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Linking water and permafrost dynamics

Doctoral dissertation 2015
Ylva Sjöberg 
Department of Physical Geography
Stockholm University

The extent and dynamics of permafrost are tightly linked to the distribution and movement of water 
in arctic landscapes. As the Arctic warms, profound changes are expected in both permafrost and 
hydrology; however, much is still not known about the interactions between these systems. The aim of 
this thesis is to provide new knowledge on the links between permafrost and hydrology under varying 
environmental conditions and across scales. The objectives are to (i) determine how permafrost 
distributions and patterns in morphology are linked to hydrology, (ii) quantify how groundwater 
flow influences ground temperature dynamics, and (iii) explore the mechanisms that link permafrost 
to groundwater and streamflow dynamics. A range of methods have been applied within the four 
papers comprising this thesis: geophysical and GIS techniques for mapping and analyzing permafrost 
distributions and related morphology; numerical modeling of coupled heat and water fluxes for 
mechanistic understanding permafrost-hydrological links; and statistical analyses for detecting trends 
in streamflow associated with permafrost thaw. Combining these various methods here allows for 
(and may be considered a prerequisite for) novel insights to processes. The thesis also presents field 
observations of ground temperatures, hydrological, and morphological variables. Discontinuous 
permafrost peatlands are heterogeneous environments regarding permafrost distributions and 
thickness which is manifested in surface systems such as lake geometries. Lateral groundwater fluxes, 
which are not considered in most permafrost models, can significantly influence ground temperature 
dynamics, especially for high groundwater gradient conditions. River discharge data provide a potential 
for monitoring catchment-scale changes in permafrost. This study highlights the potential feedback 
links between the hydrological system and permafrost, such that permafrost thaw can accelerate as 
new pathways for groundwater are opened.

 
Keywords: Permafrost, arctic hydrology, groundwater, geophysical measurements, ground thermal 
dynamics, streamflow dynamics.
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Permafrostens utbredning och dynamik i arktiska landskap är stark kopplad till vattnets rörelse 
och utbredning i landskapet. I och med den pågående klimatförändringen värms Arktis snabbare än 
det globala medelvärdet. Detta innebär att djupgående förändringar väntas för både permafrost och 
hydrologi, samtidigt vet vi väldigt lite om hur dessa två system påverkar varandra. Syftet med den 
här avhandlingen är att tillföra ny kunskap om kopplingarna mellan permafrost och hydrologi i olika 
miljöer och för olika skalor. Målsättningarna är att (i) avgöra hur permafrostutbredning och mönster 
i landformer är kopplade till hydrologi, (ii) kvantifiera hur grundvattenflöden påverkar dynamik 
i marktemperatur, samt (iii) undersöka de mekanismer genom vilka permafrost påverkar flöden i 
grundvatten och vattendrag. De metoder som använts inom de fyra studier som utgör avhandlingen 
inkluderar geofysiska mätningar och GIS-analyser för att analysera permafrostutbredningar och 
relaterade landformer, numerisk modellering av värme- och vattenflöden för mekanistisk förståelse 
av kopplingarna mellan permafrost och hydrologi, samt statistiska analyser för att upptäcka trender 
i vattenföring som kan kopplas till tining av permafrost. Genom att kombinera dessa olika metoder 
kan nya insikter om vikten av olika landskapsprocesser uppnås. Avhandlingen presenterar också 
fältmätningar av marktemperaturer, samt hydrologiska och geomorfologiska variabler. Torvmarker 
i diskontinuerlig permafrost är heterogena miljöer i fråga om permafrost utbredning och tjocklek. 
Detta manifesteras på markytan genom landformer, såsom sjöar. Grundvattenflöden som går parallellt 
med markytan, vilka inte representeras i de flesta permafrostmodeller, kan ha signifikant påverkan 
på marktemperaturer, särskilt under perioder då grundvattnets gradient är hög. Data för avrinning i 
vattendrag (såsom älvar) har potential för att användas för övervakning av förändringar i permafrost på 
avrinningsområdes-skalor. Den här avhandlingen belyser de potentiella återkopplingsmekanismerna 
mellan det hydrologiska systemet och permafrost, såsom en möjlig acceleration av upptining av 
permafrost i och med att nya flödesvägar för grundvatten öppnas.

Sammanfattning
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Glossary 

Active layer Ground above permafrost that thaws and refreezes every year.
Advection (thermal) Transfer of heat by a moving fluid, such as water. Heat can be 

transferred through the ground advectively by the movement of 
groundwater.

Conduction (thermal) Heat transfer from hotter to cooler through direct energy 
transfer between particles. Main process of heat transfer in 
frozen grounds. The rate of conductive heat transfer depends on 
the thermal gradient and the thermal conductivity[W m-1 K-1] of 
the material.

Depth of zero annual amplitude 
(DZAA)

The depth in the ground at which annual temperature 
fluctuations are < 0.1 °C. Often used as the depth at which mean 
annual ground temperatures in permafrost are recorded.

Diffusivity (thermal) The thermal diffusivity [m2 s-1] of a material is defined as the 
thermal conductivity divided by volumetric heat capacity and 
indicates the rate of change in temperature for a given material.

Fen Peatland wetland landform where the ground is saturated with 
water to the ground surface.

Ground ice Frozen water occurring in any ground substrate.
Groundwater Water in the saturated zone of the ground (i.e. where all soil 

pores are filled with water).
Groundwater table The surface of the saturated groundwater zone, defined by 

atmospheric pressure.
Heat capacity The amount of heat needed to raise the system’s temperature 

by one degree. The SI unit is J K-1, but for practical reasons the 
volumetric heat capacity [J m-3 K-1] is often used.

Latent heat of fusion The amount of heat required to convert one unit amount of 
substance (e.g. water) from the solid phase to the liquid phase.

Palsa Permafrost mound occurring in peat substrate with a core of 
segregated ice.

Peat plateau Flat-topped permafrost mound occurring in peat substrate with 
a core of segregated ice. Generally larger than and lower than a 
palsa.

Permafrost Ground substrate that remains below 0 °C for at least 2 
consecutive years.

Permafrost base The bottom boundary of a body of permafrost.
Permafrost table The top boundary of a body of permafrost.
Recession flow The receding sections of a hydrograph, after a peak in stream 

discharge. In this thesis characteristics of the recession flow are 
used to detect changes in permafrost, as permafrost affects the 
discharge of groundwater to streams.

Talik Unfrozen ground occurring in a permafrost area.
Thermokarst Ground collapse as a result of melting ground ice under 

permafrost thaw.
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and streamflow trends. The aim has been to 
contribute with new understanding of the 
processes linking these two systems under 
varying environmental conditions and at scales 
ranging from plott scales to regional scales. The 
thesis has three central objectives:

- To determine how permafrost distributions 
and permafrost-related patterns in morphology 
are linked to hydrology.

- To quantify how groundwater flow influences 
ground temperature dynamics in permafrost 
landscapes. 

- To explore the mechanisms that link 
permafrost to groundwater and streamflow 
dynamics.

The objectives of this thesis have been 
addressed through the work described in Papers 
I-IV. Papers I and II have a focus on permafrost 
distributions and morphological characteristics 
of peatland permafrost landscapes in northern 
Sweden and northeast European Russia. Central 
in these two papers is the role of water for shaping 
peatland permafrost landscapes. In Paper III, the 
role of groundwater advective heat transfer in 
a fen in a permafrost peatland is studied using 
direct observations and numerical modeling. 
Integrating the impacts of various permafrost 
changes across hydrological catchments, Paper 
IV presents observed trends in river discharge 
for 17 catchments in northern Sweden in relation 
to changes in permafrost. The following sections 
provide an overview of the current knowledge 
of coupled permafrost-groundwater dynamics, 
a presentation of the study areas, the applied 
methods and data considered, and the results 
of these papers. The results of the entire thesis 
are then discussed in the context of the state of 
current scientific understanding and the needs for 
future research.

