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Abstract

The cycling of water in the landscape is influenced by climate change on different time scales and
in different directions regarding warming or cooling trends. Along with a changing climate, also
the landscape and subsurface conditions, such as permafrost extent, may change in a long-term
perspective. Permafrost and hydrology are intimately connected but the interactions between
them are poorly understood, and the hydrological response to climate change is complex. The
first part of this thesis investigates the effects of different drivers of future changes in hydrological
flow and water storage components in the present day temperate Forsmark catchment in Sweden.
The role of taliks and their influence on the exchange of deep and shallow groundwater in per-
mafrost environments are also studied. This is done by a simulation sequence where the site is
exposed to the landscape, climate and permafrost changes expected from site-specific numerical
modeling. In the second part of this thesis, present day periglacial hydrological processes are
studied in the Two Boat Lake catchment in western Greenland by field and model investigations
of the site. The presence of a through talik below the Two Boat Lake, and data from a deep
bedrock borehole into the talik, enable studies of the hydrological interactions between the lake
and the talik. The spatial and temporal variability of the different water balance components of
the catchment are quantified and the interactions between the surface water and the supra- and
sub-permafrost groundwater are analyzed.

The results show that the investigated changes in climate and permafrost influence hydrology
more than the investigated landscape changes. Under permafrost conditions, the general direc-
tion of the exchange between deep and shallow groundwater may change relative to unfrozen
conditions. The simulation studies of Forsmark show that the relative topography between taliks
governs the recharging and discharging conditions, which is consistent with results from Two
Boat Lake. The lake is located at high altitude relative to other taliks and hydraulic measure-
ments indicate recharging conditions. The talik recharge is small compared to other water bal-
ance components and does not influence the lake level, which instead is found to be controlled by
evapotranspiration and water inflow from the active layer. This is concluded from numerical sim-
ulations that take into account and combine evapotranspiration with other surface and subsurface
hydrological processes. This thesis highlights the need to integrate surface and subsurface pro-
cess modelling in order to quantitatively understand and represent the dynamics and complexity
of hydrological interactions in periglacial catchments.



Sammanfattning

Vattnets omsättning i landskapet påverkas av klimatförändringar som kan ske över olika tidsskalor
och i olika riktningar. När klimatet förändras sker även förändringar i landskapet och i marken,
en av de mer betydelsefulla markförändringarna ur ett hydrologiskt perspektiv är tillväxt av per-
mafrost. Permafrostens utbredning och temperatur i periglaciala områden är strakt kopplad till
vattenomsättningen i dessa landskap. Exakt hur detta samspel sker är dock oklart och den hy-
drologiska responsen av klimatrelaterade förändringar är komplex.

Denna avhandling består av två delar. Den första delen undersöker hur möjliga framtida kli-
matrelaterade förändringar påverkar hydrologiska magasin- och flödeskomponenter i Forsmarks
avrinningsområde som ligger på den svenska östkusten. I en hydrologisk numerisk modell, som
beskriver dagens hydrologiska förhållanden i Forsmark, utsätts platsen för stegvisa förändringar
med avseende på klimat, landskapsbeskrivning och permafrostutbredning. Den hydrologiska re-
sponsen på dessa förändringar kvantifieras och analysers i denna avhandling. I simuleringarna
med permafrost studeras även talikar och dess inverkan på utbytet av djupt och ytligt grundvat-
ten. Talikar är ofrusna områden i permafrosten som framförallt förekommer under större sjöar
och vattendrag.

I den andra delen av avhandlingen studeras hydrologiska processer i ett periglacialt av-
rinningsområde på västra Grönland genom fältundersökningar och modellstudier. I avrin-
ningsområdet, som benämns Two Boat Lake, finns en sjö med en underliggande talik. Data från
ett djupt borrhål i taliken möjliggör studier av den hydrologiska interaktionen mellan sjön och
grundvattnet i det ofrusna systemet under permafrosten. Områdets vattenbalans och dess förän-
dring i tid och rum kvantifieras och interaktionen mellan ytvatten och ytligt och djupt grundvatten
analyseras i detalj.

Resultaten från första delen visar att ett förändrat klimat och förekomsten av permafrost har
större inverkan på hydrologin än enbart landskapsförändringar. Grundvattenflödets storlek och
riktning påverkas tydligt av permafrost. Utrömningsområden för djupt grundvatten under tem-
pererade klimatförhållanden kan omvandlas till inströmningsområden under periglaciala förhål-
landen med permafrost. Resultat från Forsmarksstudien visar att det relativa topografiska läget
mellan talikar påverkar dess in- och utströmningsförhållanden. Detta överensstämmer med ob-
servationer från Two Boat Lake. Sjön är högt belägen relativt andra talikar i området och både
simuleringsresultat och data indikerar en nedåtriktad gradient i taliken. Dock är detta flöde litet
jämfört med andra vattenbalanskomponenter och det påverkar inte nivåvariationen i sjön. Nivån
i sjön styrs istället av avdunstning och inflöde av vatten från det aktiva lagret. Dessa slutsatser
har kunnat dras genom att använda en numerisk modell som tar hänsyn till både avdunstning-,
ythydrologiska- och hydrogeologiska processer. Den här avhandlingen betonar vikten av att an-
vända denna typ av integrerad modell för att kunna förstå och kvantifiera dynamiken av hydrol-
ogiska interaktioner mellan ytvatten och grundvatten ovan och under permafrosten i periglaciala
områden.
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1 Introduction

The distribution, storage and movement of water across the landscape are, among other
factors, directly related to climate but also to the landscape itself (Rodriguez-Iturbe and
Rinaldo, 1997; Dietrich and Perron, 2006; Jaramillo and Destouni, 2014). The climate is
changing both as a result of natural variations in Earth’s orbital parameters, together with
important resulting feedbacks in the ocean–atmosphere–cryosphere–geosphere system,
and as a result of human activities (e.g. IPCC, 2013). However, there are still many
unresolved questions in this context, for instance on the level of response of the cli-
mate system to the anthropogenic increase in atmosphere greenhouse gas concentration
(IPCC, 2013), and on how the orbital cycles in insolation, in more detail, produce the
large glacial cycle variations (e.g. Lisiecki, 2010; Huybers, 2011). Both natural and hu-
man induced climate changes are addressed in this thesis with regard to their influence
on the hydrological cycling in the landscape. The natural climate change and its asso-
ciated hydrological responses are discussed in the time perspective of a glacial cycle,
and are exemplified in terms of a transition from a temperate to a periglacial climate. In
addition, a high Arctic hydrological catchment is studied to improve the understanding
of climate driven hydrological processes in periglacial areas, which are sensitive to the
ongoing human induced climate change.

Earth’s climate has evolved between warm (interglacial) periods and cold (glacial)
periods over geological time scales. During the last 2.5 million years, i.e. the Quar-
ternary period, the earth has experienced up to 40 glacial cycles (Lisiecki and Raymo,
2005) and the climate in Fennoscandia has been dominated by cold conditions with
permafrost and, at times, large ice sheets. Based on this knowledge, future periods of
periglacial and glacial climates are expected in the high-to medium latitude areas with
present day temperate climate in the Northern Hemisphere. A need to understand and
describe effects of far-future climate changes, in the time perspective of 100 000 years
or more, on the landscape and geosphere has developed and increased during the last
decades. Questions regarding the long-term safety of nuclear waste repositories have
been a main driver for such research (e.g. Lindborg et al., 2013; Näslund et al., 2013;
Smith et al., 2013; Becker et al., 2014; Lord et al., 2015) due to the long time frames for
which nuclear waste is potentially harmful to humans and environment.

In safety assessments of nuclear waste repositories, time frames up to one million
years are studied and climate scenarios are used as a basis for the description of land-
scape development of a repository site and for analyzing the probability for and con-
sequences of accidental radionuclide release. In case of a potential radionuclide leak-
age from a subsurface repository, groundwater will be the main carrier of radionuclides
from the geosphere towards the ground surface. The location and characteristics of deep
groundwater discharge is in turn intimately related to climate (Selroos et al., 2012; Vid-
strand et al., 2014), implying that a potential release of radionuclides will have different
consequences depending on the prevailing climate. One of the most central questions
in relation to the long-term safety of nuclear waste repositories is therefore to describe
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the groundwater flow regime and the chemical composition of groundwater under differ-
ent climate scenarios. That is, climate and its influence on hydrogeology, hydrology and
ecosystem processes are central for safety assessment of subsurface nuclear waste repos-
itories (e.g. Hedin et al., 2011; Berglund et al., 2013ab; Kautsky et al., 2013; Näslund et
al., 2013; Becker et al., 2014).

The ongoing human induced climate change greatly affects the Arctic region (Kattsov
et al., 2005) where a cold climate with snow, perennially frozen ground and permafrost
is a major determinant of the hydrology and hydrogeology in the landscape (White et al.,
2007; Woo, 2012). At present, the Arctic region is warming about twice as fast as the
global average (McBean et al., 2005) with, among other things, permafrost thawing as
a consequence. Permafrost degradation may in turn lead to new and deeper flow paths
for groundwater (Bense et al., 2009 and 2012; Ge et al., 2011; Frampton and Destouni,
2015), and to increased groundwater discharge and changes in the seasonal variability
and amount of surface water discharge (St Jacques and Sauchyn, 2009; Frampton et al.,
2011 and 2012; Walvoord et al., 2012; Jepsen et al., 2015). Permafrost thaw has also
been shown to account for most of the methane release from Siberian lakes, implying a
positive feedback to climate warming due to this greenhouse gas emission to the atmo-
sphere (Walter et al., 2006).

Methane and carbon dioxide emissions from permafrost regions are closely related
to the regional hydrology (Vonk et al., 2015). Hydrological flows connect all compo-
nents of the landscape and are a key driver for transport of matter and trace elements
within and between ecosystems (Vonk and Gustafsson, 2013). Changes in the landscape
carbon cycling depend on these hydrological components and drivers and on whether
the landscape becomes wetter or drier under permafrost thaw. The links between per-
mafrost thaw and hydrological changes in the landscape, however, are still poorly under-
stood (Schuur et al., 2015) and constitute open research questions of scientific relevance
beyond the questions related to nuclear waste safety, for example, for improved under-
standing of biogeochemical and ecological responses to climate change.

In an unfrozen landscape system, the topographical gradient together with the phys-
ical properties of soil and bedrock influence the interactions between surface water and
deep and shallow groundwaters. In general, lakes and depressions in the landscape corre-
spond to groundwater discharge areas whereas groundwater recharge occurs in higher al-
titude areas. In a permafrost landscape, the topographical influence on the hydraulic gra-
dient of the deep sub-permafrost groundwater is dampened by the negligible hydraulic
permeability of the frozen ground. The hydraulic conductivity of ice-rich frozen soil and
bedrock in permafrost regions is so low that two groundwater systems can be defined;
one in the active layer above the permafrost that thaws and freezes seasonally, and one in
the continuously unfrozen system below the permafrost (e.g. Burt and Williams, 1976;
Horiguchi and Miller, 1980; Kane and Stein, 1983ab). The two systems may be con-
nected via through-taliks, i.e., via unfrozen ground typically found under larger water
bodies. However, the role and influence of taliks for the flow exchange between shal-
low and deep groundwater in permafrost environments are still poorly understood and
remain to be quantified.

With taliks constituting a potential pathway for groundwater from depths suitable for
storage of nuclear waste towards the surface eco-systems, and vice versa, for groundwa-
ter recharge at the surface to reach the repositories, the role of taliks for recharge and
discharge of deep groundwater is of vital importance for nuclear waste safety assess-
ments (Vidstrand et al., 2014). Both the magnitude and the direction of groundwater
flow through taliks are central to understand and quantify with regard to this role. Addi-
tionally, heat advection by groundwater has been shown to influence the permafrost thaw
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rates (Ge et al., 2011; Rowland et al., 2011; Grenier et al., 2013; McKenzie and Voss,
2013). Accelerated thaw leads to increased groundwater flow in a positive feedback sys-
tem where the taliks may play an important role. As taliks influence the connectivity
between supra- and sub-permafrost groundwater they may also influence the transport
of heat through permafrost soil and bedrock, which further motivates studies on talik
groundwater dynamics. Overall, hydrological flows of various types and depths relative
to the surface are integrated and influence each other within hydrological catchments. In-
creased understanding of the entire periglacial hydrological system is therefore needed
to better grasp the importance of groundwater flow through taliks. One way to address
the question of this importance is to study it in terms of the overall water balance of a
catchment, including the inter- and intra-annual variability of this balance.

Recently identified gaps of knowledge in permafrost hydrology regard the under-
standing of surface-subsurface water interactions discussed above, along with thawing
and freezing processes and their influence on infiltration and flow formation in the active
layer (Bring et al., 2016). There is a general deficiency of field data for cold regions in or-
der to conceptualize and quantify the functions of their hydrological systems (Vaughan
et al., 2013). Before the effects of future climate change and associated thawing per-
mafrost on hydrological processes can be quantified, improved knowledge is needed for
the present day hydrology in periglacial areas. Additionally, research aiming at investi-
gating the effects of permafrost thaw on biogeochemical cycling has to date been some-
what biased towards large river basins. Linking measurements from a river to the right
source area or process in these large basins is difficult (Vonk et al., 2015). Integrated
hydrological and biogeochemical investigations of smaller periglacial lake catchments,
or small headwater streams, where biogeochemical processes and changes are easier
to elucidate might therefor be helpful. Furthermore, comparative investigations of sev-
eral periglacial sites, with different site-specific properties and processes, can lead to
increased understanding of climate driven hydrological processes. This local site under-
standing can then be used to better analyze regional and global effects of climate and
permafrost change on hydrological processes in periglacial areas.

