crust. If the subsurface consisted 
of homogeneous bedrock, much deeper 
circulation cells would arise (see red line in 
Fig. 4. Paper VI).  The anisotropic permea-
bility modifies the shape of circulation cells 
(Fig. 4, Paper VI), such that more vertically-
stretched circulation cells are created in deep 
crystalline rock and horizontally-stretched 
circulation cells in sedimentary rock.  

4.5.2 Results of  numerical model 
In Paper III, the effects of the large-scale 
subsurface heterogeneity on groundwater 
circulation were evaluated using the numeri-
cal model.  As shown in Fig. 17B, the depth 
limitation preferentially affects the longer 
transport times and therefore shifts the dis-
tribution towards shorter times. This effect is 
particularly prominent in the largest system 
included in Fig. 17, a large part of the North 
American continent. Nonetheless, the overall 
self-similarity of the subsurface residence 
time distribution essentially holds from the 
smallest fluvial bedforms up to the scale of 
the continental shield. Local heterogeneities 
in subsurface strata, such as fracture zones, 
can have specific local effects on the subsur-
face flow. However, the statistical expecta-
tion of the generic problem includes stochas-
tic perturbations in permeability as a second-
order effect. Consequently, the universal 
scaling of surface head gradients still produc-
es the dominant scaling in surface-
groundwater interactions, as described by eq. 
32. While local heterogeneities in permeabili-
ty can affect local flow patterns, self-
similarity is still found in the mean behavior 
of the residence time PDF because of the 
critical forcing provided by the surface topo-
graphy. For the Swedish landscapes, the 
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scale-independent residence time distribution 
found here reveals an extraordinarily broad 
range of groundwater transport timescales, 
with a very small fraction of groundwater 
being retained at least 1.5 million years.  Such 
old water has been found in the Fennoscan-
dian shield based on interpretation of chlo-
ride isotope composition of brine water 
(Laaksoharju et al 2009). The exponential 
decay of hydraulic head with depth embo-
died in eq. 30 indicates that largest features 
of the continental landscape control the 
circulation of such old and deep groundwa-
ter. 
In Paper I, where we analyzed individual 
flow paths from repository depth by a par-
ticle tracking routine (see 3.4.2), there is a 
relatively small impact of flow induced by 
topography on a continental scale (continen-
tal flow) on the spatial distribution of dis-
charge areas (Fig. 4, Paper I).  Only a small 
fraction of the particles gets a major shift in 
end location when the continental flow is 
taken into account. The discharge patterns of 
the released particles in all study areas follow 
the stream network to a high degree. Only a 
small fraction of particles leave the domain 
sides when accounting for continental flow 
(3% in Älvdalen, 0% in Forsmark and 
Oskarshamn and 1% in Vetlanda). In addi-
tion, a small fraction of the particles migrate 
through the domain bottoms with long and 
deep flow paths. The fraction of particles 
reaching a depth greater than 1000 m is 
largest in Älvdalen (5.6%) and smallest in 
Forsmark (2.4%). Only a small amount of 
particles reach a depth deeper than 2000 m. 
In Älvdalen, with the highest number of 
deep flow paths, only 0.6% of particles reach 
below 2000 m. The relatively large number of 
deep flow paths in Älvdalen is to some ex-
tent an effect of the continental groundwater 
flow. When the continental flow is neglected, 
only 4.2% of predicted flow paths are below 
1000 m depth in Älvdalen. In the three other 
locations this effect is smaller but still notice-
able in Vetlanda and Oskarshamn.  
Even though the discharge areas are similar 
regardless of whether the effect of continen-
tal flow is accounted for, the flow paths 
differ in shape. In Älvdalen and Vetlanda a 