Background

Permafrost 

Permafrost is defined as any ground material that 
remains below 0 °C for at least two consecutive 
years. Permafrost regions cover approximately 
25 % of the northern hemisphere landmass 
(Figure 1; Zhang et al., 1999). Areas affected 
by permafrost are classified into zones based on 
the extent of permafrost in the ground. In the 
continuous permafrost zone, thick permafrost 
underlies almost all of the landscape and mean 
annual ground temperatures at the depth of zero 
annual amplitude (DZAA) generally range from 
-1 °C to -15 °C (Romanovsky et al., 2010).  In 
the discontinuous permafrost zone permafrost 

Introduction

Permafrost profoundly impacts the distribution 
and movement of water in Arctic environments. 
With the predicted global warming permafrost 
is expected to thaw, which will impact the 
hydrological system through changes in drainage 
and groundwater storage capacity. Such changes 
in the hydrological system have already been 
observed indirectly as changes in streamflow 
patterns and lake coverage across the Arctic and 
have been related to permafrost thaw (Smith 
et al., 2005; Walvoord and Striegl, 2007; Lyon 
and Destouni, 2010). A full understanding of the 
mechanisms that link the hydrological system 
to permafrost across scales and in different 
environments is however still lacking. This is 
especially true for areas where permafrost is 
discontinuous, which are the regions where most 
thaw is expected. One of the main motivations 
for improving our understanding of these coupled 
dynamics is their impacts on climatic cycling. 
Directly, groundwater-permafrost interactions 
influence the cycling of water thereby modulating 
climate. Indirectly, they impact the arctic carbon 
cycle, as degradation and transport of newly 
thawed permafrost carbon is controlled by the 
distribution and routing of water through the 
landscape (Jantze et al., 2013; Koch et al., 2013).

Permafrost and water dynamics are tightly 
linked in arctic landscapes and fluxes of heat and 
water often occur as coupled processes. Moisture 
content determines the thermal properties of the 
ground. As such, the partitioning of water in the 
landscape is an important control on permafrost 
distributions. As frozen ground impedes the 
movement of water, permafrost affects the 
partitioning of surface- and groundwater, as 
well as groundwater recharge rates and amounts, 
discharge and flow pathways (Woo, 2012). 
Water moving through the landscape also carries 
heat in both vertical and lateral directions and 
influences freeze and thaw rates of permafrost 
(Kurylyk et al., 2014). In the active layer, the 
part of the ground above permafrost that thaws 
and refreezes annually, latent heat fluxes from 
both evaporation and melting of ice dominate the 
heat energy balance during the summer (Boike 
et al., 1998). Through an intricate network of 
processes, several other landscape components, 
such as snow, ground ice, vegetation, and micro 
topography, further influence the permafrost 
thermal and hydrologic dynamics.

For this thesis, connections between hydrology 
and permafrost dynamics in discontinuous 
permafrost environments have been studied. This 
has been done by mapping and characterizing 
permafrost and hydrological landscape 
components, exploring effects from groundwater 
on ground temperatures and permafrost , and 
studying the links between changing permafrost 
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affects parts of the ground and mean annual 
ground temperatures are generally above -2 °C 
and thereby closer to thawing (Brown et al., 
1998; van Everdingen, 1998; Romanovsky et 
al., 2010). The discontinuous permafrost zone is 
often further subdivided into the discontinuous, 
sporadic, and isolated permafrost zones (Brown 
et al., 1998), however since data on permafrost 
extent are often unavailable at regional scales, 
these classifications are in practice often more or 
less arbitrary. From a hydrological perspective, 
Woo (2012) defines discontinuous permafrost as 
permafrost that “does not significantly impede 
recharge, circulation and discharge of the regional 
groundwater flow systems”.  As information on 
permafrost extent is commonly lacking and the 
influence from permafrost on the groundwater 
circulation is not well understood, this definition 
is also often problematic to practically apply. 
In Papers I-IV of this thesis, the definition of 
permafrost zones follows Brown et al. (1998), 
as is common in permafrost scientific literature, 
while in this introductory text permafrost 
areas are only divided into continuous and 
discontinuous (following van Everdingen, 1998), 
as is more common and practical for hydrological 
applications and conceptualizations.

The distribution of permafrost depends on 
factors such as air temperature, ground thermal 
properties and snow cover. In marginal areas 
of permafrost, where the air temperature is 
relatively warm, permafrost is usually found in 
peatlands due to insulating properties of peat 
during the summer, and where snow cover is 
thin as snow keeps the ground relatively warm 
during the winter (Goodrich, 1982; Hjort et al., 
2007; Seppälä, 2011). Water further affects the 
distribution of permafrost at the local scale. Water 
bodies such as lakes, ponds, fens, and streams 

store heat and freeze slowly due to latent heat 
effects. In the discontinuous permafrost zone, the 
ground often remains unfrozen throughout the 
year below surface water bodies (Figure 2).

The ice content of the ground is highly 
dependent on ground substrate and many different 
types of ground ice can be found in permafrost. 
Examples of ground ice types are in-situ frozen 
pore water, called pore ice, and segregated ice 
formed as water is sucked toward the freezing 
front during freezing. As water freezes its 
volume increases by approximately 10 %, which 
leads to frost heave – a lifting of frozen ground 
surfaces relative to unfrozen grounds surfaces. 
Most typical frost heave landforms, such as 
palsas and peat plateau, are raised mainly due 
to the presence of segregated ground ice, which 
forms ice lenses that can in extreme cases be tens 
of meters thick (Woo, 2012). Hence through the 
formation of ground ice permafrost dynamics 
can shape the topography of the landscape and 
thereby control the movement and partitioning of 
surface-, soil-, and shallow groundwater.

Hydrology of permafrost regions

In lowland permafrost landscapes, groundwater 
movement and storage is limited by the presence 
of frozen ground, which impacts the partitioning 
of surface and subsurface water. Wetlands 
generally cover a large portion of the land 
surface in these landscapes and lakes and ponds 
are abundant. Within permafrost areas lakes 
generally cover a 100 – 170 % higher fraction 
of the landscape, as compared to permafrost free 
areas (Smith et al., 2007a). In the subsurface of 
permafrost regions, water occurs both frozen 
as ground ice and unfrozen as liquid soil- and 

Figure 1. Permafrost zones of the circumpolar north, as defined by the International Permafrost Association (Brown et 
al 1998). 
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groundwater. Groundwater is water in the 
saturated zone of the ground, where all pore space 
is filled by water. The active layer is an important 
storage and conduit for soil- and groundwater 
during the warm months of the year. Unfrozen 
groundwater is also stored in year-round taliks 
below the permafrost, above the permafrost, 
and within the permafrost (Woo, 2012). These 
stores of groundwater can be connected, for 
example through open taliks that connect the 
groundwater above and below the permafrost, or 

they can be isolated and completely surrounded 
by permafrost. While groundwater is a major 
transport path for water through watersheds to 
rivers in most climatic zones, in permafrost areas 
these pathways are limited by frozen grounds, 
especially during the winter. Arctic rivers 
therefore exhibit a larger seasonal variability 
in streamflow with often very low flows during 
winter and high flows during the snowmelt 
period (Woo, 1986; Ye et al., 2009).