Thus, there is a broad scientific interest and societal need to understand the hydro-
logical system and its response to a changing climate. In this context, climate transitions
are of interest from both a cold to a warm and a warm to a cold climate (Figure 1.1). In
this thesis, hydrological processes during temperate and periglacial climate states have
been analyzed in detail with the general aim to identify main differences between hy-
drological catchment systems in these two climate states, and to increase the conceptual
and quantitative understanding of periglacial hydrology and near surface hydrogeology.
This has been done by conceptual and distributed physically based numerical modeling
studies of the Forsmark catchment in Sweden and of the Two Boat Lake (TBL) catch-
ment area in the Kangerlussuaq region, western Greenland (Figure 2.1). The former
area is today subject to a temperate climate, whereas the latter is subject to a periglacial
climate. Comprehensive site-specific data sets are used as driving data for the numerical
modeling and for model calibration for both sites.

In numerical modeling of permafrost hydrology and hydrogeology different approa-
ches are often applied in terms of the number of explicitly simulated processes. The
complexity of the simulated case, and the level of physical representation of the flow
and permafrost processes vary depending on the aim of the study. Generic, but still
realistic, studies simulating heat and three phase (air, liquid water, ice) flow have con-
tributed to an increased process understanding of permafrost hydrology (e.g. Frampton
et al., 2011; Frampton and Destouni, 2015). Modeling studies with detailed catchment
geometries but simpler heat flow and permafrost process representations have in turn
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Figure 1.1. Schematic figure of influences of natural and human induced climate change
on the hydrological flow system. The lower part of the figure illustrates the transition
from temperate to periglacial climate (left to right) represented by a possible climate
development in Forsmark (modified from SKB, 2010) in the time perspective of glacial
cycle natural climate change. The upper part of the figure illustrates the transition from
a periglacial to a temperate climate (right to left) in the perspective of human induced
global warming. The arrows in the middle figure indicate hypothetical flow paths of
groundwater under the different climate states.

contributed to improved understanding of permafrost and its influence on groundwater
flow paths on catchment scales (Walvoord et al., 2012; Evans et al., 2015). This the-
sis focuses on catchment-scale modeling studies with detailed site-specific data and a
simplified representation of permafrost processes. The numerical modeling studies for
both Forsmark (Papers I and II) and the TBL site (Paper IV) apply and further develop
methods presented by Bosson et al. (2010), where the permafrost and seasonal active
layer dynamics are represented by prescribed time-varying hydraulic properties in the
coupled surface-groundwater flow model MIKE SHE.

In the perspective of long-term climate change, also the landscape itself may change
due to various site-specific, processes, for example, erosion, isostatic and eustatic pro-
cesses and lake terrestrialization. Such landscape changes influence both the catchment
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configuration and the hydrology within it, in parallel with the influence of a changing
climate on the latter. To understand the role of climate as a main change driver, the
effects of landscape change must also be understood and distinguished from those of cli-
mate change. The hydrological knowledge and already established hydrological models
of the present day temperate Forsmark site (Bosson et al., 2010), together with informa-
tion on both the landscape (Lindborg et al., 2013) and the climate (Näslund et al., 2013)
development of the site, are therefore used in the initial simulation study of this thesis
(Paper I). The aim of the Paper I study is to analyze the separate effects of changes in
landscape, surface climate and permafrost states on hydrological flows and storage com-
ponents. Also in Paper II the site understanding about the temperate hydrological system
in Forsmark is used as a platform for studying the effect of climate, and especially per-
mafrost, on the exchange of deep and shallow groundwater and distribution of recharge
and discharge areas. That is, in Papers I and II, the hydrological effects of a transi-
tion from temperate to periglacial climate conditions are studied by applying changes to
an already established, calibrated and validated model of the present day hydrology in
Forsmark.

In Paper III, the data from comprehensive site investigations of a present day periglacial
catchment in Greenland are compiled and presented. Key data from this compilation are
then further analyzed and used in Paper IV for a detailed water balance study of that
catchment. In Paper IV, the MIKE SHE hydrogeological model is applied to, and driven
by data from a periglacial catchment for the first time. All studies in Papers I–IV are
carried out on catchment-scale, which is a relevant and fundamental spatial unit of anal-
ysis for quantifying and characterizing the landscape hydrological cycling and its key
processes and variables.

The overall aim of this thesis, and its various study components mentioned above,
is to strengthen the quantitative understanding of the effects of climate and permafrost
conditions and changes on hydrological processes. The specific main objectives of the
thesis are threefold (see also Table 1.1 for how the objectives 1–3 are addressed in the
thesis papers and two study sites):

1. To investigate and quantify the effects of changes in surface climate and per-
mafrost, along with possible parallel landscape changes, on the temporal and spa-
tial partitioning of water flow and storage across the landscape;

2. to investigate the role of taliks on the exchange of deep and shallow groundwater
in permafrost areas;

3. to quantify and analyze the spatial and temporal (intra- and inter-annual) variabil-
ity of water flows and their balance in a periglacial catchment.

Table 1.1. The three thesis objectives and the thesis papers where they are primarily
addressed. The site studied in each paper is also marked, with F or TBL, where F
represents the Forsmark site and TBL the Two Boat Lake site (Figure 2.1).

Paper
Objective I II III IV

1 F F
2 F TBL TBL
3 TBL TBL
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2 Methods and data

2.1 Study Sites

The research in this thesis is based on data from two sites, the Forsmark catchment site
in eastern Sweden and the Two Boat Lake (TBL) catchment site in western Greenland
(Figure 2.1). The data from the Forsmark site was gathered within the framework of
the Swedish Nuclear Fuel and Waste Management Company’s (SKB) site investigation
program (SKB, 2008) with the aim to investigate a potential site for a deep geological
repository for spent nuclear fuel in Sweden. No field work or data collection in Forsmark
has been done as part of work carried out specifically for this thesis. Instead, already
compiled information about the hydrology and hydrogeology in Forsmark is used when
setting up the numerical modeling for Forsmark in the thesis. All data from TBL have
been collected during field work that is an integral part of the thesis work, and are as
such compiled and presented in Paper III. The modeling studies in Papers I and II use
the already available data for the Forsmark site, whereas Papers III and IV present and
analyze the new data for the TBL catchment.

2.1.1 Forsmark (Papers I and II)

As the proposed final repository site for spent nuclear fuel in Sweden, the Forsmark
catchment is well investigated and characterized (Figure 2.1). A wealth of information
on hydrology, hydrogeology, meteorology, climate, geometries, vegetation and land-use
as well as physical properties for soil and bedrock is available. The Forsmark site, lo-
cated 120 km north-east of Stockholm is situated by the Baltic coast. A forest and
wetland dominated area, with flat topography and intermittent streams connecting small
shallow lakes, characterizes the landscape. The mean annual air temperature (MAAT) in
Forsmark is +7◦C and the vegetation period lasts approximately from May to Septem-
ber. The locally measured precipitation for the period 2003 to 2010 is 590 mm, with
approximately 30% of the precipitation falling as snow. The average runoff from the
largest sub-catchment in the area, with a measurement period of 6.5 yr is 188 mm/yr
resulting in an annual evapotranspiration of approximately 410 mm/yr. The model area
studied in Papers I and II contains both land and sea and is in total 180 km2, the land
part is approximately 35 km2.

The conceptual model for the present hydrology and near surface hydrogeology in
Forsmark (Johansson et al., 2008a) is illustrated in Figure 2.2. Decreasing hydraulic
conductivity with depth has been observed both in the Quaternary deposits (QD) and in
the bedrock. In general, the deep bedrock in Forsmark has low fracture density, with
the exception of the upper part which is highly fractured, containing horizontal sheet
joints down to depths of c. 200 m. A shallow, small scale, topographically controlled,
groundwater table in the QD, with a scattered pattern of recharge and discharge areas,
overlies a larger scale hydrological system in the deep bedrock. The main local topo-
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Figure 2.1. Maps of the thesis study sites. The Forsmark site with its sub-catchments and
lakes, and the relevant hydrological and meteorological monitoring points (Upper fig-
ure). The Two Boat Lake (TBL) study site in the Kangerlussuaq region, western Green-
land, with the hydrological and meteorological monitoring and sample points (Lower
figure). QD: Quaternary deposits, DH-GAP01: deep bedrock borehole below the TBL,
TDR: Time-domain reflectometry. (Modified from Paper II and III)

graphical water divide, the water divide to the river of Forsmarksån (Figure 2.1), acts
as a water divide for both surface and shallow and deep groundwater (SKB, 2008). The
recharge and discharge of deep groundwater is influenced by the locations and prop-
erties of bedrock deformation zones together with the dominating features of the local
topography as larger hills, lakes and stream valleys. Rainfall and snowmelt recharge the
groundwater and the stream water is dominated by water of groundwater origin.

The hydrology in Forsmark is well investigated and understood based on numerous
studies of the present hydrology that have been conducted at the site (e.g Destouni et
al., 2008; Jarsjö et al., 2008; SKB, 2008; Berglund et al., 2013ab; Selroos and Follin,
2013). In summary, the good knowledge of the site, together with the topographically
controlled groundwater system makes Forsmark a good representative of a temperate
hydrological system. The groundwater and surface water divides coincide, which makes
Forsmark particularly suitable for catchment-scale hydrological studies.

2.1.2 Two Boat Lake (Papers III and IV)

The relatively small catchment of TBL covers an area of 1.56 km2, with the lake consti-
tuting 25% of the total catchment area. TBL is situated approximately 30 km north-east
from the settlement of Kangerlussuaq, western Greenland, close to the Greenland ice
sheet (Figure 2.1). The region around Kangerlussuaq is characterized by a hilly tundra
landscape with numerous lakes, and continuous permafrost interrupted by taliks. Two
main types of lake hydrological regimes can be identified in the Kangerlussuaq region;
lakes not in contact with the surface melt water system that are driven by precipitation,

8



The influence of climate and permafrost on catchment hydrology

Figure 2.2. The conceptual model of hydrology and near surface hydrogeology in Fors-
mark (Johansson et al., 2008a). P = Precipitation, E = Evapotranspiration, R = Runoff

and lakes receiving surface water originating from ice sheet melting. The majority of the
lakes in the region, also TBL, are precipitation driven. Except from the Watson River,
which carries melt water from the ice sheet towards the Kangerlussuaq fjord, no larger
streams exist in the area between the ice sheet and Kangerlussuaq (Figure 2.1).

According to temperature measurements in deep bedrock boreholes in the vicinity of
the TBL site, the surrounding permafrost reaches a depth of approximately 350–400 m
(Claesson Liljedahl et al., 2016). A borehole under TBL reaching a vertical depth of 190
m, DH-GAP01 (Figure 2.1), indicates the presence of a through talik below the lake. The
transition from frozen to unfrozen conditions coincides with the spatial location of the
lake shore line, and there are no indications of decreasing temperatures in the deepest
parts of the borehole (Claesson Liljedahl et al., 2016). An active layer of 0.15–5 m,
depending on soil type and vegetation cover, overlies the permafrost in the area from
the settlement of Kangerlussuaq up to the ice sheet margin (van Tatenhove and Olesen,
1994). Soil temperature data from the TBL catchment, together with soil probing and
GRP measurements, indicate a mean depth of the active layer of approximately 0.75 m
in the lake catchment.

The active period lasts from mid-June to late September. The mean annual air tem-
perature (MAAT) in Kangerlussuaq is −5.1◦C (measured 1977–2015, Cappelen, 2016).
The MAAT observed for the available data period 2011–2015 in the TBL catchment
is −4.4◦C, the MAAT in Kangerlussuaq for the corresponding period is −5.3◦C, in-
dicating somewhat warmer temperatures at the TBL site. The regional climate is dry
with a mean annual (corrected for wind and adhesion losses) precipitation of 173 mm
in Kangerlussuaq. The locally measured precipitation in the TBL catchment is signifi-
cantly larger, indicating high local differences in the region. Based on long-term records
of precipitation from Kangerlussuaq for the period 1977–2013, 2013 is chosen as a year
representing the long-term mean precipitation (Paper III). The annual precipitation at the
TBL site and in Kangerlussuaq 2013 is 269 mm and 159 mm respectively. However, the
observed precipitation in the TBL catchment is low, and streams carrying water from the
catchment to the lake are often dry. The dry climate is also manifested by a relatively
large amount of saline lakes in the Kangerlussuaq region (Hasholt and Anderson, 2003).

There are no trees in the catchment of TBL and in its surroundings, and the shrubs
have a maximum height of approximately 0.5 m. The vegetation in the TBL catchment
is dominated by dwarf-shrub heath. The soils are dominated by till and glaciofluvial
deposits. In large parts of the catchment these deposits are overlain by a layer of aeolian
silt to fine sand. Peaty silt with high porosity is present in wetland areas close to the
lake. In general, for all soil types in the catchment, both the porosity and hydraulic
conductivity decreases with depth.
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Despite the small area of the catchment, it includes the major units of a periglacial
hydrological system in a continuous permafrost area; a lake, a supra-permafrost aquifer,
a talik and a sub-permafrost aquifer. In addition, the catchment boundaries are well de-
fined, which is an advantage when quantifying the hydrological flows within and across
the catchment boundaries. This makes the TBL catchment representative for periglacial
hydrology in areas with continuous permafrost.

2.2 Field studies at the Two Boat Lake site (Paper III)

Field studies in the TBL catchment area were initiated in 2010. The investigation was
performed within the framework of the Greenland Analogue Surface Project (GRASP)
and have resulted in a wealth of information on hydrology, meteorology, geometry (sur-
face topography, lake bathymetry, and soil and active layer depths), properties and spatial
distributions of vegetation and soils, hydrochemistry, soil temperature, and geochemical
processes and properties of the limnic and terrestrial ecosystems within the catchment.
The investigations presented in this thesis comprise the hydrological part of the GRASP.
The other part and associated field investigations have focused on biogeochemistry and
how ecosystems develop and react in a long-term climate change perspective during an
entire glacial cycle (Lindborg et al., 2013). The overarching target when planning the
TBL hydrological field programme was to identify and quantify the main hydrological
processes at the site, including the interactions between surface water in the lake and in
the surrounding catchment, and the role of both supra- and sub-permafrost groundwater.
The hydrologically related installations and sampling points are presented in Figure 2.1,
whereas a number of characteristic photos from the investigations are shown in Figure
2.3. An automatic weather station (AWS) constituted the platform for the hydrological
investigations together with a monitoring programme for soil water content, soil tem-
peratures, groundwater levels in the active layer and lake surface water levels. The dry
climate and limited surface water runoff in the area imply that conventional discharge
measurements are not meaningful; such measurements are otherwise a cornerstone in
water balance studies (e.g. Johansson, 2008ab; Bosson et al., 2010). Hydrological pro-
cesses and major events on different spatial scales have instead been captured by time
lapse cameras installed in the catchment.