majority of the particle flow paths become 
longer (89% in Älvdalen and 90% in Vetlan-
da), due to the continental flow. This effect is 
not observed in Forsmark and Oskarshamn. 
The differences in average path length be-
tween the two cases are small, however, even 
in Älvdalen and Vetlanda (Table VI, Paper I). 
Consequently, when the flow path length 
increases, the residence time increases. In 
some zones the groundwater velocity is lo-
wered, which in some cases creates a de-
crease in residence time. This impact comes 
from the driving force of the large-scale 
topography.  To some extent the depth of 
the flow path also affects residence time 
because of the depth-dependency of hydrau-
lic conductivity. Due to the lower hydraulic 
conductivity at greater depths, residence 
times of particles with deeper flow paths are 
longer than those with shallower flow paths.  
For Forsmark (the FZ-domain) the anisotro-
py and heterogeneity of the bedrock (see 
3.1.2) significantly affect the residence times 
(Fig. 18), but also to some extent the spatial 
distribution of discharge points (Fig. 19).  
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Figure 18. Histogram of modeled Cs-135 
residence times using different representa-
tions of the bedrock conductivity. Particles 
were released homogeneously in a regular, 
rectangular grid at 500 m depth. The number 
of particles in the simulation was 1600. The 
study area is Forsmark, Uppland, Sweden. 
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The anisotropy creates shorter residence 
times mainly because the vertical conductivi-
ty components are larger than the horizontal 
components. We note that the case we simu-
lated did not take into account differential 
effects of the stress field depending on frac-
ture orientation; such a model would yield a 
relatively high component of hydraulic con-
ductivity in the horizontal direction near 
surface, diminishing with depth. 
Bedrock heterogeneity widens the distribu-
tions of flow residence times as shown in 
Fig. 18. The large-scale hydraulic gradient 
creates higher groundwater flow velocities in 
an upward direction, due to an increased 
pressure at the domain bottom. This effect is 
diminished by adding the bedrock hetero-
geneity (Fig. 18).  

Both heterogeneity and anisotropy of the 
bedrock permeability also affects the spatial 
distribution of discharge points. The main 
discharge follows the stream network, but 
there are additional discharge areas related to 
high-conductivity areas; these areas still coin-
cide with topographical lows in the land-
scape. Bedrock heterogeneity also results in 
heterogeneous discharge in the offshore 
(NE) part of the model; rather than being 
evenly distributed, the discharge points are 
focused along high-conductivity fracture 
zones (Fig. 19). For the homogeneous case, 
the discharge in the sea bottom is uniform 
due to the constant pressure boundary condi-
tion caused by the sea surface, which nullifies 
the effect of bathymetric relief.  
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Figure 19. Comparison of discharge area distributions between groundwater flow models under 
different conditions of hydraulic conductivity. In both cases the particles are released homoge-
neously in a rectangular area at 500 meters depth. The particle tracking was performed for 1600 
particles in each case. The FZ-domain in Forsmark, Uppland, Sweden. RT-90 coordinates. 
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4.5.3 Impact of  Quaternary deposits on 
radionuclide migration 

Groundwater flow paths from repository 
depth emerge predominantly in low areas of 
the catchments where the layers of Quater-
nary deposits are often relatively deep. In the 
QD domain (see 3.1.2) the thickness of Qua-
ternary deposits is greater in the discharge 
areas as compared to the average of the study 
area (Fig. 20), with the mean thickness of 
Quaternary deposits at the discharge areas 
being 2.2 times their average thickness over 
the entire area. 
Because Quaternary materials are relatively 
porous compared to bedrock, they create a 
lowering of the velocities for discharging 
water parcels, i.e., longer residence times 
relative to path lengths, when compared to 
bedrock. This is due to a much higher effec-
tive porosity in the Quaternary deposits.  
 

 
Figure 20. Endpoints of particles (squares) 
released homogeneously in a rectangular 
area 500 m below surface level. The map 
shows the thickness of Quaternary deposits 
in a range of 0 to 16 m, where the brightest 
areas represent the thickest layers and the 
darkest areas represent the shallowest layers. 
QD-domain, located within the Oskarshamn 
site, Småland, Sweden. 
 