Permafrost 

Ground ice 

Active layer 

Lake 

Groundwater 
table Fen 

Palsa 
Peat plateau 

Talik 

a) b) 

c) d) 

Figure 2. Typical features of permafrost landscapes. The active layer (a) is the top portion of the ground above the 
permafrost that thaws and refreezes every year. Ground ice (b) is found in permafrost as either pore ice or segregated 
ice. In b) ground ice is seen as small ice lenses (left) and thicker massive ice (right). A lake surrounded by peat plateaus 
and palsas, a common sight in permafrost peatlands, is shown in c). Inset d) shows a fen surrounded by peat plateaus. 
The bottom figure shows how these features are commonly distributed in permafrost landscapes and how they relate to 
the distribution of permafrost in the ground. 
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Coupled fluxes of heat and water

There are many links between the hydrologic 
system and permafrost dynamics and fluxes of 
heat and water are tightly coupled in permafrost 
landscapes. The thermal properties of ground 
substrates are determined by moisture content 
and the phase of water (Table 1). Conductive heat 
transfer is controlled by the thermal properties 
of the ground substrate, such as thermal 
conductivity and heat capacity. Liquid water 
has high thermal conductivity and heat capacity 
compared to air, and therefore saturated ground 
materials have fundamentally different thermal 
properties compared to dry materials. The 
thermal properties of ice are in turn different from 
those of liquid water, further affecting the ground 
thermal dynamics in permafrost areas. The latent 
heat associated with freezing or melting of water 
is crucial for thaw and freeze rates (Outcalt et al., 
1990). During ground freeze-up in the fall, latent 
heat effects make the ground remain at 0 °C until 
most of the water is frozen to ice, before ground 
temperatures continue to drop (Figure 3). With 
higher water content in the ground, freezing is 
prolonged. Thus, the water or ice content of 
the ground has a profound influence on the 
permafrost dynamics and ground thermal regime. 
While permafrost is defined by the temperature 
of the ground material (< 0 °C), water in the 
ground freezes at a range of temperatures below 
0 °C, as capillary forces and adsorption of water 
on soil particles delays freezing. Permafrost can 
therefore contain unfrozen water. The unfrozen 
water content of the ground is mainly controlled 
by the grain size distribution of the ground 
material and the temperature (Burt and Williams, 
1976). Knowledge of the unfrozen fraction of 
water is necessary to accurately represent ground 
thermal and hydraulic properties at temperatures 
close to 0 °C in models (Painter et al., 2013).

Heat transfer in permafrost environments is 
traditionally conceptualized as a vertical one-
dimensional conduction process (Riseborough 
et al., 2008). Following this conceptualization, 
heat is conducted from the ground surface and 
downward through the ground at a rate determined 
by the thermal diffusivity of the ground substrate 

and the latent heat effects associated by the 
melting of ground ice. Heat transfer in lateral 
directions has traditionally been assumed 
negligible (Kane et al., 2001; Riseborough et al., 
2008). However, in discontinuous permafrost 
landscapes permafrost often occurs in a 
mosaic together with taliks, which makes this 
assumption problematic. Talik landforms and 
surface water bodies allow for water to move 
through the landscape. Tightly coupled to the 
movement of water are the non-conductive heat 
flow processes, such as advective heat transport 
in soil- and groundwater, which are often lateral. 
These non-conductive heat flow processes can 
be of comparable importance to conductive heat 
flow during certain environmental conditions 
or times of the year (Hinkel and Outcalt, 1994; 
Kane et al., 2001; de Grandpre et al., 2012).

Permafrost and hydrologic 
dynamics in a warming Arctic

Arctic areas are warming about twice as fast as 
the global average. Warming and degradation of 
permafrost have been observed and are expected 
to continue in the future with important effects 
on both hydrological and biogeochemical 
cycles (Collins et al., 2013; Vaughan et al., 
2013). Borehole observations have shown that 
permafrost has generally been warming during 
the past 20 to 30 years such that they are now 
up to 2 °C warmer (Christiansen et al., 2010; 
Romanovsky et al., 2010). Permafrost close to 
0 °C, common in the discontinuous permafrost 
zone, has warmed more slowly, especially where 
ground ice contents are high, due to latent heat 
effects from melting of ground ice (Romanovsky 
et al., 2010). By understanding the mechanisms 
that link permafrost and hydrology, hydrologic 
signals can be used to better understand 
permafrost dynamics. This is advantageous for 
permafrost research as hydrological data are 
often more readily available for longer time series 
and larger scales than are direct observations of 
permafrost.

Numerical models coupling heat and fluid 
fluxes for water in liquid, frozen, and sometimes 

Table 1. Thermal properties for common ground material constituents (source: Woo, 2012). The water content and 
phase of water strongly influences the thermal properties of the ground material. Peat substrates, for example, 
often have a porosity of > 0.8 which can be filled by either air, liquid water, or ice, depending on saturation and 
temperature.

Material Thermal conductivity  
[W m-1 K-1]

Heat capacity  
[J m-3 K-1 ×106]

Thermal diffusivity   
[m2 s-1×10-6]

Air (10 °C) 0.025 0.00125 20
Water (10 °C) 0.57 4.18 0.14
Ice (0 °C) 2.2 1.9 1.16
Clastic material 2.93 1.92 1.53
Organic material 0.25 2.51 0.1
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also gaseous phases have recently become 
increasingly common for exploring the physical 
processes of groundwater-permafrost interactions 
and thaw rates. Recent modeling studies have 
shown that as permafrost thaws, deeper and more 
regional flow paths for groundwater develop and 
groundwater discharge increases (Bense et al., 
2009; 2012; Frampton et al., 2011; Ge et al., 
2011).  However, the increases can be nonlinear 
as new pathways develop and also depend on 
the initial permafrost distribution, including 
the distribution and connectivity of taliks and 
surface water bodies (Bense et al., 2009; 2012). 
Also, heat advection by groundwater has been 
shown to significantly affect thaw and freeze 
rates in a number of recent modeling studies 
(Ge et al., 2011; Rowland et al., 2011; Grenier 
et al., 2013; McKenzie and Voss, 2013). The 
balance of advective and conductive heat fluxes 
influences permafrost thaw rates and is controlled 
by topography and permeability of ground 
substrates, as shown by McKenzie and Voss 
(2013). In a study by Ge et al. (2011), advection 
comprised 5 - 28 % of the total heat transfer. 
Rowland et al. (2011) showed that by simulating 
heat transport by both conduction and advection, 
a lake talik in discontinuous permafrost was 
developed 40 % faster compared to when heat 
transport was simulated by conduction alone. 
Since groundwater discharges are likely to 
increase as permafrost thaws (Smith et al., 
2007b; Bense et al., 2009; Lyon and Destouni, 
2010; Frampton et al., 2011; Ge et al., 2011), 
the fraction of heat transported by advection 
could increase in permafrost areas as thawing 
proceeds. These feedback processes motivate 
studies on coupled heat and water dynamics for 
understanding changes in arctic permafrost and 
freshwater systems.

With the recent climatic warming, changes 
have been observed in the discharge of large 
Arctic rivers. Increases in total discharge of 
large Eurasian rivers have been observed, and 

could be attributed at least in part to increases in 
precipitation (Peterson et al., 2002; McClelland 
et al., 2004; Rawlins et al., 2009a; 2009b). 
A closer relationship to permafrost dynamics 
has been established for increases in annual 
minimum discharge and for changes in recession 
flow characteristics. Increasing annual minimum 
or winter river discharge, which could not 
be explained by increasing precipitation, has 
been observed over most of the Arctic (Smith 
et al., 2007b; Walvoord and Striegl, 2007; St 
Jacques and Sauchyn, 2009; Rennermalm et al., 
2010). These have been related to decreases in 
permafrost and seasonal frost which leads to 
more groundwater infiltration and deeper flow 
paths. The characteristics of receding streamflow 
(or recession flows) depend on how a catchment 
drains and can be related to permafrost as frozen 
ground impedes drainage of groundwater into 
streams. Recession flow analysis such as that 
outlined by (Brutsaert and Nieber, 1977) has been 
used to look at storage-discharge dynamics in the 
Yukon River basin (Lyon and Destouni, 2010), 
eastern Siberia (Brutsaert and Hiyama, 2012), 
and the Abisko catchment in northern Sweden 
(Lyon et al., 2009). In these studies, long-term 
trends in the recession flow characteristics 
indicated changes in the catchment storage that 
could be explained by permafrost thaw.