2.3 Hydrological modeling (Papers I, II and IV)

2.3.1 Numerical modeling of present and future hydrological conditions in Fors-
mark (Papers I and II)

The work in Papers I and II extends and further elaborates previous modeling studies on
present and future hydrological conditions in Forsmark (Bosson et al., 2010; Berglund
et al., 2013a). In the studies, simulated future climate-landscape and permafrost changes
in Forsmark (Lindborg et al., 2013; Näslund et al., 2013) are used. A number of shift-
ing conditions are defined, including landscape, climate and permafrost existence and
thickness. The general aim in Papers I and II is to understand and distinguish the influ-
ence of such shifts on hydrological flows, storage components, and flow paths for deep
and shallow groundwater. All numerical simulations are performed in the hydrological
modeling tool MIKE SHE (Graham and Butts, 2005; Refsgaard et al., 2010).

One of two reference cases in the safety assessment for spent nuclear fuel in Fors-
mark assumes only natural climate variability, with no influences from human activity. In
this scenario a first periglacial period with permafrost in Forsmark occurs around 10 000
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Figure 2.3. Photos from field investigations at the TBL site. A: Soil sampling for hy-
draulic conductivity measurements. B: Time-domain reflectometry (TDR) installation
for soil moisture monitoring. C: Snow sublimation measurements. D: Lake-ice break-up
at TBL in spring. Photo: Emma Johansson and Tobias Lindborg

AD. This scenario is based on a simulated repetition of reconstructed climate conditions
for the last glacial cycle (SKB, 2010). Later work, focusing specifically on the timing of
the first future period with permafrost in Forsmark, shows that no permafrost is likely at
that site before c. 17 000 AD (SKB, 2014). A range of climate cases describing potential
future climate developments are presented and analyzed in the SKB safety assessments,
including scenarios taking anthropogenic global warming into consideration. In one of
the global warming scenarios, the first period of periglacial conditions occurs at around
60 000 AD in Forsmark. This scenario is however not analyzed in Papers I and II. The
shore-line displacement in Forsmark, with a present land uplift of c. 6 mm/yr, entails
future land-use and land-water cover changes (Lindborg et al., 2013). New lakes and
streams will form as new land is exposed from the sea. Present lakes will be terrestri-
alized as a consequence to natural succession, and the distribution and type of QD will
change due to erosion and deposition processes. All these changes together will influ-
ence the future hydrological and hydrogeological conditions in Forsmark (Selroos and
Follin, 2010; Berglund et al., 2013a).

The already established hydrological MIKE SHE models for present and future con-
ditions of the Forsmark site (Bosson et al., 2010; Berglund et al., 2013ab) constitute
the starting point for the simulation studies in Papers I and II. The model describing
the present hydrological conditions in Forsmark was calibrated and validated to locally
measured ground- and surface water levels and surface water discharges by Bosson et
al. (2010), and considered to have a good model performance (Bosson et al., 2010;
Auxiliary material Paper I). From the model describing the dynamic development of
the landscape (Lindborg et al., 2013) a ‘snap-shot’ in time, 10 000 AD, is selected to
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represent a future landscape for which the hydrology is simulated. Fixed geometrical
and geological conditions are considered in the hydrological models, and results from
the dynamic modeling describing shoreline displacement and the succession of lakes,
wetlands and QD (Brydsten and Strömgren, 2010) at 10 000 AD are applied to the hy-
drological model. A series of simulation cases are defined to analyze the transition from
the present cold temperate climate and landscape to the future 10 000 AD landscape with
an Arctic periglacial climate with permafrost. The shift conditions (landscape, climate,
permafrost) are altered one at the time through the simulation series (Table 2.1). The
two climate states, with detailed explanations in Table 2.1, are in the main text below
only referred to as temperate and periglacial.

Driving input data on precipitation (P), air temperature (T ) and potential evapotran-
spiration (PET ) for the temperate climate case are taken from the site investigations in
Forsmark (Johansson et al., 2008b). Kjellström et al. (2009) provided corresponding
simulated climate data time series for the periglacial climate case. For both climate
states, a year representing the long term mean for each climate state is selected and the
simulations are repeated until an annual periodic steady state is reached. In all simu-
lations, climate data with a resolution of 1 day are used as driving data in the models.
Fully transient simulations are performed for both flow and particle-tracking simulations
as listed in Table 2.1.

2.3.2 Numerical modeling of the Two Boat Lake catchment (Paper IV)

A numerical MIKE SHE model is constructed for the TBL catchment, based only on
local data collected during field investigations 2010–2013. The data comprise time se-
ries of meteorology, lake level and soil temperature, as well as geometries, hydraulic
properties for saturated and unsaturated flow, and land use information. The aim with
the simulations is to evaluate the long-term water balance of the lake and to analyze the
intra-annual variations of the hydrological fluxes in the TBL catchment.

The model domain covers the whole catchment area as well as downstream areas
in order to avoid boundary effects on the simulated outflow from the catchment. Up-
per boundary conditions are constituted by precipitation and potential evapotranspiration
data from the investigated period 2010–2013. By using data from the deep bedrock bore-
hole in the talik below the lake, DH-GAP01, the hydraulic contact between the lake and
the underlying talik could be studied (Figure 2.4). Different bottom boundary conditions
are applied to the model with the aim to analyze the lake response to different ground-
water pressures in the talik. The main calibration target is to reproduce the measured
lake level of TBL, and the model is calibrated to measured lake levels for the period
2010–2013. To reach a good accuracy between measured and calculated lake levels a
model sensitivity analysis is carried out with regard to hydraulic properties of the talik
and the active layer, and to seasonal dynamics on the ground surface and in the active
layer.

Based on the calibrated model, normal, wet and dry years according to precipitation
are simulated to describe the natural variation of the water balance. Meteorological mea-
surements from the TBL site are only available from 2011. In order to relate the relative
short measurement period to the longer-term hydrological variability in the area, a dry,
wet and normal year are defined from the available long-term time-series of precipitation
in Kangerlussuaq (Cappelen, 2014). It is found that the years 2011, 2012 and 2013 were
typical dry, wet and normal years, respectively. Consequently, data for a dry, wet and
normal year are available for the TBL site and each year is simulated until steady state
conditions are reached for the intra-annual hydrological variability.
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Table 2.1. Simulation cases for Forsmark. These include different conditions for climate
(in terms of air temperature, T, precipitation, P, and associated potential evapotran-
spiration, PET), landscape and permafrost regimes considered in Papers I and II. The
table also lists the type of simulation carried out (flow simulation, F, or particle tracking
simulation, PT) and in which paper the case is analyzed.

Case Case description Condition differ-
ences

Type of Case analyzed

between cases simulation in paper

1a Cool temperate climate with
present landscape and shore-
line

F I

Between 1a and 1b:
Landscape(catchment
geometry, QD, landcover,
shoreline)

1b Cool temperate climate with
future landscape and shoreline

F, PT I, II

Between 1b and 2a:
Surface climate (T, P,
PET)

2a Arctic periglacial climate with
future landscape and shoreline
and without permafrost

F I, II

Between 2a and 2b:
Permafrost, existing or
non-existing

2b Arctic periglacial climate with
future landscape-shoreline and
with 100 m permafrost

F, PT I, II

Between 2b and 2c:
Permafrost thickness

2c Arctic periglacial climate with
future landscape and shoreline
and with 240 m permafrost

F, PT I, II
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Figure 2.4. Schematic figure of the water pressure measurements in borehole DH-GAP01
and Two Boat Lake (A) and the associated measured data for the period Aug., 2010, to
Dec., 2013 in (B). P = Pressure measurement, K = Hydraulic conductivity. (Figure B
from Paper IV)

2.3.3 The MIKE SHE model and permafrost implementation (Papers I, II and IV)

The MIKE SHE modeling tool is physically based and represents the main processes
in the terrestrial part of the hydrological cycle. The model consists of four main units;
the saturated zone (3D), the unsaturated zone (1D), the overland flow compartment (2D)
and the evapotranspiration compartment. The groundwater table fluctuates depending
on the hydrological conditions, thus the extent of the unsaturated zone is not fixed in
time. MIKE SHE is fully integrated with a channel-flow code, MIKE 11. The exchange
of water between the two modeling tools takes place during the whole simulation, i.e.
the two programs run simultaneously. In Papers I and II both flow modeling and particle
tracking simulations are performed (Table 2.1). In the flow simulations all units are
activated whereas particle tracking simulations are only possible for the saturated zone
compartment.

Functionality for thermal modeling is not included in MIKE SHE. The hydraulic
properties are instead changed in the model in order to mimic the permafrost, the talik
features and the active layer. Bosson et al. (2010) identified three key model parameters
to be changed in order to reach the right seasonal dynamics in the active layer: (i) the
hydraulic conductivity (K), (ii) the leakage coefficient (LC) and (iii) the Manning num-
ber (M). These three parameters are changed throughout the year and are controlled by
temperature data.

In order to mimic a low permeability permafrost layer, impeding groundwater flow
and infiltration, a continuously low K-value is applied to the part of the model domain
containing permafrost. The hydraulic properties within the taliks are not changing in
time and fully thawed conditions prevail throughout the year. The seasonal freezing and
thawing dynamics of the active layer is simulated by applying time-dependent K-values
to the upper layers of the model representing the active layer. The permafrost and the
frozen period in the active layer are represented by the same low K-value, independently
of the type of soil or bedrock. In addition, overland flow parameters (LC and M), are
changed to imitate lake ice and frozen water on the ground surface. The leakage co-
efficient, which controls the contact between the Overland Flow compartment and the
Saturated Zone compartment, i.e. the infiltration capacity, is reduced to zero during the
frozen period. The Manning number describes the surface roughness. The parameter
is used in the permafrost simulations to control whether the surface water is mobile or
immobile (frozen). The Manning number is set to a low value in order to increase the
surface resistance under frozen conditions.
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The MIKE SHE version applied in Papers I and II does not allow for time-varying
hydraulic properties. Instead, the year is divided into seven periods, two freezing peri-
ods, one frozen period, three thawing periods and one active period. Each period is sim-
ulated separately (Bosson et al., 2010). The hydrological conditions in the end of each
period are used as initial conditions to the next period and the seasonal changes of the
active layer are step-wise simulated. However, a code development enables time-varying
hydraulic properties as input data for the simulations of the periglacial lake catchment
in Paper IV. That is, the division of the hydrological year into frozen and thawed period
is not required anymore and one continuous simulation can be run for the whole study
period containing several annual cycles. In Paper IV, local soil temperature time series
data, presented in Paper III, are used to control the hydraulic properties. The time step
of the input data for hydraulic conductivity, infiltration capacity and surface roughness
is set to 24 hours in order to catch the periods of thawing and freezing. The hydraulic
properties are linearly decreased from values representing fully thawed to values repre-
senting frozen conditions during periods of freezing. The period of thawing is described
accordingly; the properties are linearly increased from frozen to fully thawed conditions.
In Papers I and II the hydraulic properties during the different periods are controlled by
simulated soil temperature time series data for a future periglacial Forsmark provided by
Kjellström (2009).

The modeling studies in this thesis consider through taliks only. In the following
text only ‘talik’ will be used when describing ‘through talik’ features. The talik areas
in a future periglacial landscape in Forsmark (Papers I and II) and the talik below the
TBL (Paper IV) are prescribed as unfrozen objects (model volumes) in the MIKE SHE
model. The extent of the talik below the TBL is delimited by the shore line of the
lake. For Forsmark (Papers I and II), site specific modeling results by Hartikainen et
al. (2010) are used to locate the talik areas. The future streams in Forsmark are too
small to maintain taliks, thus taliks are assumed to form only below future lakes. The
conditions for a talik to prevail are (in Papers I and II) dependent on permafrost depth,
lake radius and lake depth. The resulting number of taliks is 46 in Case 2b, with 100
m deep permafrost, and 5 in Case 2b with 240 m deep permafrost applied to the model
(Table 2.1). The sea-bottom remains unfrozen and constitutes thereby also a talik.

In summary, there are three main differences between the MIKE SHE permafrost
simulations in Papers I–II and that in Paper IV: i) In Paper IV, the control of hydraulic
properties in the active layer is based on local soil temperature data, compared to sim-
ulated data for a future colder Forsmark being used in Papers I and II; ii) In Paper IV,
the ability to use time varying hydraulic properties as input data is implemented in the
MIKE SHE code and used in the simulations, making the numerical modeling in Paper
IV also a capability test for the new code development and a test to drive the model with
site specific data from a periglacial catchment; iii) The talik locations in Papers I and II
are possible future taliks based on modeled data for the future colder Forsmark, whereas
in Paper IV the existence of the talik is confirmed by a deep borehole below the lake of
TBL.
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3 Summary of main results

3.1 Paper I

Influences of shifts in climate, landscape, and permafrost on terrestrial hydrology.
Bosson, E., Sabel, U., Gustafsson, L.G., Sassner, M., Destouni, G., 2012. J. Geophys.
Res. – Atmospheres 117, D05120.

Paper I is a modeling study with the aim to understand, distinguish and quantify the
hydrological responses to different changes in landscape and surface- and sub-surface
climate. Results are presented in terms of the influences of the different investigated
condition shifts (landscape, surface climate and permafrost existence and thickness) on
the mean annual water balance, the average intra-annual dynamics of water flow, water
storage and water partitioning in the landscape, and the pathways of water through the
landscape.