Another aspect of Quaternary deposits that 
increases their importance is their relatively 
high capacity for retardation of radionuclides 
(see 3.4.2). Adding the retardation of Qua-
ternary deposits to the model greatly increas-
es the residence times of radionuclides (Fig. 6 
in Paper I) in the QD domain. The average 
residence time was 7 times longer when the 
impact of Quaternary deposits is accounted 
for. The residence times in bedrock in this 
study represent only transport within the 
fracture network, not the near-zone transport 
(i.e., the transport from the canister to the 
closest water conducting fracture).   

4.6 Applications 

The time that groundwater resides in the 
subsurface and the shape of circulation cells 
affects the chemical and physical properties 
of groundwater and, thereby, influences the 
environmental characteristics in groundwater 
discharge areas. Specifically, groundwater 
circulation governs the residence times for 
solutes in biogeochemical cycles and surficial 
groundwater acts as a buffer and a filter for 
contaminants. For instance, it has been ar-
gued that the infiltration of fertilizers on 
agricultural land strongly delays eutrophica-
tion effects in recipient waters (e.g., Hoff-
mann et al. 2006, Gelbrecht et al. 2005). The 
new understanding of groundwater circula-
tion presented here offers suggestions for 
handling of technical issues related to the 
location and construction of subsurface 
waste repositories (see Paper I for more 
detailed applications of the method, related 
to nuclear waste repositories), prediction of 
leakage from carbon sequestration, and man-
agement of municipal water wells. 
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This thesis presents quantitative results of 
the general groundwater flow pattern for 
large parts of the northern hemisphere. The 
results define the general groundwater re-
newal rate and provide a basis for general 
limits for sustainable water extraction at 
various depths in the subsurface. Sustainable 
groundwater extraction rates should be ad-
justed to the natural renewal rate (Fig. 16B) 
in order to limit geohydrological and ecologi-
cal effects. Alley et al. (2002) stressed the 
importance of enhancing our understanding 
of the link between groundwater and surface 
water. Differences in both temporal and 
spatial scales for fluctuations of surface water 
and groundwater levels require complicated 
integrated analyses and management. The 
results presented here enhance our ability to 
relate groundwater withdrawal to changes in 
surface water levels at a wide range of tem-
poral and spatial scales. Specifically, our 
results reveal basic drivers of groundwater 
from the fractal topography as well as the 
major impact of geological factors such as 
the presence of geological layering and the 
decaying permeability of bedrock with depth. 
This link of geographical and geological 
information to a critical hydrological pheno-
menon represents an important advance in 
our understanding of the renewal rates of 
deep and shallow groundwater, which has 
implications for the long-term management 
of the Earth’s sparse freshwater resources.  

4.7 Future prospects 

In this thesis I present results obtained by 
combining exact solutions to the groundwa-
ter flow field and spectral analyses of the 
landscape topography. This has never been 
done before and therefore this thesis can be 
looked upon as an introduction to the me-
thod. To continue the journey to greater 
understanding of how landscape topography 
controls the groundwater flow field my sug-
gestion would be to: 
 

- Increase the analysis of an appro-
priate DEM resolution for 
groundwater flow models, by de-
riving a general recommendation 
based on geological and hydrolog-
ical data. In this thesis the analysis is 
only performed in one study domain. 
It would be of great interest to inves-
tigate the optimal DEM resolution in 
areas of various geological and hy-
drological properties. Then it might 
be possible to derive a general guid-
ance for using DEMs as approxima-
tions of the groundwater table.  

- Improving the tools to model the 
groundwater table. As presented in 
2.4 there are several ways to model 
the phreatic surface. Still these me-
thods can be improved by increasing 
the conceptual understanding of 
groundwater flow, and by utilizing 
better and more detailed input data.  