In addition to shifts in flowing water, changes 
in lake distribution, which can be studied 
using time series of satellite images, have been 
associated with permafrost thaw in a number 
of studies. Decreases in lake area have been 
attributed to changes in the water balance with 
higher evaporation rates, or to the opening of 
new pathways for water as a result of permafrost 
thaw (Marsh and Neumann, 2001; Yoshikawa 
and Hinzman, 2003; Hinzman et al., 2005; 
Smith et al., 2005; Riordan et al., 2006). In the 
discontinuous permafrost zone, decreases in 
lake areas from a few per cent up to 31 % have 
been observed (Yoshikawa and Hinzman, 2003; 
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Figure 3. Temperature curves for the 0.25 depth in two boreholes. For both boreholes the effect from latent heat 
of fusion is seen as the tempertaure remains at 0° C for a prolonged period of time at the beginning and end of the 
winter. For the saturated Fen borehole this effect is more pronounced and the temperature never goes much below 
freezing. (Note that the temperature difference between the two borewholes also depends on other environmental 
factors, such as snow cover which is usually thinner on palsa surfaces.)
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Smith et al., 2005; Riordan et al., 2006; Sannel 
and Kuhry, 2011; Karlsson et al., 2012), but also 
increases of comparable magnitudes (Karlsson 
et al., 2012). Similarly, in the continuous 
permafrost zone both decreases and increases in 
lake areas of ~10 % have been detected (Smith et 
al., 2005; Riordan et al., 2006; Plug et al., 2008; 
Veremeeva and Gubin, 2009). There is thus 
no clear increasing or decreasing trend in lake 
areas across the Arctic and several explanations 
have been put forward for the observed changes. 
Potential drivers for these observed changes 
include both fluctuations in the water balance and 
changes in permafrost (Karlsson et al., 2014).

Study areas

Clearly, interactions between groundwater and 
permafrost are numerous and complex. Thus, to 
improve our understanding of these interactions, 
we must adopt multiple avenues of study. This 
thesis does this and, in the process, spans several 
study areas. These areas are briefly presented in 
the following.

Northern Sweden

Seventeen unregulated catchments in the 
permafrost areas of northern Sweden (65°to 
69° N) were studied in Paper IV (Figure 4). The 
catchments, ranging in size from ~100 to 10 
000 km2, all drain toward the Baltic Sea in the 
east. The Scandinavian Mountains, with peaks > 
2000 m.a.s.l., form a water divide in the west and 
topographically produce a colder climate. Mean 
annual air temperatures range from 0 °C to -6 °C 
in the catchments and precipitation ranges from 
500 to 2000 mm annually, with more precipitation 
further west. Permafrost temperatures are 
monitored in boreholes at three sites in Sweden: 
in peatlands by Abisko and Tavvavuoma and 
at the Tarfalaryggen mountain permafrost site 
(Figure 4). Mean annual ground temperatures at 
DZAA or lowest sensor range from -0.2 to -0.6 
°C in the peatlands to -2.4 °C at the mountain 
site (Christiansen et al., 2010; Sannel et al., in 
review). Temperatures in northernmost Sweden 
have increased during the past 200 years, with 
a period of decreasing temperature from 1930’s 
to the 1970’s (Zuidhoff and Kolstrup, 2000; 
Alexandersson, 2002; Klingbjer and Moberg, 
2003; Callaghan et al., 2010). Permafrost 
degradation has been observed directly and 
through inference from hydrological trends over 
the past century across the region (Zuidhoff and 
Kolstrup, 2000; Zuidhoff, 2002; Åkerman and 
Johansson, 2008; Lyon et al., 2009).

Tavvavuoma

The Tavvavuoma study area (68°28’N, 20°54’E, 
550 m.a.s.l.) is located in a peat plateau and 
lake complex in the discontinuous permafrost 
zone in northern Sweden. The mean annual air 
temperature is – 3.5 °C (Sannel and Kuhry, 2011) 
and the annual precipitation at the Karesuando 
meteorological station (~65 km from the site) 
is 451 mm (Swedish Meteorological and 
Hydrological Institute, http://opendata-catalog.
smhi.se/explore/). Permafrost occurs under peat 
plateaus and palsas and has a temperature of 
-0.02 to -0.4 °C (Christiansen et al., 2010, Sannel 
et al., in review). The active layer thickness is 
~0.5 – 0.6 m (Christiansen et al., 2010, Sannel 
et al., in review). Landscape dynamics such as 
growth and degradation of palsas and changes in 
lake sizes have been observed in the area, with 
palsa degradation and thermokarst lake drainage 
being the dominating processes during recent 
years (Wramner, 1968; 1973; Wramner et al., 
2012; Sannel and Kuhry, 2011).

Seida and Rogovaya

The Seida (62°56’E, 67°03’N, 90-100 
m.a.s.l.) and Rogovaya (61°52’E, 67°09’N, 
60-70 m.a.s.l.) study sites are peat plateau 
areas in the discontinuous permafrost zone in 
northeast European Russia. They are situated 
approximately 50 km apart in an extensive 
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Figure 4. Locations of study areas for all papers that are 
presented in this thesis.
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lowland area west of the Ural Mountains. The 
mean annual air temperature is -5 °C, with 
January being the coldest month at -20 °C and 
July the warmest at 13.5 °C. The areas receive 
470 mm precipitation annually, almost equally 
divided between summer and winter months 
(data from the Center for Hydrometeorological 
and Environmental Monitoring, Komi Republic). 
Permafrost is almost continuous beneath peat 
plateau surfaces. Permafrost temperatures range 
from -2.4 to -0.5 °C and ground ice content is less 
than 60 % (Rivkin et al., 2008). The thickness of 
the active layer is 0.5 – 0.9 m on peat plateaus 
but higher at the peat plateau margins close to 
lakes.

Methods 

Various methods balancing between modeling/
theoretical studies and field-based empirical 
investigations were considered in this thesis. 
These methods (with corresponding paper) are 
presented in the following section.

Geophysical methods (Paper I)

To study the processes controlling permafrost 
and groundwater dynamics in subarctic 
permafrost peatlands, information on permafrost 
distributions is vital. Identification and mapping 
of phenomenon occurring underground, such 
as groundwater and permafrost, is however 
typically problematic as it often involves 
intrusive methods such as drilling and digging 
which disturbs the object of study. Geophysical 
methods can be used non-intrusively to map and 
characterize ground substrates, including the 
presence of permafrost and ground ice. In Paper 
I, ground penetrating radar (GPR) and electrical 
resistivity tomography (ERT) were applied in 
concert to map the distribution of permafrost 
along transects crossing the Tavvavuoma study 
area (Figure 5a-b). A GPR records the travel 
time of a transmitted radar signal reflected off 
subsurface features, such as sediment layer 
interfaces and ground ice. The travel time can be 
converted to a depth to the reflector if the velocity 
of the radar signal through the ground is known. 
Mapping of subsurface features using ERT is 
done by transmitting electric signals through the 
ground and relating a resulting modeled image 
of electrical resistivity distribution to physical 
properties of the ground materials. 

Paper I describes measurements made with 
both GPR (100 and 200 MHz antennas) and 
ERT along three transects crossing palsas, peat 
plateaus, fens, hummocks, and thermokarst 
depressions. The measurements were made in 

late summer (August 2012) to allow for capturing 
the maximum seasonal thaw depths. The active 
layer thickness was measured using a steel rod 
and the topography using a differential GPS. 
Sediment cores were retrieved at 5 points along 
transects and in the surrounding area. These were 
used for interpretation of the GPR (velocities in 
different materials) and ERT (likely resistivity 
values) data. For both GPR and ERT data likely 
minimum and maximum values were used for 
identifying permafrost borders thereby creating 
some robustness in interpretations. The results 
from the geophysical surveys were also used 
to identify a location for the field observations 
collected for Paper III.

Lake and shore morphometrics (Paper II)

The shapes and sizes of lakes in the Seida and 
Rogovaya study areas were analyzed in Paper II. 
The aim was to identify general characteristics 
and relationships at the landscape scale. Lakes 
cover large portions of the landscape in arctic 
lowland permafrost areas and have been used to 
study changes in permafrost and the hydrological 
cycle (Karlsson et al., 2012; Chen et al., 2013, 
2014). For this study, lakes were defined as 
open water surfaces larger than 30 m2 and were 
delineated from QuickBird high-resolution 
satellite images using K-means unsupervised 
classification (MacQueen, 1967). Of the lakes 
identified, 29 were studied in the field. Along the 
shores of these lakes a number of morphologic 
variables and erosion features were observed, 
such as the slope of banks, cracks in the bank 
substrate, and near shore water depths (Figure 
5c). These 29 lakes were also delineated by hand 
from the satellite images to acquire more precise 
and accurate representations of their shapes. 
Statistical tests including analysis of variance 
(ANOVA) and correlation tests were performed 
to find significant differences between shores of 
differing orientation, and correlations between 
the observed variables.