The temporal variation and partitioning of evapotranspiration (ET ), runoff (R) and
groundwater recharge (Rgw) are influenced by the climate shift from temperate (Case
1ab, Table 2.1) to periglacial (Case 2abc, Table 2.1) and the results indicate non-linear
R responses to P changes. In the periglacial cases, it is mainly after snow melt in May
that water becomes available for flow by ET , R and Rgw, independently of permafrost
existence and depth. The snow melt rate exceeds infiltration capacity and water flows out
from the catchment in equal amount by ET and R in the colder cases whereas outflow by
ET is about twice the outflow of R in the warmer climate cases (Figure 3.1). The contri-
bution of different components to total R is stepwise changed from the temperate case to
the periglacial climate case with permafrost (Figure 3.1). The runoff origin changes from
a groundwater dominated total R in the temperate case, via a mix of approximately equal
amount of ground- and surface water in the periglacial case to surface water dominated
R when permafrost is present. Permafrost is also shown to have fundamental influence
on the groundwater recharge which is reduced and concentrated to talik areas in Case
2b,c.

Surface climate clearly changes the temporal pattern of water storage dynamics. The
intra-annual groundwater storage dynamics for temperate climate conditions (Case 1a,b)
with increased storage due to autumn rains, relatively small fluctuations during winter
and spring, followed by a sharp decrease in summer due to high ET demands, is not
seen for the periglacial climate cases (Case 2a,b,c). Low temperatures during periglacial
conditions leads to continuous snow accumulation from early autumn to late spring, with
the groundwater storage being almost constant for this period.

The main hydrological variable affected only by landscape change is the shoreline-
dependent submarine groundwater discharge, SGD. This decreases significantly when
the exposure to the sea decreases due to shoreline displacement.

Figure 3.2 summarizes the effects of the considered condition shifts on external flows
into and out from the catchment, and on catchment internal components as groundwater
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Figure 3.1. Water flow dynamics in cases 1a–2c (Table 2.1). Figure A-C: Cumulative
values normalized with corresponding cumulative precipitation P are shown for runoff
R, total recharge to groundwater, Rgw, and Evapotranspiration ET. Figure D: Contribu-
tions of surface and groundwater to total runoff R. (Modified from Paper I)

recharge and storage. The main directions of the different external flows, the internal
groundwater recharge flow, and the other internal flows between different storage com-
ponents are illustrated by red arrows in Figure 3.2. The shift parameters written under
each hydrological component heading are those shown by the simulations to consider-
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ably influence that component, with the shift parameter written at the top/bottom being
the most/least influential. Surface climate affects most but not all of the investigated hy-
drological components. Permafrost thickness is found to have only small effects on the
investigated hydrological flows whereas permafrost existence is shown to be an essential
control parameter for terrestrial hydrology.
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Figure 3.2. The investigated shift parameters and their resulting influence on different
hydrological components. The shift parameters are landscape, surface climate, and per-
mafrost (PF) existence and thickness (Table 2.1). The hydrological components are ex-
ternal flows (right side) into and out from the catchment system (represented by the solid
line box); and catchment-internal groundwater recharge (left in the catchment box) and
different forms of water storage (right in the catchment box). The red arrows show the
main flow directions. The shift parameters under each hydrological component heading
are those shown to influence that component, with that at the top/bottom being the most
or the least influential. (From Paper 1)

3.2 Paper II

Exchange and pathways of deep and shallow groundwater in different climate and per-
mafrost conditions using the Forsmark site, Sweden, as an example catchment.
Bosson, E., Selroos, J.O., Stigsson, M., Gustafsson, L.G., Destouni, G., 2013a. Hydro-
geol. J. 21, 225–237. Published in the theme issue “Hydrogeology of Cold Regions”.

The identified influences of climate and permafrost on the distribution of recharge and
discharge areas and flow paths through the landscape in Paper I are expected to influence
also the hydrogeological links between the QD and the bedrock. The aim of Paper II is
therefore to quantify and illustrate the exchange of water between the deep, regional,
groundwater system in the bedrock and the shallow more local system in the QD, under
different climate and permafrost conditions. The flow modeling results from Paper I are
further analyzed in Paper II, where in addition particle tracking simulations are also per-
formed for case 1b and 2bc (Table 2.1). In Paper II the influence of landscape changes
is not analyzed, i.e. case 1a is not included in the analysis.
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In the temperate climate case (Case 1b) and the periglacial case without permafrost
(Case2a) exchange of water between the bedrock and QD may occur all over the model
domain. The main discharge of deep groundwater is concentrated to regional topograph-
ical lows, lakes and stream valleys. When permafrost is applied to the model, case 2bc,
all exchange of deep and shallow groundwater is concentrated to the talik areas. The
taliks connect the surface water and the unfrozen groundwater system in the active layer
with the unfrozen, deep, groundwater system below the permafrost. The major part of
the talik areas are groundwater discharge areas under temperate conditions (Case 1b),
the pattern is the same for the periglacial case as long as permafrost is absent (Case 2a).
In the presence of permafrost, the vertical groundwater flux in these areas both decreases
and changes its predominant direction. The total net flux in the inland taliks is directed
downward and ranges between 0.08 mm/yr (case 2b) and 0.008 mm/yr (case 2c). This
should be compared to a net upward flux of 0.7 mm under temperate climate conditions
(Case 1b), Figure 3.3. The deeper the permafrost and the fewer the number of through
taliks, the smaller the net groundwater flow will be.

Results from the particle tracking simulations indicate short shallow and fast trans-
port pathways for groundwater under temperate conditions (Case 1b), which are closed
in the presence of permafrost (case 2bc), Figure 3.4. The pathways are generally longer
and deeper when permafrost is present. The groundwater in the unfrozen system below
the permafrost is shown to be dominated by its horizontal component. This horizontal
transport is in general slower than the vertical transport through the taliks. Even though
the vertical groundwater flow decreases in the presence of permafrost, this study has
shown that there is an exchange of water in the taliks connecting the active layer and the
unfrozen sub-permafrost system.

Figure 3.3. Net vertical groundwater flux (volumetric flow normalized by the whole
model area) in the areas constituting prescribed inland taliks in the permafrost simula-
tions as function of elevation for simulation cases 1b, 2a–c. The net flux is calculated as
downward flux minus upward flux.
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Figure 3.4. Particle pathways from release at the surface down to and through the
bedrock towards a discharge area in QD (case 1b, Table 2.1) or net discharge talik
(Case 2c, Table 2.1). For case 1b the stream valleys and lakes are marked with red lines.
For case 2c the model domain and the taliks are marked with black lines. The main
flow paths in the two cases are marked with dashed arrows, the colors of the flow paths
indicate the travel times since release along each flow path. (Modified from Paper II)

3.3 Paper III

Hydrological and meteorological investigations in a periglacial lake catchment near
Kangerlussuaq, west Greenland – presentation of a new multi-parameter dataset.
Johansson, E., Berglund, S., Lindborg, T., Petrone, J., van As, D., Gustafsson, L.G., Näs-
lund, J.O., Laudon, H., 2015. Earth Syst. Sci. Data, 7, 93–108, 2015 doi:10.5194/essd-
7-93-2015.

Paper III presents the detailed, multi-parameter dataset with high temporal resolution
obtained from the field investigations of the TBL catchment. The site investigations in
the catchment, which were initiated in 2010, have resulted in a wealth of information on
catchment hydrology, local meteorological conditions and temporal and spatial variabil-
ities of the hydrological conditions of the active layer. Also, soil mapping and sampling
in the catchment have provided information on hydraulic properties for both saturated
and unsaturated subsurface flow. The parameters of the resulting dataset are listed in
Tables 3.1 and 3.2. Data are presented from the monitoring start for each parameter until
the end of year 2013.

Table 3.1. Start of monitoring and time resolution for each parameter for all monitoring
data.

Parameter Monitoring started Time resolution

Regolith temperature Aug 2010 3 h
Hydrological events captured by time lapse
cameras

Aug 2012 2h

Regolith moisture Aug 2010 3 h
Groundwater levels June 2013 0.5h
Lake water level Aug 2010 3h
Precipitation April 2011 10 min
Air humidity, Barometric pressure, Wind
speed, Wind direction, Long and short wave
radiation, Air temperature

April 2011 10 min
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Table 3.2. List of measured parameters and investigation period for non monitoring
data.

Parameter Sampling period Number of samples

Evaporation Aug 2012 Measured at 3×5 sites
Sublimation April 2012 Measured at 3×5 sites

Inflow to lake
June and

Aug–Sept 2013
Manually measured when

site was manned
Snow depth April 2011 Measured along four transects
Hydraulic conductivity (Kh,
Kv) Aug 2013 26 undisturbed cylinders

Porosity
Aug 2010, Aug 2012,

Aug 2013 76 undisturbed cylinders

Retention curve Aug 2012, Aug 2013 37 undisturbed cylinders
Grain size distribution Aug 2010, Aug 2012 20 samples
Infiltration capacity Aug 2012 Measured at 5×5 sites

3.4 Paper IV

Data evaluation and numerical modeling of hydrological interactions between active
layer, lake and talik in a permafrost catchment, Western Greenland.
Johansson, E., Gustafsson, L-G., Berglund, S., Lindborg, T., Selroos, J-O., Claesson
Liljedahl, L., Destouni, G. Journal of Hydrology 527 (2015) 688–703.

The aim of Paper IV is to identify and quantify the main hydrological flow paths within
and across the catchment boundaries of TBL by constructing a conceptual (Figure 3.5)
and a numerical model based on data presented in Paper III. During the active period,
three runoff components are defined in the conceptual model (Figure 3.5): surface water
flow to and from the lake (Rs) and groundwater exchange between the lake and the active
layer (Ral) and via the talik (Rgw). During the frozen period Rs and Ral are zero. Due
to the non-frozen conditions in the talik Rgw is non-zero also under the frozen period.
During winter, sublimation and snow drift is shown to be important processes and mass
loss via sublimation influences the catchment water balance. The groundwater exchange
with the talik (Rgw), which is concluded to be directed downwards, constitutes only 6%
of the annual inflow of water to the lake (Ral +Rs).

Overall, the water balance for the investigated period is dominated by the evapotran-
spiration component, being almost equal to the precipitation input. No surface water out-
flow has been observed from the lake since the site investigation started. 2011 is shown
to be a historically dry year with a low lake level as a consequence. The lake level is
still recovering from this dry year. However, the simulations of different weather condi-
tions, based on the available long-term time series from the settlement of Kangerlussuaq,
adjusted to the local conditions at the TBL site, indicate a positive water balance with
surface water flowing out from the catchment under normal weather conditions. This is
also confirmed by isotopic analysis of groundwater levels in the active layer downstream
the lake having the same isotopic signature as the lake water.

A good agreement between simulated and measured lake level fluctuations is reached
in the MIKE SHE model of the TBL catchment. The lake level variation is shown to
be almost independent of applied bottom boundary conditions. Both no-flow bottom
boundary conditions and prescribed head boundary conditions, by measured pressure
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data from DH-GAP01, are tested. Instead, the lake level variation reflects surface pro-
cesses, such as evapotranspiration and freeze and thawing dynamics in the active layer.

Figure 3.5. Conceptual model of the hydrological flows during the active (A) and frozen
(B) period in the Two Boat Lake catchment. The conditions for precipitation (P), evap-
oration (E) and evapotranspiration (ET) as well as runoff from active layer (Ral), water
exchange with the talik (Rgw), and surface water runoff (Rs) are illustrated. The arrows
illustrate the main hydrological flows for each period. The figure is not to scale; in re-
ality, the lake is much deeper than the active layer and the lake ice reaches a depth well
below the maximum depth of the active layer. (From Paper IV)
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4 Discussion

In this thesis, the existing site-specific data and knowledge of the present day hydrolog-
ical system at the Forsmark site in Sweden (Bosson et al., 2010; Berglund et al., 2013a;
Selroos and Follin, 2013) is used with the aim to investigate hydrological responses to
shifts in surface climate, landscape and permafrost. In addition, a comprehensive site
investigation of the periglacial TBL catchment is performed. Data from the TBL catch-
ment is presented, analyzed and conceptualized in order to reach a better understanding
of present day hydrology in periglacial areas. In the following, the study results and their
implications for the three main thesis objectives are discussed and synthesized.

Objective 1: To investigate and quantify the effects of changes in surface climate and
permafrost, along with possible parallel landscape changes, on the temporal and spatial
partitioning of water flow and storage across the landscape.

The landscape changes studied within the framework of this thesis reflect site-specific
processes driven by long-term natural climate changes. In the time perspective of a
glacial cycle, the landscape in Forsmark will primarily change due to isostatic and eu-
static processes. Along with these processes, new land will form and the distribution of
QD and vegetation will change. At present, large areas of the Forsmark catchment are
exposed to the sea and along with the shoreline displacement this exposure will decrease.
The applied landscape changes in Forsmark are shown to primarily influence the SGD
and with that also the general distribution of freshwater to the sea is changed. The SGD,
which can be relatively large in coastal catchments, is difficult to quantify as it bypasses
the surface water pathway to the sea (Prieto and Destouni, 2011). Detailed water balance
calculations in MIKE SHE enable separations of the different pathways of water through
the landscape; surface water to streams, groundwater to streams and SGD. Thereby, the
SGD contribution to total runoff and its sensitivity to landscape changes could be quan-
tified in Paper I. Except for the change in SGD, the pattern of recharge and discharge
areas, as well as the seasonal patterns of water storage and runoff components are found
to be relatively insensitive to the landscape changes (shoreline, stratigraphy, spatial dis-
tribution of QD, vegetation) as long as a temperate climate prevails at the site. Man made
changes that affect the partitioning of water in the landscape are not considered in this
thesis. However, such changes have been shown to considerably influence the terrestrial
water cycle and have to be taken into consideration to explain ongoing local to global
water changes (Destouni and Jaramillo, 2013 and 2015).