- Develop a global map of areas 
where the topography is control-
ling groundwater flow. Due to re-
mote sensing and GIS, various spatial 
data becomes more accurate and 
more accessible. The maps of North 
America and Europe presented in 
Fig. 8, is only based on soil type. 
These maps would be much more re-
liable if more parameters would be 
included.  

- Validate the importance of topo-
graphic scales for groundwater 
circulation. If extensive data sets of 
spatially distributed geochemical data 
are available, analyzing the relation-
ship between groundwater age and 
topographic location would be of 
great interest.  

- Increase the understanding of 
geologic control of groundwater 
flow by sensitivity analyses and 
stochastic analyses. 

- Improve the exact solutions to ac-
count for more complex hydro-
geology. 
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5  CONCLUSIONS 

The landscape topography is the top surface 
of the geosphere and defines the effects of 
gravity on groundwater flow in areas where 
the precipitation rate is high relative to the 
subsurface permeability. In such humid areas 
where the subsurface is practically saturated, 
the topographic undulations induce an ana-
logue head distribution of the groundwater 
table, which is the main driver for groundwa-
ter circulation in these areas. Therefore, the 
groundwater flow field in these areas is re-
ferred to as topography-controlled, and the 
analyses presented here are restricted to these 
areas. Maps based on soil type show the 
distribution of possible topography-
controlled groundwater regions, in Europe 
and North America (Fig. 8).  
Topographic data in the form of DEMs can 
be used as an approximation of the water 
table in a topography-controlled groundwater 
field. The validity and implications of this 
hypothesis are investigated in this thesis. The 
results presented here indicate that there is 
an appropriate resolution of DEMs that 
provides the right smoothing for groundwa-
ter flow modeling to provide the right bal-
ance between groundwater surface topogra-
phy and resulting infiltration. In the study 
domain, where this analysis was performed 
(see 3.1.1), the appropriate DEM resolution 
was ~70 m. Using a DEM of finer resolution 
induced unrealistically high vertical velocities 
in the shallow groundwater that exceeded 
available infiltration rates. However, the 
appropriate resolution depends on climatic 
and geological factors, and thus varies 
slightly spatially within the appointed area 
(see 3.1.1) in which the groundwater surface 
is a smoothed replica of the ground surface 
topography. 
In this thesis, two approaches to study the 
impact of various scales of landscape topo-
graphy are developed. First, a numerical 
model was developed, and by using telescop-
ic mesh refinement of three different mesh 
sizes, the impact of large respectively small 
topographic scales on the groundwater flow 
could be studied. Second, an exact 3D solu-
tion for steady-state groundwater flow was 