Water and heat – observations (Paper III)

In Paper III observations of ground temperatures 
and water levels across and surrounding a fen in 
the Tavvavuoma study area were used to quantify 
the influence from groundwater flow on ground 
temperatures. The studied fen was bordered 
by peat plateaus on two sides and lakes on the 
remaining two sides and was the only point along 
the shore of one of the lakes with no permafrost. 
Groundwater could therefore potentially flow 
between the lakes through the fen and thereby 
affect ground temperatures. Ground temperature 
sensors (Onset Hobo U12) were installed in two 2 
m deep boreholes in a fen (Figure 5d-f).  Ground 
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these two points. A student’s T-test was used to 
test differences in ground temperature variations 
during periods of different groundwater gradient, 
namely gradients away from the fen, gradients 
away from the lake, and negligible gradients. 
The objective here was to determine if ground 
temperature variations were depending on 
groundwater gradient conditions, which would 
suggest an influence from advective heat.

temperatures were recorded in these boreholes 
every 15 minutes and in an existing borehole on 
a nearby peat plateau every third hour during one 
year starting from the summer of 2013. Water 
levels were observed (using Onset Hobo U20) in 
the lakes and in four wells across the fen over 
the summer of 2013 every 5 minutes. From the 
observed water levels, a groundwater gradient 
was calculated by dividing the difference in 
water level between one of the wells in the fen 
and one of the lakes by the distance between 

b) a) 

c) d) 

e) f) 

Figure 5. Setup of GPR measurement equipment for common midpoint (a) measurements and common offset measurements 
(b) used for Paper I. Measurements of near shore water depths, used for Paper II (c). Leveling of ground surface 
topography (d), installation of ground temperature sensors and groundwater wells (e), used for Paper III, and sampling 
of ground substrates (f) used for Papers I and III.
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Water and heat – modeling 
(Papers III and IV)

Physically-based numerical models coupling 
of fluid flow and heat transport in variably 
saturated porous media are becoming more 
common for understanding permafrost and 
hydrological changes in the Arctic. In this thesis 
such models were applied in Papers III and 
IV. In Paper IV, groundwater discharge output 
data from simulations with the MarsFlo code 
(Painter, 2011) were analyzed to link observed 
streamflow trends to a theoretical framework for 
process understanding. Changes in the same two 
discharge characteristics as for the observational 
data, namely minimum discharge and recession 
intercept, were analyzed.  The MarsFlo model 
was applied for a two-dimensional domain with 
three different warming trends: 0.05, 0.1, and 0.5 
°C/year for 5 years. These high warming trends 
were used in combination with a relatively short 
simulation time to capture effects of significant 
permafrost thaw while limiting the computational 
time for running the code.

In Paper III, the Arctic Terrestrial Simulator  
(Karra et al., 2014) was applied on one- and 
two-dimensional scenarios with temperature 
and pressure forcing based on field observations 
(described in previous section) from the 
Tavvavuoma study area. Using one-dimensional 
simulations, the validity of simplifying heat 
transfer to a vertical one-dimensional process for 
modeling purposes was tested under a range of 
groundwater conditions and for three different 
locations where borehole data was available 
to drive and validate simulations. In two two-
dimensional simulation scenarios, the ground 
temperature dynamics in one scenario with 
and another without groundwater flow were 
compared. The influence of groundwater flow 
on ground temperatures was thus tested for a 
realistic permafrost environment scenario.

Streamflow analysis (Paper IV)

In Paper IV discharge data for 17 catchments in 
northern Sweden were used to detect possible 
changes in permafrost. Rivers are fed to a 
large degree by groundwater, especially during 
low flow conditions such as the winter season. 
As groundwater flow paths are modified by 
the occurrence of permafrost, river discharge 
data can be used as a proxy for changes in 
permafrost (Figure 6). Daily discharge data were 
acquired from the Swedish Meteorological and 
Hydrological Institute , with time spans of between 
26 and 101 years, all ending in 2010. Trends in 
the annual minimum discharge and late summer 
(September) recession flow characteristics were 
assessed. The Mann-Kendall test was applied 
to detect trends significant at 95 % confidence 
level for both streamflow characteristics. For the 
minimum discharge analysis the discharge of the 
day with the lowest discharge for each year was 
used. For the recession flow analysis, a power-
law parameterization of the rate-of-change in 
stream discharge was used, written as

   dQ⁄dt=-aQb                                                                                                      (1)

where Q is volumetric discharge, t is time, and 
a and b are fitting parameters. Following a 
linearized solution to the Boussinesq equation, 
a (from here on referred to as the recession 
intercept) can be related to physical properties 
of the catchment (Brutsaert, 2005), and b is a 
constant value depending on the time since the 
onset of drainage and reservoir properties and 
was in this application set to 1, following Lyon et 
al. (2009). Anticipated changes from permafrost 
thaw at the catchment scale for these two flow 
characteristics were an increase in minimum 
discharge and an increase in the recession 
intercept over time, respectively.

Permafrost 

Permafrost 

Groundwater flow 

Groundwater flow 

Time (years) 

Less permafrost 

More permafrost 

Figure 6. Conceptual sketch of how permafrost degradation can influence stream discharge. The boxes on the left are 
cross-sectional representations of the subsurface with more (top) and less (bottom) permafrost. The arrows represent 
possible flow pathways for groundwater around the permafrost. The rights side show idealized hydrographs related to the 
boxes on the left. Notice how the minimum (winter) discharge is lower for the scenario with more permafrost.
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Results
Summary of papers with main results

Paper I – Geophysical mapping of palsa peatland 
permafrost
The aim of Paper I was to identify the extent of 
permafrost in terms of depths to the permafrost 
table and base and its variation across the 
landscape using non-intrusive geophysical 
methods. In permafrost peatlands in the 
discontinuous permafrost zone, permafrost often 
occurs under palsas and peat plateaus in a mosaic 
with talik landforms such as lakes and fens. 

In the GPR images, interfaces between 
unfrozen and frozen sediments, i. e. the permafrost 
table, and between unfrozen peat and mineral 
sediments could be detected, but the interfaces 
between frozen and unfrozen sediments, i. e. the 
permafrost base, as well as the interface between 
frozen peat and mineral sediments could not be 
detected (Figure 7). The ERT images showed 
high resistivity values, interpreted as permafrost, 
under palsas and peat plateaus. From the 
ERT data it was possible to identify both the 
permafrost table at its deeper locations under 
taliks and the base of the permafrost. However, 
the uncertainty, as quantified following the 
methods of Oldenburg and Li (1999), decreased 
with depth so that the depth to the permafrost 
base, i. e. the transition from permafrost to talik 
below the permafrost, could only be determined 
with certainty at a few locations. The depth to 
the permafrost table at the bottom of the active 
layer on palsas and peat plateau surfaces was on 
average about 0.5 m. The permafrost table under 
some of the fens and thermokarst depressions 
was found at greater depths (2.1 – 6.9 m). These 
locations were interpreted as year-round taliks 
and covered approximately half of the length 
of the three transects. Only along one of the 
transects could the permafrost base be identified 
with certainty at a maximum of 17.3 m; however, 
the presence of permafrost was with certainty 
identified also at greater depths (<23.4 m). The 
distribution of permafrost and talik corresponded 
well with the landform and sediment distribution 
in the landscape. Higher palsa and peat plateau 
surfaces, indicative of high ground ice content, 
were found in sediments that are more prone to 
frost heave.

Paper II – Thermokarst lake morphometry and 
erosion features in two peat plateau areas of 
northeast European Russia
In this study, analysis of lake shapes, shoreline 
erosion patterns, and orientation patterns 
in morphology was performed for two peat 
plateau areas with the aim to acquire some 
general characteristics of the morphology and 

erosion patterns for lakes and shores in these 
environments. Lakes covered 8 % of the surface 
area in Seida and 14 % in Rogovaya. Lakes 
were on average relatively small with median 
lake sizes of 184 and 265 m2, respectively, for 
the two sites. Steep slopes and numerous cracks 
along shorelines indicated that the lakes were 
actively eroding the surrounding peat plateaus. 
Ground substrates, lake sizes, and the aspect of 
shores influenced the morphology and erosion 
patterns of lakes and shores. Shores were steeper 
and near-shore water depths were deeper along 
shores in peat substrates, as compared to mineral 
substrate shores. Lakes in peat substrates also 
had more heterogeneous shapes than lakes in 
mineral substrates. Furthermore, slopes were 
higher, cracks more severe and depths greater 
along shores facing northeast, east, or southeast 
and also along the shorelines of larger lakes. 
Although lakes covered a larger portion of the 
surface area in Rogovaya, there was 50 % more 
shoreline per unit area in Seida, due to the smaller 
average lake size. 