The identified spatiotemporal patterns of runoff, evapotranspiration and groundwa-
ter recharge when Forsmark is exposed to a periglacial climate with permafrost (Paper I)
are to large extent also seen in the simulation results for the TBL catchment (Paper IV).
Low temperatures during autumn and winter lead to long periods of snow accumulation,
with no water available for infiltration or runoff processes. During this time, the ground-
water level and storage remains almost constant. This pattern is also confirmed by field
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measurements at other sites (Chang et al., 2015). Measurements (Paper III) and simula-
tion results (Papers I and IV) confirm earlier findings from other sites with surface water
dominated runoff being the main hydrological event of the year in periglacial catchments
(McCann and Cogley, 1972). However, the suprapermafrost groundwater contribution to
runoff increases as thawing of the active layer proceeds. In the end of the active period,
the runoff to lake and streams is dominated by suprapermafrost groundwater (Papers I
and IV).

Shallow groundwater flow in temperate climates may occur throughout the year ex-
cept for periods during winter when ground frost may prevent flow in the upper ∼ 50
cm of the soil (Venäläinen et al., 2001; Werner et al., 2014). Conversely, the tempo-
ral and spatial boundaries of supra-permafrost groundwater flow in periglacial areas are
controlled by the soil temperature. To measure soil temperature in the TBL catchment
was therefore a prerequisite in order to reach a better understanding of the dynamics
and variation of groundwater flow in the active layer and its interaction with surface
waters. The aquifer thickness for supra-permafrost groundwater is related to the tran-
sient thickness of the active layer. The measured groundwater levels along a hill slope
in the TBL catchment show how the aquifer increases as thawing of the active layer
proceeds. Decreasing groundwater levels are measured in the groundwater well located
in the most upslope location whereas constant levels are maintained in the downslope
locations. That is, as the depth of the active layer increases, groundwater is ‘released’
from recharge locations and flows towards downslope discharge areas. When the thaw
depth has reached a stable level along the investigated transect, the groundwater wells in
both recharge and discharge locations show similar temporal patterns (Figure 3.2, Paper
III).

The temperature dependence on water fluxes in the catchment is also reflected in the
TBL level response to snow melt. During the investigated period the main lake level
rise in spring is not directly related to snowmelt but to the thawing of the active layer.
Initially, snow melt water infiltrates unsaturated pores in the active layer or creates ponds
on the ground surface. At the time of thawing of the uppermost part of the active layer,
the hydraulic conductivity increases and water is transported towards the lake. The ob-
served increased baseflow into TBL during the end of the active period may also be
related to the active layer thawing. As the active layer thaws, the upstream contribut-
ing area to runoff increases resulting in higher baseflow. In summary, field observations
at the TBL site (Paper III), together with simulation studies (Paper I, Paper IV) point
at the spatiotemporal variation of both groundwater and runoff processes in periglacial
areas being controlled by soil temperature dynamics rather than by the soil moisture
regime. This is consistent with results from a recent study by Wang et al. (2015) who
presented soil temperature threshold functions for runoff generation in permafrost head-
water catchments.

The results in Paper I show complexity in the relation between different wetness
and dryness aspects. For example, a shift from temperate to periglacial climate with
decreased P and ET results in higher total R and greater water storage, in terms of
greater lake and wetland area. The latter can be interpreted as wetter conditions from
a landscape perspective, whereas decreased P and ET imply dryer conditions from an
atmospheric point of view. In the presence of permafrost, the recharge to groundwater is
reduced, resulting in a higher amount of water available for surface water runoff, which
can also be seen as a wetter situation, despite the lower P and ET .

The non-linearity between precipitation and different landscape wetness changes can
also be related to the soil temperature regime governing the partitioning of water in
periglacial landscapes. Chang et al. (2015) showed that an increased P by up to 20%
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had a smaller influence on groundwater levels in a permafrost catchment than an in-
crease in air temperature by 0.5◦C. This motivates future modeling studies of the TBL
catchment where simulation sequences of different temporal and spatial variations of the
active layer depth can clarify whether the catchment will become wetter or drier under
warming conditions. Such results will also constitute valuable information for better un-
derstanding of the effects of a warming climate on the carbon cycling, since the effects
of carbon release depend on the level of water saturation in the landscape (Schuur et al.,
2015). The developed model of the TBL catchment for present day conditions provides
useful initial conditions for this type of studies.

Objective 2: To investigate the role of taliks on the exchange of deep and shallow ground-
water in permafrost areas

Earlier studies have concluded that the pattern of groundwater recharge and discharge is
controlled by the distribution of permafrost (e.g. Framtpon et al., 2011; Ge et al., 2011;
Bense et al., 2012; Walvoord et al., 2012; Cheng and Huijun, 2013; Grenier et al., 2013;
Evans et al., 2015). The focus in this thesis is on the role of taliks, their interaction with
each other and their role in the exchange of water between supra- and sub-permafrost
groundwaters. The results show decreased groundwater flux in a periglacial system with
permafrost compared to a temperate system. Both the total groundwater recharge, and
the corresponding total discharge, decreases with increased permafrost depth and de-
creased number of taliks. The distribution of recharge and discharge areas is shown
to fundamentally change in the presence of permafrost, and recharge and discharge are
concentrated to talik areas (Paper II). This thesis shows that the areas constituting net dis-
charge zones for groundwater under temperate conditions, mostly relatively large lakes,
may switch to talik areas recharging groundwater under periglacial conditions.

The particle tracking results in Paper II further show that both recharge and discharge
taliks may exist at the Forsmark site under periglacial conditions, and how they are con-
nected to each other. The relative topographical locations between lakes are important
in governing whether a lake will act as a discharging or a recharging talik. Results from
Paper II also indicate that a single talik may contain both recharge and discharge areas.
In Forsmark, discharge taliks under permafrost conditions are formed in areas where the
sub-permafrost hydraulic head is higher than the supra-permafrost hydraulic head, and
vice versa. This results in that discharging taliks are located in low elevated areas, and
recharging taliks in the headwater areas of the catchment. The results are consistent with
findings in other modeling studies (Walvoord et al., 2012; Evans et al., 2015) where low
lying areas in permafrost environments had generally higher hydraulic head in the sub-
permafrost aquifer than in the supra-permafrost aquifer. The particle tracking results,
studying flow pathways between different taliks, show that the travel times through the
depth extent of the permafrost are shorter than the travel times between taliks through
the unfrozen sub-permafrost groundwater system. Despite the short travel times, the
groundwater flux in the taliks is reduced compared to unfrozen conditions. The vertical
groundwater flux in the bedrock of Forsmark is reduced by at least an order of magnitude
when permafrost is present; these results have later also been confirmed by Vidstrand et
al. (2014) in a separate study.

The deep borehole below the TBL confirms for the first time the existence of a
through talik below a lake in an area of continuous permafrost (Claesson Liljedahl et
al., 2016). Hydraulic head measurements in the borehole together with measurements
of hydraulic head in the lake provide unique data, which enable calculations of the hy-
draulic gradient between the two water systems (Paper IV), the lake and the unfrozen
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groundwater in the talik. Hydraulic measurements, and simulation results, indicate that
there is a recharge from the lake to the talik (Papers III, IV). It should then be noted that
the hydraulic gradient between the two systems is only measured in one point of the lake
and other parts of the TBL may have other recharge/discharge conditions.

The groundwater recharge from the lake through the talik constitutes a small part
of the total water balance of the TBL catchment (Paper IV), which is consistent with
the simulation findings in Paper II indicating generally low groundwater fluxes in the
taliks. Hydrochemical data neither confirms nor rejects the hypothesis that lake water is
recharging the talik. A weak evaporative signature of the lake water was found in the
talik, which indicates small contributions of recharging lake water to the talik (Claesson
Liljedahl et al., 2016). There is a lack of tritium in the water samples from DH-GAP01,
indicating that water was recharged more than 50 yr before present (Harper et al., 2010).
This is consistent with findings in this thesis where data and simulation results indi-
cate small volumes of water recharging the talik. In addition, unpublished results from
advection-dispersion simulations in the TBL catchment indicate longer transport times
than 50 years for the lake water to reach the depth for water sampling in DH-GAP01.
In summary, all available hydrogeological data for the catchment together with the high
elevated location of the lake in relation to other potential taliks in the area indicate that
the TBL at present day is a recharging talik. This is consistent with the findings in
Paper II, showing that the relative topographical location of a talik is important for its
recharging/discharging conditions.

The calculated low groundwater flow both in the investigated talik below TBL and
in the taliks in a future colder Forsmark constitutes valuable knowledge for safety as-
sessments of nuclear waste repositories. The taliks govern the pattern of recharge and
discharge of deep groundwater and are links between the deep groundwater system and
the terrestrial, aquatic and marine ecosystems. This thesis shows that the links exist, but
the groundwater fluxes through the taliks are small compared to the groundwater fluxes
under temperate conditions.

However, over longer time scales (1000–10 000 yr) also small groundwater fluxes
may play an important role in terms of radionuclide and other transport of trace elements
from repository depth towards the surface and vice versa. Additionally, future lakes un-
derlain by taliks can be seen as potential ‘hotspots’ for radionuclide transport into the
surface ecosystems. To reduce uncertainties in calculated consequences of a potential
release of radionuclides it is important to understand both the groundwater dynamics in
the taliks, carrying radionuclides into the surface ecosystems, and further, the turnover
of water in such hotspot areas which influences the concentration of radionuclides within
the lake and in the surrounding catchment. This further motivates studies of near sur-
face hydrological processes in periglacial areas and of the interactions between deep
groundwater, water in the active layer and surface water.

Taliks also play an important role in the cycling of carbon in permafrost areas. Thaw-
ing permafrost may lead to carbon release and talik formation, which in turn implies
increased connectivity and increased groundwater flow, but it may also lead to increased
release of greenhouse gases back to the atmosphere due to possible increased thaw
caused by heat advection in the groundwater. This possible positive carbon-permafrost-
groundwater feedback is still poorly understood and motivates future studies of for ex-
ample the TBL catchment and Forsmark, where the developed hydrological models in
this thesis can be coupled to biogeochemical models. Available biogeochemical data on
carbon from different pools in the terrestrial and limnic ecosystems of Forsmark and the
TBL catchment can enable this type of modeling studies.
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In this thesis, only periglacial conditions with continuous permafrost and through taliks
are considered. For the case study of Forsmark and the possible nuclear waste repos-
itory there, this should be seen as the most extreme case. During transitions between
temperate and periglacial climate conditions, time periods with sporadic and discontin-
uous but also more shallow permafrost will occur (Hartikainen et al., 2010). As shown
in Papers I and II, the magnitude of groundwater flow and the connectivity between
the supra- and sub-permafrost groundwater systems increase with increased number of
taliks and with a decreased depth of permafrost. Modeling studies of thawing sequences
from continuous permafrost, via discontinuous and sporadic permafrost, to fully thawed
conditions (Walvoord et al., 2012) strengthen the conclusions from Papers I and II, re-
garding increased groundwater flow and recharge as well as increased groundwater input
to surface water streams with decreasing permafrost coverage.

Objective 3: To quantify and analyze the spatial and temporal (intra- and inter-annual)
variability of water flows and their balance in a periglacial catchment.

In the following, the hydrological flows in the conceptual model of the TBL catchment
are discussed, from the interactions with the atmosphere by evapotranspiration (ET ) and
precipitation (P), via surface (Rs) and subsurface flow in the active layer (Ral), to the
groundwater exchange with the talik below the lake (Rgw). In the conceptualization of
the TBL catchment, two models are set up, one for the frozen and one for the active
period. This set up is motivated by the fact that the periglacial hydrological system is to
large extent controlled by air- and soil temperature and the importance of the included
hydrological flows and processes varies during the year.

The absolute annual sums of P and ET depend on local weather conditions and
wide-ranging P and ET values occur both in temperate and periglacial catchments. The
annual sums for periglacial P and ET for a future periglacial Forsmark found in Papers
I and II differ from those found for the TBL site in Paper III. Since P and ET are site
specific properties, typical P and ET values for a periglacial area cannot be defined. The
annual P in periglacial areas in Greenland ranges from desert like conditions at inland
locations to annual P over 1000 mm/yr at coastal sites (Cappelen, 2014). The low P at
the TBL site depends on its inland location close to the ice sheet.

Reliable precipitation measurements are critical for water balance calculations. Large
uncertainties in precipitation datasets have been identified for Arctic regions (Legates,
1995; Walsh et al., 1998; Yang et al., 2005), which motivated the installation of a lo-
cal automatic weather station in the TBL catchment. Precipitation measurements in the
TBL catchment presented in Paper III indicate large local differences with almost twice
as high P in the TBL catchment compared to the close by meteorological station in
Kangerlussuaq. This observed difference further highlights the importance of locally
measured meteorological data when studying the water balance of a catchment. Simu-
lation results from the TBL catchment show that a long-term negative water balance is
obtained if the hydrological model is driven by precipitation data from Kangerlussuaq. A
negative water balance is also reached if precipitation data is not corrected for wind and
adhesion losses in the water balance calculations. Gauge undercatch, which increases
when precipitation falls as snow (e.g. Førland et al., 1996; Hasholt, 1997; Alexander-
sson, 2003), might contribute to an underestimated amount of snow compared to what
actually reached the catchment. Correction of precipitation data is therefore important
for periglacial areas where a considerable part of the annual P falls as snow, and offi-
cial guidelines or standards for correction of gauge undercatch are requested (Kane et
al., 2015). In the TBL site, the correction used is the one of precipitation gauges oper-
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ated by the Swedish meteorological and hydrological institute (SMHI) (Alexandersson,
2003).