derived, based on spectral analyses of land-
scape topography.  
The exact solution presented in this thesis 
describes 3D static groundwater flow and 
accounts for geological layers, non-linear 
depth-dependent and anisotropic permeabili-
ty. It is possible to utilize both infiltration 
(Neumann) and defined hydraulic head (Di-
richlet) conditions at the top boundary. The 
method provides an exact solution for a 
domain with heterogeneous, mixed boundary 
conditions on   a boundary of irregular geo-
metry, and can therefore represent the water 
table undulation exactly. The spectral repre-
sentation can be applied to various hydrolog-
ical applications over a wide range of geome-
trical scales.  
Subsurface flows generally develop a distri-
bution of circulation cells, which makes it 
difficult to analyze isolated ‘‘local’’ subsurface 
flow domains. The spectral method indepen-
dently resolves the effect on the flow of each 
topographical scale in the spectrum. This 
method opens new possibilities for analysis 
of surface-groundwater interactions, such as 
studies of the effects of land surface topo-
graphy on groundwater flows from the local 
aquifer scale to the scale of entire continents.  
The spectral technique employed here de-
monstrates that fractal landscape topography 
induces fractal patterns in groundwater circu-
lation over a wide range of spatial scales. 
Both the spectral technique and a separate 
numerical analysis suggest that the subsur-
face flow also exhibits a self-similar distribu-
tion of residence times over a wide range of 
temporal scales (λ/K) associated with the 
spectrum of landscape topography. Due to 
depth-decaying subsurface permeability, the 
groundwater circulation is relatively local and 
99.9% circulation is limited to 700 m depth. 
The topographic scales dominating the circu-
lation are smaller than 60 km. In Scandinavia, 
most of the groundwater circulation (90%) 
occurs in the thin layers of the Quaternary 
deposits.  
The groundwater flow velocities decreases 
significantly with depth and the decay in-
creases with decreasing topographic scale. At 
shallow depths the topographic control is 
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dominated by the local topography but as the 
depth increases the size of the most impor-
tant topographic scale increases. The aniso-
tropic permeability of sedimentary bedrock 
generally enhances the horizontal extension 
of circulation cells while anisotropy in deep 
crystalline bedrock generally deepens circula-
tion cells.  
A most important geological parameter is, 
however, the depth-decreasing permeability 
that diminishes groundwater circulation with 
depth, but also affects groundwater flux at 
the ground surface. Due to the decaying 
permeability, surface fluxes are proportional 
to λ-2/3 for topographic scales larger than 2 
km. For topographical scales smaller than 2 
km the depth-decreasing permeability is of 
no importance for the surface flux, but the 
presence of soil increases the importance for 
small topographic features on the groundwa-
ter flow, resulting in a surface flux propor-
tional to λ-2/3 within the entire scale interval 
of the investigation. 
The numerical model was primarily used to 
analyze how topography-controlled ground-
water flow would affect a hypothetical nuc-
lear waste repository.  This was done in four 
study domains in Sweden, where two areas 
are relatively flat areas coastal domains, and 
two is more mountainous inland domains. 
This thesis particularly illustrates how differ-
ent topographic scales influence groundwater 
flow and transport of radionuclides from a 
repository in crystalline bedrock. Key find-
ings include that the discharge pattern of 
radionuclides in the biosphere is primarily 
governed by topographic scales up to 2.5 km. 
When it comes to assessing the migration of 
radionuclides (residence times, flow path 
geometry, etc.) it is more important to take 
into account the influence of surrounding 
large-scale topography. Because of these 
relationships, the impact of continental to-
pography (>500 km) on the local flow is 

found to be greatest in the flatter areas in-
cluded in this study. In the domains of stee-
per topography, only the deepest (>1000 m) 
flow paths were found to be significantly 
affected. If the study domain is located in a 
large-scale recharge area a few flow paths 
become deeper and longer when adding 
continental scale driving forces, whereas the 
opposite effect is observed in major dis-
charge areas. Adding heterogeneity and ani-
sotropy changes the residence time and dis-
charge location of some flow paths, but the 
overall effects of the topography remain. If 
Quaternary deposits are included, the overall 
residence times increase due to the differenc-
es between bedrock and Quaternary deposits, 
both in hydraulic and sorption properties. 
This is the case even in areas with mainly 
shallow Quaternary deposits because radio-
nuclides tend to discharge in areas with the 
thickest layers of Quaternary deposits, i.e., in 
topographical lows.  
The results of the exact solution should be 
considered as general trends in topography-
controlled groundwater flow, providing 
conceptual understanding of how the flow 
field is scaled by the topography and the 
geology. Most results of the exact solution 
are based on the average topographic trend 
of at least ten study domains. The results are 
also often averaged over the entire domain 
areas. The results of the numerical model 
represent more site-specific analyses due to 
fewer simplifications, and have primarily 
been used to analyze the effect of topogra-
phy-controlled groundwater flow on hypo-
thetical nuclear waste repositories. Still, the 
aim of the numerical analysis has not been to 
provide site-specific studies, but rather to 
study specific processes and parameters 
affecting groundwater flow and radionuclide 
migration. To be able to make site-specific 
predictions the uncertainties should be esti-
mated, e.g., by stochastic modeling.  
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