Paper III - Thermal effects of groundwater flow 
through subarctic fens – a case study based on 
field observations and numerical modeling
In Paper III, observations of ground temperatures 
and groundwater levels were used together with 
numerical modeling of coupled water and heat 
transfer to explore the role of groundwater 
advected heat in a fen in the Tavvavuoma 
study area. Observations revealed that ground 
temperature variations in the fen are affected by 
the groundwater gradient, so that a hydrological 
gradient away from the lake into the fen increased 
ground temperatures in the fen (Table 2). For 
times with high groundwater gradients, this effect 
was greater. These dynamics, however, could 
not be captured by one-dimensional simulations 
for the monitored boreholes. Temperatures 
simulated by the one-dimensional models also 
showed a consistent bias, as in the borehole 
close to the peat plateau simulated temperatures 
were consistently higher than observed, while 
the opposite was true for a borehole on the edge 
of the lake. This was likely due to lateral heat 
flow, which cannot be captured by a vertical one-
dimensional model. 

Simulations in two dimensions were made 
with and without groundwater flow through the 
domain for a period of one year, using observed 
temperature data for boundary conditions. 
The lateral heat transport was higher when 
groundwater flow was present, but the ground 
temperatures were for most of the simulated 
time similar for the two scenarios. This was due 
to the fact that the groundwater flowing into the 
domain had a similar temperature as the domain 
itself. However, for periods when there was a 
greater temperature difference, the scenario with 
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Paper IV – Using streamflow characteristics to 
explore permafrost thawing in northern Swedish 
catchments
The aim of Paper IV was to use trends in 
two streamflow metrics, namely the annual 
minimum discharge and the recession intercept, 
to detect permafrost thaw in 17 catchments in 
northern Sweden. In nine catchments the annual 
minimum discharge increased significantly by 
on average 1.3 %/year during the measurement 
period and in only one catchment was there a 
significant decrease by 3 %/year (Figure 9). For 
the recession flow characteristics, the recession 

groundwater flow was considerably warmer, 
resulting in completely ice free conditions 31 
days earlier in the late spring compared to the 
scenario with no groundwater flow (Figure 8). In 
these two-dimensional simulations the scenario 
with no groundwater gradient was compared 
to one with a constant groundwater gradient of 
0.001 m/m, i.e. no variation in gradient over time 
was used. Observations and one-dimensional 
simulation results suggest that higher gradients 
give a greater difference between the two two-
dimensional scenarios.
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Figure 7. GPR image (a), ERT resistivity model (b), and resulting interpretation of permafrost distributions (c) along one 
of the transects mapped in Paper I. Black lines in (b) indicate uncertainty in the resistivity model following the method by 
Oldenburg and Li (1999), with higher values representing higher uncertainty. Resistivity values for points above the 0.1 
line were not used for interpretations.
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intercept increased significantly by on average 
1 %/year in seven of the catchments, decreased 
significantly in two catchments by on average 
1 %/year, and in eight catchments there was no 
significant trend over the measurement period 
(Figure 9). Two catchments showed significant 
increases in both proxies, and three catchments 
show no increasing trends in either of the proxies. 
Catchments with more permafrost (following 
Brown et al., 1998) showed more increasing 
trends in the recession intercept, while no similar 
significant correlation was found for the annual 
minimum discharge trends.

The observed trends in the two streamflow 
metrics were on the same magnitude as the trends 
for model simulated discharges. For example, 
under the scenario with the highest warming 
trend (0.5 °C/year) there were increasing trends 
in both annual minimum discharge (1.5 %/year) 
and recession intercept (0.8 %/year). The trends in 
annual minimum discharge for the two remaining 
warming scenarios were slightly negative, while 
the recession intercept showed a positive trend 
for the 0.1 °C/year warming scenario and no 
trend for the 0.05 °C/year warming scenario. 
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Figure 8. Ice saturation (top) and temperature (bottom) distribution in the 2D modeling domain during late spring for 
scenarios with (right) and without (left) groundwater gradient (Paper III). The modeling domain is 10 m long and 5 m 
deep. 

Groundwater gradient 
Away from fen Negligible Away from lake

Borehole and 
sensor depth

Most 
negative 10% 
of gradients

gradients  
< -0.001

 gradients  
> 0.001 

Highest 10% 
of gradients

Fen-lake borehole
0.25 m -0.0732 -0.0341 0.0093 0.0111 0.0454
0.5 m -0.0758 -0.0344 0.0090 0.0169 0.0526
1.0 m -0.0452 -0.0209 0.0052 0.0168 0.0472
2.0 m 0.0012 0.0012 0.0012 0.0012 0.0019
Fen-peat plateau borehole
0.02 m 0.0689 0.0054 -0.0089 -0.0033 -0.0932
0.25 m 0.0091 -0.0014 -0.0041 0.0041 0.0215
0.5 m 0.0041 0.0029 0.0001 -0.0007 0.0038
1.0 m 0.0018 0.0024 0.0017 -0.0001 -0.0000
1.5 m 0.0012 0.0014 0.0013 0.0004 0.0007
2.0 m 0.0008 0.0010 0.0010 0.0005 0.0012

Table 2. Average change in observed temperature (°C/hour) for the borehole measurements used in Paper III within 
different groundwater gradient classes. Bold numbers are significantly different from the negligible gradient class 
(p<0.05). Blue numbers are significantly colder and red numbers significantly warmer, than the negligible (within the 10 
mm measurement uncertainty for this study) groundwater gradient class.
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Discussion

On how to isolate permafrost-hydrology in-
teractions

Throughout this thesis work, a wide range of 
data and methods have been used to explore 
links between water and permafrost. Acquiring 
data relevant for permafrost dynamics for longer 
time periods, however, can be problematic. Most 
borehole temperature observations for example 
do not have a long record. In Sweden, permafrost 
temperatures have been recorded since the 
1980’s in Abisko, and continuously only since 
2000 in Tarfala, 2005 in Tavvavuoma, and 2008 
around Abisko (Johansson, 2009; Christiansen et 
al., 2010). Hydrological data pertaining to river 
discharge, as utilized in Paper IV, is often more 
readily available for longer continuous periods. 
This is true even for many rivers in the Arctic 
(Lammers et al., 2001). River discharge data 
also integrates information over catchments and 
thus provides a “zoom out” for understanding 
dynamics at larger scales. By finding relationships 
between permafrost and discharge dynamics our 
understanding of historical permafrost dynamics 
can thus be improved for a range of scales.