The simulation results for the TBL catchment obtained in Paper IV showed that, for
normal and wetter than average weather conditions, a positive water balance is reached.
The ET is identified to be the main pathway of water leaving the TBL catchment. This
has also been identified by other studies of the tundra landscape (Rovansek et al., 1996;
Mendez et al., 1998; Bowling et al., 2003). The long term average ET for the TBL
catchment is calculated to be 258 mm/yr, which is in the same range as the pan-Arctic
average of 230 mm/yr (Zhang et al., 2009). ET is one of the least understood compo-
nents of the hydrological cycle (Kane et al., 1989 and 1992; Vörösmarty et al., 2001;
Woo et al., 2008) and analysing details in the ET process is beyond the scope of this
thesis. However, an identified difference regarding the ET flux in the temperate Fors-
mark catchment and that in the TBL catchment is the fractionation of total annual ET .
Due to the short vegetation period and absence of trees, the contribution of transpiration
and interception to total ET is low in the TBL catchment compared to temperate areas,
which is consistent with findings for Arctic wetlands by Liljedahl et al. (2011). Snow
sublimation has been identified as an important process in cold region hydrology, espe-
cially during snow-blowing events when the snow is more exposed to sublimation forces
(e.g. Pomeroy et al., 1997; McDonald et al., 2010; Vihma, 2016). Time-lapse photos
from the TBL site indicate an irregular snow distribution within the catchment, partic-
ularly during periods of strong winds. The time-lapse photos also indicate a mass loss
of water via sublimation. The mean sublimation rate measured during a week in April
2013 was 0.63 mm/d. The conditions for sublimation were favourable during the time of
measurements with high clear and sunny skies and the measured value can be interpreted
as a maximum sublimation rate for the winter period, but still shows the importance of
quantifying sublimation processes for the water balance of high Arctic catchments.

The intra-annual variations of surface water flow to and from TBL (Rs) and the supra-
permafrost groundwater flow in the active layer (Ral) are controlled by temperature,
as discussed above. The inter-annual temporal variability, however, is controlled by
weather conditions and is quantified for the TBL site by simulating typical dry, wet and
normal years according to P. The sum of Rs and Ral ranges from 0 in the dry to 100
mm/yr in the wet year. For normal years, an outflow from the lake occurs only during
spring whereas outflow occurs both during spring and autumn during wet years. For the
studied period, the annual sum of Rs and Ral into the lake almost equals the precipitation
input. For the terrestrial part of the catchment, the R/P ratio is 30% with groundwater
being the main contributor to runoff. Surface water flow collects in depressions, often
formed by ice wedges, and forms small intermittent streams in the catchment valleys.
The supra-permafrost groundwater discharge areas are concentrated to the lake shoreline
and to valleys, where they coincide with the streams. As stated above, the groundwater
exchange with the talik is only a small part of the total runoff from the lake, and for
the studied period it is quantified to be 6% of the total annual runoff. The groundwater
exchange with the talik occurs during both the frozen and the active period but is too
small to be recognized in the lake level measurements during winter.

The mean annual amplitude of the lake level variations is ∼ 25 cm, with stable lev-
els during winter, increased lake levels in spring and decreased levels during summer.
Simulation results show that the lake level variation is almost independent of applied bot-
tom boundary conditions; both no-flow bottom boundary conditions and prescribed head
boundary conditions are tested using measured pressure data from DH-GAP01. Instead,
the lake level variation mostly reflects surface processes, such as evapotranspiration and
freeze/thawing dynamics in the active layer. Despite its location in close proximity to
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the Greenland ice sheet, and the confirmed through talik, the lake level seems to be inde-
pendent of catchment external influences from the unfrozen groundwater system below
the permafrost. The recharge/discharge conditions between the lake and the underlying
talik are likely changing in time even though the hydraulic gradient between the lake and
the groundwater in the talik have been directed downward since measurements started in
2010 (Figure 2.4). At present, all available hydraulic data from the catchment together
with simulation results indicate recharge conditions in the talik.

Modeling tools allowing for fully transient 3D simulations on catchment scale, in-
cluding heat transport and coupled atmosphere-surface-unsaturated zone-saturated zone
flow are few. And those who exist are computationally heavy. A number of studies have
improved the level of understanding of hydrological processes in cold regions during
recent years. 1D and 2D simulations describing thermal effects of groundwater flow
in subarctic fens (Sjöberg et al., 2016) and active layer dynamics in polygonal tundra
(Atchley et al., 2015) have been performed with the Arctic Terrestrial Simulator. Framp-
ton et al. (2011) simulated coupled heat and three phase groundwater flow using the
code MarsFlo (Painter, 2011). The code SUTRA (Voss and Provost, 2010) has been
applied both in studies where only groundwater flow is simulated with permafrost dis-
tributions imported from 1D heat conduction models (Evans et al., 2015) and in coupled
heat-and flow simulations (McKenzie et al., 2007). By the coupling to a 1D surface
energy balance model, SUTRA was used to study the influence of vertical and lateral
heat transfer on permafrost in a peat landscape in Canada (Kurylyk et al., 2016). That
study incorporated both heat and flow transport coupled to soil-vegetation-atmosphere
processes and constitutes an important step towards integrated catchment scale modeling
for cold regions, even though relatively simple geometries are considered. The surface
processes are represented by a 1D model, and the model domain only covers an area of
∼ 100×100 m.

However, none of the studies mentioned above represents coupled surface-subsurface
flow and heat transport modeling results from complex geometrical catchments driven by
site-specific data. This shows the compromises that have to be made in choices between
physically based representation of permafrost related processes, geometrical complexity
of the studied catchments, and hydrological process complexity that can be considered
in simulations. The modeling approach used in this thesis with temperature dependent
hydraulic properties in the MIKE SHE model is an efficient compromise between such
choices. Even though this approach does not account for the impact on groundwater
itself on the freezing and thawing of permafrost (Rowland et al., 2011; Bense et al.,
2012), it captures the seasonal dynamics of the hydrology in the TBL catchment by us-
ing site specific data for soil and air temperature. The model is able to reproduce the
measured lake level and the different components of the water balance have been quan-
tified and compared to measured site data. The simulations have resulted in detailed
understanding of the present day hydrological conditions in the catchment and of how
various processes depend on climate factors. Thereby, the model is also useful for inves-
tigating natural variations of the water balance under different meteorological conditions
not covered by the measurement period.
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5 Conclusions

The studies of this thesis investigate and quantify the combined and separate effects
of changes in climate, landscape and permafrost on the water balance and hydrologi-
cal flows and storage components of a catchment. The role of taliks on the exchange
of water between shallow and deep groundwater and for the overall water balance of a
periglacial catchment is also investigated. The thesis contributes to an increased con-
ceptual and quantitative understanding of present-day hydrological conditions in such
catchments. Some general conclusions, in direct relation to the three thesis objectives,
can be summarized as follows:

• This thesis illustrates the need to link subsurface hydrology to surface changes,
as well as subsurface changes such as permafrost extent to surface hydrology, in
order to understand climate change effects on water cycling in the landscape. The
results show complexity in the relationship between different wetness and dryness
perspectives, where drier atmospheric conditions (such as decreased precipitation)
may be associated with wetter conditions in the landscape (increased runoff) de-
pending on how evapotranspiration and water storage change in the same period.
This applies especially in permafrost areas, where soil temperature rather than the
soil moisture regime controls the water flows on the ground surface and in the
active layer. Climate and permafrost are found to control long-term landscape
hydrology and the temporal variation of all investigated water flows and storage
components.

• The relative topographical location between taliks, which controls the exchange
of deep and shallow groundwater, is found to be important for the recharge and
discharge conditions in taliks. The results indicate that permafrost may change
the general direction of groundwater flow, implying that discharge areas under
temperate climate conditions may turn into recharge areas for groundwater under
periglacial conditions. Results from numerical simulations and site investigations
show that the groundwater flow in taliks is small compared to other water bal-
ance components. However, a water exchange still exists, connecting the surface
water with the deep unfrozen groundwater system below the permafrost. In this
thesis, to my best knowledge, the magnitude and direction of groundwater flow
between a lake and a through talik in a continuous permafrost area are observed
and quantified by site specific data for the first time.

• The water balance and main hydrological flows, and their temporal variation, are
quantified for a periglacial catchment through the detailed dataset assembled as
a part of this thesis. The results show that evapotranspiration is the main path-
way of water leaving the catchment. Water inflow, controlled by the temperature
regime in the active layer, and evapotranspiration govern the dynamics of the lake
level. Catchment external processes, such as the hydrology of the ice sheet or
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the groundwater dynamics below the permafrost are not reflected in the temporal
pressure changes of the lake. This thesis also highlights the need to account for
local weather variability in water balance studies. An incorrect negative water bal-
ance is obtained for the Two Boat Lake catchment when the hydrological model
is driven by data from a station only 30 km away.

Methodologically, the MIKE SHE model has for the first time been applied to,
and driven by data from, a periglacial catchment with permafrost. The results
show that the model can reproduce the measured lake level dynamics in Two Boat
Lake. Applying soil-temperature controlled K-values to the active layer, as done
in this thesis, is thus found to be a working modelling approach to catchment-scale
hydrological simulations in permafrost catchments.
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6 Future research

The achieved conceptual understanding together with the calibrated MIKE SHE model,
describing the present-day hydrological system at the TBL site, provide knowledge
needed for future studies aiming to investigate hydrological responses to different types
of changes e.g. thawing permafrost or changed meteorological conditions. Together
with the available extensive data set on biogeochemistry in the TBL catchment, the es-
tablished MIKE SHE model also enables studies of transport of matter and trace ele-
ments within and between the terrestrial and limnic ecosystems of TBL. Additionally,
already available isotopic data from surface water, supra- and sub-permafrost ground-
waters in the TBL catchment, and from its surroundings, can be used in future flow and
transport simulation studies. The aim of such studies would be to further investigate the
groundwater dynamics in the talik below the TBL and its interaction with other through
taliks in the Kangerlussuaq region.

To obtain a thorough understanding of the role of taliks in continuous permafrost
environments, and the groundwater dynamics within them, further field investigations
are required. Ideally, this would involve setting up a network of deep bedrock bore-
holes into several through taliks along a topographical gradient. Such boreholes would
be an outstanding complement to the studies performed in contribution to this thesis.
One idea is to extend the network from the borehole below the TBL and select a number
of possible through taliks between the TBL and the fjord in Kangerlussuaq, hypothe-
sising the fjord to be the main discharge area of deep groundwater in the region. By
monitoring water pressure, temperature and chemical composition of the groundwater
in sections along these boreholes, the head gradients in the boreholes would be easier to
analyze. Drilling into several taliks with different bedrock characteristics would also an-
swer questions about the importance of talik hydraulic properties and fracture frequency
on groundwater dynamics in cold regions. Data from these boreholes together with lake
level monitoring and soil temperature measurements in each local catchment of the in-
vestigated taliks would constitute a good platform for increased process understanding
of the exchange of deep and shallow waters in permafrost regions. Complimentary in-
vestigations using distributed temperature sensing (DTS) cables to detect groundwater –
surface water interactions in taliks would also be an interesting experiment to perform as
it may answer questions about local differences of discharging/recharging conditions in
the same talik. To further improve the conceptual understanding of the whole periglacial
hydrological system, data from boreholes into and below the Ice Sheet (Liljedahl et al.,
2016) should be included in the analysis with the aim of investigating the possible inter-
play between the ice sheet meltwater system, sub- and supra-permafrost groundwaters.

The achieved process understanding from TBL can be transferred to Forsmark, or
other proposed sites for nuclear waste repositories with similar bedrock properties, in
safety assessments under consideration of expected future periglacial climate conditions.
The advanced process understanding and the new dataset from the TBL site would re-
duce uncertainties in the representation of such future periglacial hydrological conditions
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in regions that have a temperate climate today.
The integrated approach of the TBL catchment investigations covering hydrology,

meteorology, biogeochemistry, and mapping of surface and subsurface geometries and
characteristics, enable studies of process interactions between permafrost, hydrological,
biogeochemical and geomorphic systems, as earlier discussed and recommended by e.g.
Rowland et al. (2010). Similar field studies, on catchment scale, from different sites
within the global periglacial climate domain are needed and should be established in or-
der to draw conclusions on climate and permafrost effects on hydrology at regional and
global scales. The research community should ensure long-term monitoring and oper-
ation of such sites to better capture temporal changes caused both by natural processes
and humans. Together with site specific information about hydrological processes from
other periglacial sites, the presented data-set and conceptual model from TBL will lead
to improved overall understanding of climate-driven hydrological processes. The pre-
sented data-set and conceptual model of the TBL catchment is a contribution towards
filling the identified knowledge gaps concerning hydrological processes in cold regions.
Hopefully, the monitoring at TBL will continue and thereby be a part of a future network
of catchment scale geoscientific investigations of Arctic landscapes.

Additionally, inter-disciplinary geoscientific investigations of catchments in differ-
ent climate domains would help us to identify important features and processes for catch-
ment hydrology in different climate domains. The Krycklan Catchment Study (Laudon
et al., 2013) constitutes an excellent example of such catchment investigation, and estab-
lishing similar research infrastructures along a climate gradient, from the high Arctic via
the boreal and temperate regions to tropical climates, would improve the knowledge of
climate influence on catchment hydrology. Such studies and knowledge would also be
valuable in the safety assessment of nuclear waste repositories as it would reduce the un-
certainties in calculations of radionuclide transport within and between surface ecosys-
tems in the different considered climate scenarios. Co-operation between researchers
and sharing of already available data is a good start in reaching this knowledge.

36



7 Acknowledgement

There are so many people that have been involved, and with your endless support con-
tributed to this thesis, I thank you all! However, there are a few people who have pushed
me in the right direction throughout the years and who deserve some extra attention.
My main supervisor Georgia Destouni and co-supervisor Andrew Frampton, thank you
for discussions, support and guidance during my PhD studies. My SKB-colleagues and
co-supervisors Jan-Olof Selroos and Jens-Ove Näslund, your calm course of action and
well-advised comments on all work enclosed in this thesis are really appreciated! Lars-
Göran Gustafsson, you gave me the chance to work with advanced hydrological mod-
elling already as a master’s student. Thank you for opening up the world of modelling
to me and for always being extremely enthusiastic to new modeling challenges! Sten
Berglund, most of the things I need to know have I learnt from you. You have commented
on and questioned my work in a tough and critical manner, but always constructively,
and, ultimately, in a very fruitful way. A big huge hug to the whole GRASP-team, for
all the delightful moments, albeit sometimes harsh conditions, by the Two Boat Lake.
Working with you in the field and at the GRASP workshops throughout the years has
been a pleasure! Discussing the data and simulation work with you has raised the re-
sults of this thesis several steps, and I would never have reached the achieved level of
understanding without you. I would also like to thank Lillemor Claesson Liljedahl and
the GAP for providing data from the DH-GAP01. I think we together have grasped
parts of the identified gap and have taken a big step towards better understanding of
talik dynamics. A special thanks to Johannes Petrone and Anders Lindblom, for help
with illustrations to the summary of this thesis and to Vladimir Indrikson for finding
and providing me with so much of the scientific literature. Thank you Helle Skånes for
reminding me of administrative things that need to be done, and for taking care of all
the PhD students in the final stage of our PhD studies, you are doing a fantastic job! I
would also like to thank The Swedish Nuclear Fuel and Waste Management Company
for giving me the possibility to dig deeply into the research questions raised in this thesis.

Mum and dad, thank you for helping with the kids during my field trips. Gustav, Ida,
Axel and Tobias, your energy input during the final stage of this thesis work was vital;
you are simply the best. Enough said, love to you all!

37



Emma Johansson

38



References

Alexandersson, H.2003. Korrektion av nederbörd enligt enkel klimatologisk metodik. SMHI Re-
port, Nr 111

Atchley, A. L., Painter, S. L., Harp, D. R., Coon, E. T., Wilson, C. J., Liljedahl, A. K., Ro-
manovsky, V. E. 2015. Using field observations to inform thermal hydrology models of per-
mafrost dynamics with ATS (v0.83). Geosci. Model Dev., 8, 2701–2722.

Becker, J.K., Lindborg , T., Thorne M.C. 2014. Influence of climate on landscape character-
istics in safety assessments of repositories for radioactive wastes. Journal of Environmental
Radioactivity 138 (2014) 192–204.

Bense., V F., Ferguson, G., Kooi, H. 2009. Evolution of shallow groundwater flow systems in
areas of degrading permafrost, Geophys. Res. Lett., 36, L22401, doi:10.1029/2009GL039225.

Bense, V. F., Kooi, H., Ferguson, G., Read, T. 2012. Permafrost degradation as a control
on hydrogeological regime shifts in a warming climate, J. Geophys. Res., 117, F03036,
doi:10.1029/2011JF002143.

Berglund, S., Bosson, E., Sassner, M. 2013a. From site data to safety assessment: analysis of
present and future hydrological conditions at a coastal site in Sweden. Ambio, 2013 May;
42(4):425–434.

Berglund, S., Bosson, E., Selroos, J.O., Sassner, M. 2013b. Identification and characterization
of potential discharge areas for radionuclide transport by groundwater from a nuclear waste
repository in Sweden. Ambio, 2013 May; 42(4):435–446.

Bosson, E., Sassner, M., Sabel, U., Gustafsson, L.G. 2010. Modelling of present and future
hydrology and solute transport at Forsmark. SR-Site Biosphere. SKB R-10-02, Svensk Kärn-
bränslehantering AB.

Bowling, L. C., Kane, D. L., Gieck, R. E., Hinzman, L. D., Lettenmaier, D. P. 2003. The
role of surface storage in a low-gradient Arctic watershed, Water Resour. Res., 39, 1087,
doi:10.1029/2002WR001466.

Bring, A., Fedorova, I., Dibike, Y., Hinzman, L., Mård, J., Mernild, S. H., Prowse, T., Semenova,
O., Stuefer, S.L., Woo, M.-K. 2016. Arctic terrestrial hydrology: A synthesis of processes,
regional effects and research challenges. Accepted for publication in JGR Biogeosciences,
Feb 2016. doi: 10.1002/2015JG003131.

Brydsten, L., Strömgren M. 2010. A coupled regolith-lake development model applied to the
Forsmark site. SKB TR-10-56, Svensk Kärnbränslehantering AB.

Burt, T.P., Williams, P.J. 1976. Hydraulic conductivity in frozen soils. Earth Surf. Proc., 1:349–
360.

Cappelen, J. (ed) 2014. Weather observations from Greenland 1958–2014 – Observation data
with description. DMI Technical Report 15-08.

Cappelen, J. (ed) 2016. Weather observations from Greenland 1958–2015 – Observation data
with description. DMI Report 16-08.

Chang, J.,Wang, G., Mao, T. 2015. Simulation and prediction of suprapermafrost groundwater
level variation in response to climate change using a neural network model. Journal of Hy-
drology 529 (2015) 1211–1220 C, doi:10.1016/j.jhydrol.2015.09.038.

Cheng, G., Huijun, J. 2013. Permafrost and groundwater on the Qinghai-Tibet Plateau and in
northeast China. Hydrogeology Journal (2013) 21: 5–23. Published in the theme issue “Hy-
drogeology of Cold Regions”, doi: 10.1007/s10040-012-0927-2.

Claesson Liljedahl L., Kontula, A., Harper, J., Näslund, J.O., Selroos, J.O., Pitkänen, P., Puig-
domenech, I., Hobbs, M., Follin, S., Hirschorn, S., Jansson, P., Kennell, L., Marcos, N.,
Ruskeeniemi, T., Tullborg, E.L., Vidstrand, P. 2016. The Greenland Analogue Project: Final

39



Emma Johansson

report. SKB TR-14-13, Svensk Kärnbränslehantering AB.
Destouni, G., Hannerz, F., Prieto, C., Jarsjö, J., Shibuo, Y. 2008. Small unmonitored near-coastal

catchment areas yielding large mass loading to the sea, Global Biogeochem. Cycles, 22,
GB4003.

Destouni, G., Jaramillo, F., Prieto C. 2013. Hydroclimatic shifts driven by human water use for
food and energy production. Nature Climate Change, vol 3, March 2013. doi: 10.1038/ncli-
mate1719.

Dietrich, W.E., Perron, J.T. 2006. The search for a topographic signature of life. Nature 439,
411–418.

Evans, S. G., Ge, S., Liang, S. 2015. Analysis of groundwater flow in mountainous, head-
water catchments with permafrost, Water Resour. Res., 51, 9564–9576, doi:10.1002/
2015WR017732.

Frampton, A., Painter, S., Lyon, S. W., Destouni, G. 2011. Non-isothermal, three-phase simula-
tions of near-surface flows in a model permafrost system under seasonal variability and climate
change, Journal of Hydrology, 403(3–4), 352–359, doi:10.1016/j.jhydrol.2011.04.010.

Frampton, A., Painter, S., Destouni, G. 2012. Permafrost degradation and subsurface-flow
changes caused by surface warming trends. Hydrogeology Journal (2013) 21: 271–280, Pub-
lished in the theme issue “Hydrogeology of Cold Regions”. doi: 10.1007/s10040-012-0938-z.

Frampton, A., Destouni, G. 2015. Impact of degrading permafrost on subsurface solute transport
pathways and travel times. Water Resour. Res., 51, 7680–7701, doi:10.1002/ 2014WR016689.

Førland, E. J., Allerup, P., Dahlström, B., Elomaa, E., Jonsson, J., Madsen, H., Perälä, J., Ris-
sanan, P., Vedin, H., Vejen, F.1996. Manual for operational correction of nordic precipitation
data. DNMI Report nr. 24/96. Norwegian Meteorological Institute.

Ge, S., McKenzie, J., Voss, C., Wu, Q. 2011. Exchange of groundwater and surface-water medi-
ated by permafrost response to seasonal and long term air temperature variation, Geophysical
Research Letters, vol. 38, L14402, doi:10.1029/2011GL047911.

Graham, D. N., Butts, M. B. 2005. Flexible, integrated watershed modelling with MIKE SHE.
In: Singh V P, Frevert D K (eds). Watershed models. Boca Raton: CRC Press, pp 245–272.

Grenier, C., Régnier, D., Mouche, E., Benabderrahmane, H., Costard, F., Davy, P. 2013. Im-
pact of permafrost development on groundwater flow patterns : a numerical study considering
freezing cycles on a two-dimensional vertical cut through a generic river-plain system. Pub-
lished in the theme issue “Hydrogeology of Cold Regions”. doi: 10.1007/s10040-012-0909-4.

Harper, J., Hubbard, A., Ruskeeniemi, T., Claesson Liljedahl, L., Lehtinen, A., Booth, A.,
Brinkerhoff, D., Drake, H., Dow, C., Doyle, S., Engström, J., Fitzpatrik, A., Frape, S., Henke-
mans, E., Humphrey, N., Johnson, J., Jones, G., Joughin, I., Klint, K. E., Kukkonen, I., Ku-
lessa, B., Londowski, C., Lindbäck, K., Makahnouk, M., Meierbachtol, T., Pere, T.,Pedersen,
K., Petterson, R., Pimentel, S., Quincey, D., Tullborg, E.L., van As, D. 2011. The Greenland
Analogue Project Yearly Report 2010. SKB R-11-23, Svensk Kärnbränslehantering AB.

Hartikainen, J., Kouhia, R., Wallroth, T. 2010. Permafrost simulations at Forsmark using a nu-
merical 2D thermo-hydro-chemical model. SKB TR-09-17, Svensk Kärnbränslehantering AB.

Hasholt, B.1997. Runoff patterns in Greenland. Northern Research Basins: Proc. 11th Int. Symp.
and Workshop, Vol. 1, Fairbanks, AK, 71–81.

Hasholt, B., Anderson, J. 2003. On the formation and stability of oligosaline lakes in the arid,
low arctic area of Kangerlussuaq, south-west Greenland. Proceedings of the northern research
basins, 14th International Symposium and Workshop, 2003.

Hedin, A., Andersson, E., Andersson, J., Greis, C., Evins, L. Z., Kautsky, U., Lilja, C., Lind-
borg, T., Lindgren, M., Löfgren, M., Munier, R., Näslund, J.O., Puigdomenech, I., Sellin,
P., Selroos, J.O., Skagius, K., Spahiu, K., Vahlund, F. 2011. The SR-Site safety assessment
for licensing a spent nuclear fuel repository in Sweden. In The 13th International High-level
Radioactive Waste Management Conference (IHLRWMC 2011), 193–208.

Horiguchi, K., Miller, RD. 1980. Experimental studies with frozen soils in an “Ice Sandwich”
permeameter. Cold Reg Sci Technol 3:177–183.

Huybers, P. 2011. Combined obliquity and precession pacing of late Pleistocene deglaciations.
Nature 480, 229–232.

IPCC, 2013. Summary for Policymakers. In: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.

40



The influence of climate and permafrost on catchment hydrology

Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

Jaramillo, F., Destouni, G. 2014. Developing water change spectra and distinguish-
ing change drivers worldwide. Geophysical research letters, 41, 8377–8386, doi:
10.1002/2014GL061848.

Jaramillo, F., Destouni, G. 2015. Local flow regulation and irrigation raise global human water
consumption and footprint. Science 350, 1248–1251.

Jarsjö, J., Shibuo, Y., Destouni, G. 2008. Spatial distribution of unmonitored inland water dis-
charges to the sea, Journal of Hydrology, 348, 59–72.

Jepsen, S., Walvoord, M., Voss C. I., Rover J. 2015. Effect of permafrost thaw on the dynamics
of lakes recharged by ice-jam floods: case study of Yukon flats, Alaska. Hydrol. Process. doi:
10.1002/hyp.10756.

Johansson, P.O. 2008a. Description of surface hydrology and near surface hydrogeology at Fors-
mark. Site descriptive modelling, SDM-Site Forsmark. SKB R-08-08. Svensk Kärnbränsle-
hantering AB.

Johansson, P.O., Juston, J. 2008b. Presentation of meteorological, hydrological and hydrogeo-
logical monitoring data from Forsmark. Site descriptive modelling SDM-Site Forsmark. SKB
R-08-10. Svensk Kärnbränslehantering AB.

Kane, D. L., Stein, J. 1983a. Field evidence of groundwater recharge in interior Alaska. Proceed-
ings, 4th International Permafrost Conference, Fairbanks, AK. National Academy of Sciences.
National Academy Press, Washington, DC, 572–577.

Kane, D. L., Stein, J. 1983b. Water movement into seasonally frozen soils. Water Resour Res
19(6):1547–1557.

Kane, D. L., Hinzman, L. D., Benson, C. S., Everett, K. R.1989. Hydrology of Imnavait Creek,
an Arctic watershed, Holarctic Ecol., 12, 262–269.

Kane, D. L., Hinzman, L. D., Woo, M.-K., Everett, K. R. 1992. Arctic hydrology and climate
change, in: Arctic Ecosystem in a Changing Climate, edited by: Chapin III, F. S., Jeffries, R.
L., Reynolds, J. E., Shaver, G. R., and Svoboda, J., Academic, San Diego, CA, 35–57.

Kane D. L., Stuefer, S. L. 2015. Reflecting on the status of precipitation data collection in Alaska:
a case study. Hydr. Res.,July 2015. doi: 10.2166/nh.2014.023.

Kautsky, U., Lindborg, T., Valentin, J. 2013. Humans and ecosystems over the coming mellenia:
Overview of a biosphere assessment of radioactive waste disposal in Sweden. Ambio, 2013
May; 42(4):383–392.

Kattsov, V.M., Kallen, E., Cattle, H., Christensen, J., Drange, H., Hanssen, Bauer, I., Johannesen,
T., Karol, I., Raisanen, J., Svensson, G., Vavulin, S., Chen, D., Polyakov, I., Rinke, A. 2005.
Future climate change: Modeling and scenarios for the Arctic. In: Arctic Climate Impact
Assessment Cambridge University Press, Cambridge, UK, 99–150.

Kjellström, E., Strandberg, G., Brandefelt, J., Näslund J.O., Smith B., Wohlfarth B. 2009. Cli-
mate conditions in Sweden in a 100,000-year time perspective. SKB TR-09-04, Svensk Kärn-
bränslehantering AB.

Kurylyk B.L., Hayashi, M., Quinton, W.L., McKenzie, J. M., Voss C.I. 2016. Influence of vertical
and lateral heat transfer on permafrost thaw, peatland landscape transition, and groundwater
flow. Accepted for publication in WRR Jan 2016, doi: 10.1002/2015WR018057.