Furthermore, ground temperature data is 
generally optimized for studying conductive 
vertical heat fluxes, as it is typically measured 
in vertical boreholes in permafrost. For studying 

coupled heat and fluid fluxes in vertical and 
lateral dimensions other types of complementary 
data is needed. Geophysical data can fill a need 
by providing two- to three-dimensional images 
of the subsurface, which can be related to the 
presence of permafrost, water, and ice in the 
ground (Paper I). Recent innovative geophysical 
initiatives have provided data that can be 
useful for understanding permafrost-hydrology 
interactions, including three-dimensional 
images of permafrost distributions from airborne 
electromagnetic imaging (Minsley et al., 2012) 
and surface nuclear magnetic resonance data. 
The latter of which as has been used to delineate 
lake taliks (Parsekian et al., 2013). Remote 
sensing products, such as satellite images, can 
be used to study landforms and morphology 
related to permafrost, taliks, and hydrology, 
as demonstrated in Paper II. As conventional 
remote sensing products, such as satellite 
images, generally provide data for snapshots in 
time they can be problematic to use on their own 
for detecting hydrological trends (Karlsson et al., 
2012; Chen et al., 2013). Intra- and interannual 
variability in wetness, which affect lake areas, 
can skew interpretations of long-term trends. 
With recent developments in inexpensive drone-
based sensors, remotely sensed data, including 
LiDAR (see for example Harpold et al., 2015), 
will become increasingly available for studying 
for example frost heave and thermokarst 
dynamics.
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Figure 9. Trends in annual minimum discharge and recession flow intercept for the 17 catchments studied in Paper IV. 
The sites for the permafrost temperature monitoring boreholes (black dots) are from top/north Tavvavuoma, Abisko, and 
Tarfala. Permafrost zone data from Brown et al. (1998).
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considered to understand large-scale changes. 
As arctic permafrost areas are vast, we need 
knowledge of the dominant processes at larger 
scales. The papers presented in this thesis focus 
on a range of scales from point-scale, considering 
the measurements presented in Paper III, to the 
catchment using streamflow analysis in Paper 
IV. Results from these papers show that at all 
these scales, the processes linking dynamics 
in hydrology with permafrost depend on 
environmental variables that are heterogeneous 
across the landscape. Small landforms, such 
as the lakes and ponds studied in Paper II, can 
occupy a large portion of the landscape and their 
morphology and erosion patterns can differ from 
those of larger landforms. This is important to 
consider when studying landscape dynamics 
using remotely sensed images, as pixel sizes are 
often larger than many landforms, such as ponds, 
in arctic permafrost peatlands. 

Lateral heat fluxes

Lateral advection of heat by groundwater flows 
can have significant effects on permafrost 
dynamics as shown in several modeling studies 
(Rowland et al., 2011; Grenier et al., 2013; 
McKenzie and Voss, 2013). In Paper III, the 
influence of these lateral heat fluxes on ground 
temperatures was also detected in observations. 
Specifically, groundwater gradients from a lake 
into the monitored fen significantly warmed 
the ground. The effects of these lateral flows 
inherently cannot be captured by traditional one-
dimensional vertical models, as demonstrated 
by the results in Paper III. During periods when 
the groundwater and lateral thermal gradient 
are low and for frozen ground conditions, the 
lateral heat fluxes are small and simplifying the 
ground thermal dynamics to only vertical fluxes 
apparently works satisfactory. However, brief 
events of higher advective lateral heat fluxes can 
have considerable effects on ground temperatures 
for longer time periods. Two-dimensional 
simulation results presented in Paper III showed 
that after the winter, the model domain became 
ice-free 31 days earlier in the scenario where 
lateral groundwater flows were present. This 
was due to heat advected by groundwater from 
the right side boundary into the domain during 
a few days when the temperature was several 
degrees warmer at the right side boundary 
(figure 8). The temperature at this boundary was 
based on observed ground temperatures from the 
Tavvavuoma site and thereby represents realistic 
thermal ground conditions. With changes in 
air temperatures, snow depths, and snow cover 
durations, the spring flood and its effect on 
ground temperatures could change in the future. 
There is therefore a need to better understand the 
role of this event in the annual heat budget of the 

For exploring the coupled dynamics of water 
and permafrost in rapidly changing three-
dimensional heterogeneous landscapes, it is 
clearly advantageous to use many types of data in 
concert. Ground temperature measurement setups 
could easily be designed so that they capture 
dynamics in both vertical and lateral dimensions 
and would benefit from being combined with 
hydrological measurements in both permafrost 
and taliks. Longer term monitoring will also 
be needed to understand temporal variability in 
these processes.

What about small-scale heterogeneity?

Peat plateau areas are complex and heterogeneous 
environments in terms of permafrost and 
hydrologic dynamics, as highlighted by the 
results from Papers I, II and, III. Low relative 
relief surfaces, such as fens, collect water and 
snow. Raised landforms, such as palsas and peat 
plateaus, are better drained and have thinner snow 
cover in the winter (Seppälä, 2011). Landscape 
positions with high moisture content require 
more energy to freeze, and snow cover insulates 
from cold air temperatures during the winter. The 
lower landforms thereby get slightly warmer than 
raised landforms, which in the discontinuous 
permafrost zone can mean the difference between 
permafrost maintenance and talik development. 
Through thermal or mechanical erosion, raised 
landforms can be lowered and through freezing 
and ice segregation low landforms can be raised, 
making this landscape very dynamic. These 
dynamics have been observed in peat plateau 
areas across the Arctic (Sollid and Sørbel, 1998; 
Zuidhoff, 2002; Payette et al., 2004; Sannel and 
Kuhry, 2011).

The distribution of ground substrates across 
the landscape influences the occurrence of 
permafrost, erosion features, and landforms, as 
demonstrated in results from Papers I and II. The 
frost susceptibility of the substrates, i.e. the ability 
of the substrate to segregate ice, is an important 
property for controlling thermal dynamics. 
Segregated ice not only raises landforms above 
surrounding surfaces, but the high ice content 
also requires significant amounts of heat to thaw. 
A sign of this can be clearly seen in the results 
of Paper I, as the highest palsa was found in a 
location with sediments more prone to frost 
heave than the sediments below lower permafrost 
landforms in the area. The permafrost under the 
less raised peat plateaus was however thicker 
than the permafrost under the highest palsa. This 
could be the result of a faster freeze rate in the 
less frost susceptible sediments under the less 
raised peat plateaus as the latent heat effects 
were limited compared to the ice segregating 
sediments under the palsa. 

Small-scale heterogeneity, thus, needs to be 
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ground in permafrost areas.
Incorporating the complexity of discontinuous 

permafrost landscapes, in terms of variables and 
coupled processes that control heat and fluid 
transport, is a challenge for modelers (Painter 
et al., 2013). The presence of unfrozen water 
in numerous taliks, such as lakes, streams, and 
fens, allows for lateral advective heat fluxes that 
are not present in frozen grounds. Lateral heat 
fluxes could therefore become more important 
as permafrost degrades from continuous to 
discontinuous, as well as through changes in 
local hydrology. This needs to be considered 
when future thaw rates are predicted, yet most 
permafrost models simplify heat transfer by 
including only vertical fluxes (Riseborough et al., 
2008). Permafrost models that fully couple heat 
and fluid transfer in more than one dimension are 
yet too complicated to be applied for larger areas 
and more realistic scenarios.

Changes in streamflow and 
groundwater flow paths

The results from the streamflow analyses for 
catchments in northern Sweden, presented in 
Paper IV, indicate that permafrost changes can 
potentially be detected in river discharge data 
through trends in annual minimum discharge 
and recession flow intercepts. The analyzed 
discharge data exhibited the expected trends 
in the permafrost proxies, during a time period 
when this area had experienced warming and 
permafrost degradation had been observed 
(Zuidhoff and Kolstrup, 2000; Zuidhoff, 2002; 
Åkerman and Johansson, 2008). This is further 
supported by the results from the numerical 
modeling experiments in this paper, which 
generally exhibited the expected trends and 
magnitudes (increases in annual minimum 
discharge and recession intercept) as permafrost 
thawed. Somewhat surprising was the poor 
overlap in catchments showing the same 
increasing trend in both minimum discharge and 
recession intercept – only one catchment of 17 in 
our study. This is contrary to the findings by Lyon 
and Destouni (2010), who for the Yukon River 
basin found a good agreement between these 
two proxies. This discrepancy could possibly 
be related to the fact that the two proxies reflect 
processes occurring at different times of the year 
and in the deeper relative to the shallower parts 
of the aquifers. The minimum discharge occurs 
in the end of the winter, before the snowmelt, at 
a time of the year when seasonal freezing is also 
at its maximum. Changes in groundwater flow 
pathways during this time of year could thereby 
be affected not only by deeper permafrost thaw 
but also by changes in seasonal frost depths 
and changes in the timing of the snowmelt. The 
recession flow analysis reflects changes during 

the maximum thaw season and is thereby more 
closely linked to active layer changes. The 
extent of permafrost is likely low for many of 
the catchments, so that the signal from changes 
in permafrost may be weak (Brown et al., 1998). 
Only the trends in recession intercept showed 
a significant correlation with permafrost extent 
(following Brown et al., 1998), such that a 
higher permafrost cover yielded a higher trend of 
increasing recession intercept. This suggests that 
recession flow characteristics are more strongly 
related to changes in permafrost than annual 
minimum discharge.