Laudon, H., Taberman, I., Ågren, A., Futter, M., Ottosson-Löfvenius, M., Bishop, K. 2013. The
Krycklan Catchment Study—A flagship infrastructure for hydrology, biogeochemistry, and
climate research in the boreal landscape, Water Resour. Res., 49, doi:10.1002/wrcr.20520.

Legates, D. R. 1995. Global and terrestrial precipitation: A comparative assessment of existing
climatologies, Int. J. Climatol., 15, 237–258.

Liljedahl, A.K., Hinzman, L. D., Harazono, Y., Zona, D., Tweedie, C. E., Hollister, R. D., En-
gstrom, R., Oechel, W. C. 2011. Nonlinear controls on evapotranspiration in arctic coastal
wetlands. Biogeosciences, 8, 3375–3389. doi:10.5194/bg-8-3375-2011.

Lindborg, T., Brydsten, L., Sohlenius, G., Strömgren, M., Andersson, E., Löfgren, A. 2013.
Landscape development during a periglacial cycle: Modelling ecosystems from the past into
the future. AMBIO. doi: 10.1007/s13280-013-0407-5.

Lisiecki, L.E., Raymo, M. E. 2005. A Pliocene-Pleistocene stack of 57 globally distributed ben-
thic δ 18O records. Paleoceanography 20:1-17.

Lisiecki, L. E. 2010. Links between eccentricity forcing and the 100,000-year glacial cycle.

41



Emma Johansson

Nature Geoscience 3, 349–352.
Lord, N. S., Ridgwell, A., Torne, M. C., Lunt, D.J. 2015. The ‘long tail’ of anthropogenic

CO2 decline in the atmosphereand its consequences for post-closure performance assessments
for disposal of radioactive wastes. Mineralogical Magazine, November 2015, Vol. 79(6), pp.
1613–1623.

McBean, G., Alekseev, G., Chen, D., Førland, E., Fyfe, J., Groisman, P.Y., King, R., Melling,
H., Vose, R., Whitfield, P.H. 2005. Arctic climate: past and present. Arctic Climate Impacts
Assessment (ACIA), C. Symon, L. Arris and B. Heal, Eds., Cambridge University Press,
Cambridge, 21–60.

McCann, S.B., Cogley, J.G. 1972. Hydrologic observations on small Arctic catchment, Devon
Island. Canadian Journal of earth Science 9, 361–365.

MacDonald, M. K., Pomeroy, J. W., Pietroniro, A. 2010. On the importance of sublimation to
an alpine snow mass balance in the Canadian Rocky Mountains. Hydrol. Earth Syst. Sci., 14,
1401–1415.

McKenzie, J. M., Voss, C. I., Siegel, D. I. 2007. Groundwater flow with energy transport and
water–ice phase change: Numerical simulations, benchmarks, and application to freezing in
peat bogs, Adv. Wat. Resour., 30, 966–983, doi: 10.1016/j.advwatres.2006.08.008.

McKenzie, J. M., Voss, C. I. 2013. Permafrost thaw in a nested groundwater-flow system. Hy-
drogeology Journal (2013) 21: 299–316. doi: 10.1007/s10040-012-0942-3.

Mendez, J., Hinzman, L. D., Kane, D. L.1998. Evapotranspiration from a wetland complex on
the Arctic Coastal Plain of Alaska, Nord. Hydrol., 29, 303–330.

Näslund, J.O., Brandefelt, J., Claesson Liljedahl, L. 2013. Climate considerations in
long-term safety assessments for nuclear waste repositories. Ambio, 42(4), 393–401.
doi:10.1007/s13280-013-0406-6 .

Painter, S. L. 2011. Three-phase numerical model of water migration in partially frozen geolog-
ical media: model formulation, validation, and applications, Computational Geosciences, 15,
69-85.

Pomeroy, J. W., Gray, D. M. 1995. Snowcover Accumulation, Relo- cation and Management, Na-
tional Hydrological Research Insti- tute Science Report, 7, Environment Canada, Saskatoon,
Canada, 144 pp.

Pomeroy, J.W., Marsh P., Gray D.M. 1997. Application of a distributed blowing snow model to
the Arctic. Hydrological Processes, 11, 1451–1464.

Prieto, C., Destouni, G. 2011. Is submarine groundwater discharge predictable? Geophys.Res.
Lett., 38, L01402, doi: 10.1029/2010GL045621.

Refsgaard, J. C., Storm, B., Clausen, T. 2010. Systèm Hydrologique Europeén (SHE): Review
and perspectives after 30 years development in distributed physically based hydrological mod-
elling. Hydrology research, IWA publishing.

Rodriguez-Iturbe, I., Rinaldo, A. 1997. Fractal river basins. Chance and self-organization. Cam-
bridge University Press.

Rowland, J. C., Jones, C. E., Altmann, G., Bryan, R., Crosby, B. T., Hinzman, L. D., Kane, D. L.,
Lawrence, D. M., Mancino, A., Marsh, P., McNamara, J. P., Romanvosky, V. E., Toniolo, H..
Travis, B. J., Trochim, E., Wilson, C. J., Geernaert, G. L. 2010. Arctic Landscapes in Tran-
sition: Responses to Thawing Permafrost. Eos, Transactions American Geophysical Union.
doi:10.1029/2010EO260001.

Rowland, J.C., Travis, B. J., Wilson, C. J. 2011. The role of advective heat transport in talik
development beneath lakes and ponds in discontinuous permafrost. Geol. Res. Lett., VOL. 38,
L17504, doi:10.1029/2011GL048497.

Rovansek, R. J., Hinzman, L. D., Kane, D. L.1996. Hydrology of a tundra wetland complex on
the Alaskan Arctic Coastal Plain, USA, Arctic Alpine Res., 28, 311–317.

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., Hayes, D. J., Hugelius,
G., Koven, C. D., Kuhry, P.,Lawrence, D. M., Natali, S. M., Olefeldt, D., Romanovsky, V.
E., Schaefer, K., Turetsky, M. R., Treat, C. C., Vonk, J. E. 2015. Climate change and the
permafrost carbon feedback, Nature, 250, 171–178.

Selroos, J. O., Follin, S. 2010. SR-Site groundwater flow modelling methodology, setup and
results. SKB R-09-22. Svensk Kärnbränslehantering AB.

Selroos, J.O, Hua, C., Painter, S., Vidstrand, P. 2012. Radionuclide transport during glacial cy-
cles: Comparison of two approaches for representing flow transients. Physics and Chemistry

42



The influence of climate and permafrost on catchment hydrology

of the Earth 64 (2013) 32–45.
Selroos, J.O., Follin, S. 2013. Overview of hydrogeological site-descriptive modeling conducted

for the proposed high-level nuclear waste repository site at Forsmark, Sweden. Hydrogeology
Journal doi:10.1007/s10040-013-1077-x.

Sjöberg, Y., Coon, E., Sannel, A.B.K., Pannetier, R., Harp, D., Frampton, A., Painter, S.L., Lyon,
S.W. 2016. Thermal effects of groundwater flow through subarctic fens – a case study based
on field observations and numerical modeling. Accepted for publication in WRR Feb 2016.
doi: 10.1002/2015WR017571.

SKB, 2008. Site description of Forsmark at completion of the site investigation phase, SDM-Site
Forsmark. TR-08-05. Svensk Kärnbränslehantering AB.

SKB, 2010. Climate and climate-related issues for the safety assessment SR-Site. Updated 2013-
02. SKB TR-10-49. Svensk Kärnbränslehantering AB.

SKB, 2014. Climate and climate-related issues for the safety assessment SR-PSU. SKB TR-13-
05. Svensk Kärnbränslehantering AB.

Smith, G.M, Smith, K.L., Kowe, R., Pérez-Sánchez, D., Thorne, M., Thiry, Y., Read, D., Mo-
linero, J. 2013. Recent developments in assessment of long-term radionuclide behavior in the
geosphere-biosphere subsystem. Journal of Environmental Radioactivity Volume 131, May
2014, Pages 89–109.

St. Jacques, J.M., Sauchyn, D.J. 2009. Increasing winter baseflow and mean annual streamflow
from possible permafrost thawing in the Northwest Territories, Canada. Geophysical research
Letters, Vol. 36, L01401, doi:10.1029/2008GL035822, 2009.

Tatenhove Van, F.G. M., Olesen, O. B.1994. Ground Temperature and Related Permafrost Char-
acteristics in West Greenland. Permafrost and periglacial processes, Vol 5: 199–215.

Vaughan, D.G., Comiso, I., Allison, J., Carrasco, G., Kaser, R., Kwok, P., Mote, T., Murray,
F., Paul, J., Ren, E., Rignot, O., Solomina, K., Steffen, and Zhang, T. 2013. Observations:
Cryosphere. In: Climate Change 2013: The physical Science Basis. Contribution of working
group 1 to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
[Stocker, T.F., D. Qin, G-K. Platter, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V.
Bex and P.M. Midgley (eds)]. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA.

Venäläinen, A., Tuomenvirta, H., Heikinheimo, M., Kellomäki, S., Peltola, H., Strandman, H.,
Väisänen, H. 2001. Impact of climate change on soil frost under snow cover in a forested
landscape. Climate research Vol. 17: 63–72.

Vidstrand, P., Follin, S., Selroos, J.O., Näslund, J.O. 2014. Groundwater flow modeling of pe-
riods with periglacial and glacial climate conditions for the safety assessment of the pro-
posed high-level nuclear waste repository site at Forsmark, Sweden. Hydrogeology Journal
22, 1251–1267.

Vihma, T., Screen, J., Tjernström, J. M., Michael, Newton, B., Zhang, X., Popova, V., Deser,
C., Holland, M., Prowse, T. D. 2015. The atmospheric role in the Arctic water cycle: pro-
cesses, past and future changes, and their impacts, J. Geophys. Res. Biogeosciences, 120,
doi:10.1002/2015JG003132.

Vonk, J. E., Tank, S. E., Bowden, W. B., Laurion, I., Vincent, W. F., Alekseychik, P., Amyot, M.,
Billet, M. F., Canário, J., Cory, R. M., Deshpande, B. N., Helbig, M., Jammet, M., Karlsson,
J., Larouche, J., MacMillan, G., Rautio, M., Walter Anthony, K. M., Wickland, K. P. 2015.
Reviews and syntheses: Effects of permafrost thaw on Arctic aquatic Ecosystems. Biogeo-
sciences, 12, 7129–7167.

Vonk, J.E. , Gustafsson, Ö. 2013. Nature Geoscience, vol 6, sept 2013.
Voss, C., Provost, A. 2010. SUTRA: A model for saturated-unsaturated variable density ground-

water flow with solute or energy transport. Version 2.2, U.S. Geol. Surv. Water Resour. Invest.
Rep., 02-4231, 291 pp.

Vörösmarty, C. J., Hinzman, L. D., Peterson, B. J., Bromwich, D. H., Hamilton, L. C., Morison,
J., Romanovsky, V. E., Sturm, M., Webb, R. S. 2001. The hydrologic cycle and its role in
Arctic and global environmental change: A rational and strategy for synthesis study, Arctic
Res. Consortium of the US, Fairbanks, AK, Report, 84 pp., Biogeosciences.

Walsh, J. E., Kattsov, V., Portis, D., Meleshko, V. 1998. Arctic precipitation and evaporation:
Model results and observational estimates, J. Clim., 11, 72–87.

Walter, K. M., Zimov, S. A., Chanton, J. P., Verbyla, D., Chapin, F. S. 2006. Methane bubbling

43



Emma Johansson

from Siberian thaw lakes as a positive feedback to climate warming, Nature, 443, 71–75.
Walvoord, M. A., Voss, C. I., Wellman, T. P. 2012. Influence of permafrost distribution on

groundwater flow in the context of climate-driven permafrost thaw: Example from Yukon Flats
Basin, Alaska, United States, Water Resour. Res., 48, W07524, doi:10.1029/2011WR011595.

Wang, G., Mao, T., Chang, J., Liu, G. 2015. Soil temperature-threshold based runoff generation
processes in a permafrost catchment. The Cryosphere Discuss., 9, 5957–5978.

Werner, K., Norville, J., Öhman, J. 2014. Meteorological, hydrological and hydrogeological
monitoring data from Forsmark - compilation and analysis for the SR-PSU Project. SR-PSU
Biosphere. SKB R-13-20. Svensk Kärnbränslehantering AB.

White, D., Hinzman, L., Alessa, L., Cassano, J., Chambers, M., Falkner K., Francis, J., Gutowski
W. J. Jr., Holland, M., Holmes R. M., Huntington, H., Kane, D., Kliskey, A., Lee, C., McClel-
land, J., Peterson, B., Rupp, T. S., Straneo, F., Steele, M., Woodgate, R., Yang, D., Yoshikawa,
K., Zhang T. 2007. The arctic freshwater system: Changes and impacts, J. Geophys. Res., 112,
G04S54, doi:10.1029/ 2006JG000353.

Williams, JR., 1970. Groundwater in the permafrost regions of Alaska. US Geol Surv Prof Pap
696, 83 pp.

Woo, M.K., Marsh, P. 2005. Snow, frozen soils and permafrost hydrology in Canada, 1999-2002,
Hydrological Processes 19, 215–229.

Woo, M. K., Kane, D. L., Carey, S. K., Yang, D. 2008. Progress in permafrost hydrology in the
new millennium, Permafrost Periglac., 19, 237–254.

Woo, M. K. 2012. Permafrost Hydrology. Springer. ISBN 978-3-642-23462-0.
Zhang, K., Kimball, J. S., Mu, Q., Jones, L. A., Goetz, S. J., Running S. W. 2009. Satellite based

analysis of northern ET trends and associated changes in the regional water balance from 1983
to 2005, J. Hydrol., 379(1), 92–110.

Yang, D., Kane, D., Zhang, Z. 2005. Bias corrections of long-term (1973–2004) daily
precipitation data over the northern regions. Geol. Res. Lett., Vol. 32, L19501,
doi:10.1029/2005GL024057.

44