One difficulty when relating streamflow 
changes with permafrost is the lack of permafrost 
data for validation. Existing data mainly consist of 
point-scale observations, while streamflow is an 
integrated measure for a whole catchment. Also, 
with limited permafrost monitoring boreholes 
in northern Sweden it is hard to evaluate how 
representative these sites are as permafrost extent 
can vary greatly over small areas depending on 
local environmental factors. Models therefore 
become crucial for relating hydrological changes 
to permafrost thaw.

Conclusions

This thesis highlights the need to understand water 
and permafrost as an integrated system in which 
changes in one component will affect the other 
and eventually feed back throughout the system. 
This has been demonstrated through mapping 
and analyses of distributions of permafrost 
and permafrost landscape morphology in 
discontinuous permafrost peatland environments, 
through studies on groundwater heat advection 
in taliks, and through analysis of permafrost 
associated trends in river discharge. 

Permafrost peatlands in the discontinuous 
permafrost zone are heterogeneous environments 
and the thickness of permafrost can vary 
dramatically within a few hundred meters 
(Paper I). Lakes, ponds, and fens generally 
occupy a large portion of the land surface in 
these landscapes and are underlain by either 
through-going or supra-permafrost taliks (Papers 
I and II). The morphology and erosion patterns 
along lakes are dependent on lake size, with 
large lakes exhibiting more signs of erosion 
than smaller lakes (Paper II). Smaller lakes on 
the other hand are more abundant and erosion 
along the shores of small lakes and ponds can 
thereby affect a larger portion of the landscape. 
This is important to consider when studying 
landscape changes that affect carbon cycling, 
as erosion of newly thawed peat into lakes is a 
potential source of methane. Ground substrates 
also exert and important control on permafrost 
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as substrates that are more prone to segregating 
ice and thereby have high ground ice content will 
slow down thaw and freeze rates and influence 
the thickness of permafrost. 

In Tavvavuoma, the most extensive permafrost 
peatland in northern Scandinavia, both through-
going taliks and supra-permafrost taliks are 
common under fens, streams, and thermokarst 
landforms. Such taliks can be important conduits 
for groundwater advective heat flows. This thesis 
presents the first quantification of such effects 
in a permafrost environment, based on field 
observations (Paper III). The results suggest 
that the relative importance of different heat 
transport processes is variable over the year 
and across landforms. Relatively warm fluxes 
of groundwater from surface water bodies can 
significantly affect temperature dynamics in taliks 
and thereby affect freeze and thaw processes. 
Peatland permafrost landforms are less affected 
by this type of lateral advective heat flows as they 
are mostly raised above the local groundwater 
table. The effects from advective heat flows in 2D 
simulations were small for most parts of the year, 
but higher groundwater and lateral temperature 
gradients results in increased effects, as shown 
by field observation and numerical simulations 
in Paper III. The snowmelt period is a time when 
both groundwater gradients and lateral heat 
gradients can potentially be high and lateral heat 
advection could be especially important during 
this time of year. For further exploring the role of 
advective heat flows in permafrost environments, 
monitoring of ground temperature in permafrost, 
taliks, and water bodies should be accompanied 
by hydrological observations. 

Finally, trends in river discharge for Swedish 
permafrost affected catchments suggest that the 
storage capacities in several catchments have 
changed in a way that could have resulted from 
permafrost thaw. The results from this thesis show 
that trends in annual minimum discharge and 
recession intercept, both indicative of permafrost 
changes, are not necessarily correlated as only 
one catchment exhibited the same trend in both 
these metrics. The annual minimum discharge 
and recession flow characteristics reflect storage 
dynamics at different seasons and parts of 
the aquifer, which could possibly explain this 
disparity. Furthermore, the studied catchments 
span over various geologies and permafrost 
coverages which may influence the way in which 
they respond to thaw. Numerical modeling offers 
a powerful tool to explore the mechanisms 
that control groundwater and river discharge 
as permafrost thaws, data on catchment-scale 
permafrost distributions and dynamics most often 
does not exist. The agreement between observed 
and modeled trends in discharge demonstrates the 
value of idealized aquifer models for exploring 
physical changes in the permafrost-hydrological 
system at catchment-scales. 

Final remark: Perspectives on 
future research

The Arctic has recently warmed at a faster pace 
than the average for the globe and predictions 
point to future air temperature increases of 2.2 - 
8.3 °C within this century (Collins et al., 2013). 
This warming is expected to be accompanied 
by profound changes in the arctic hydrological 
system including increasing precipitation and 
evaporation (Collins et al., 2013 ;Bintanja and 
Selten, 2014); decreasing wetland areas (Avis 
et al., 2011); a shorter snow cover season and 
changes in snow thickness (Collins et al., 2013); 
and a higher frequency of rain on snow events 
(Rennert et al., 2009). My Ph.D. research has 
focused on providing knowledge on the links 
between hydrology and permafrost. During 
this work several knowledge gaps and needs 
for future research have been identified. A key 
challenge for future research projects will be to 
quantify the effects of arctic climate change on 
the coupled permafrost-hydrological system and 
to determine how these changes will influence 
river ecosystems as well as carbon and nutrient 
transport.

The results from Paper III, for example, 
highlight the necessity to further explore 
groundwater heat advection and lateral heat fluxes 
in permafrost areas.  As these processes generally 
are not represented in traditional permafrost 
models, future research should aim to quantify 
the role of different heat transfer processes under 
various environmental conditions in terms of 
permafrost distribution, climate, terrain, and soil 
types. If lateral heat fluxes significantly affect 
thaw rates it would imply that permafrost thaw 
will not be linear as permafrost degrades from 
continuous to patchy patterns of discontinuous 
permafrost. This problem could be addressed 
through modeling using recently developed 
codes for coupled fluid and thermal fluxes 
(Kurylyk et al., 2014), but there is also a need for 
empirical data for validating modeling efforts. 
Most ground temperature data for permafrost 
environments come from boreholes and are 
therefore optimized for analyzing vertical 
thermal fluxes. For understanding lateral fluxes, 
including groundwater advective fluxes, lateral 
heat and pressure gradients need to be observed. 
In addition, results from Paper III suggest that 
high groundwater flow events, such as the spring 
flood, can be very important for transporting 
heat through the ground. The hydrology of 
arctic regions is dominated by snowmelt events, 
when a large portion of the annual precipitation 
reaches streams and water bodies all at once. The 
role of this event in annual and long term thermal 
dynamics is however not well-investigated.

Furthermore, the influence from permafrost 
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on groundwater and river temperatures has 
not gained much attention in the scientific 
literature (Blaen et al., 2013). Theoretically, 
seasonal meltwater from the active layer could 
be expected to cool and dampen groundwater 
and stream temperatures and the same could be 
expected from long term thawing of permafrost. 
Arctic river ecosystems are adapted to specific 
streamflow and temperature conditions, but 
water temperatures are likely to change in the 
future due to combined effect from warming 
air temperatures and permafrost thaw. Future 
research should be focused on understanding 
the links between permafrost dynamics and 
groundwater and stream water temperatures 
and on predicting changes in stream water 
temperatures. Furthermore, the consequences 
from these predicted changes on stream 
ecosystems and biogeochemical cycles should 
be explored.

Lastly, as highlighted in Paper IV, changes in 
groundwater and river discharge are expected 
as permafrost thaws. Degradation of permafrost 
will increase storage capacities of arctic grounds 
but the resulting changes in storage and storage 
dynamics are relatively unknown. Questions 
still remain regarding how changes in the timing 
and quantity of discharge may differ across 
different terrain and how they may interact with 
other environmental changes. Knowledge on 
how permafrost dynamics impact partitioning 
of surface and subsurface water as well as flow 
pathways of water through the landscape is 
needed as these changes will affect ecosystems 
and carbon and nutrient fluxes through the 
landscape. In general, an intensification of the 
hydrological cycle is expected in arctic areas 
as evaporation and precipitation increases. 
However, subsequent changes in both spatial 
and temporal surface and subsurface storage 
dynamics remain largely unknown. 
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