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The permafrost domain still encompasses many scientifically uncharted territories with innu-

merable hydrologic features yet to be discerned, many processes to be understood and pertinent 

new concepts to evolve. The excitement of discovery will continue to entice future investigators. 

Ming-ko Woo (2012), Permafrost Hydrology, preface 

  



 

 

  



Abstract 

The active layer constitutes an important subsystem of permafrost environments. Thermal and 

hydrological processes in the active layer determine local phenomena such as erosion, hydrolog-

ical and ecosystem changes, and can have implications for the global carbon-climate feedback. 

Despite their importance for environmental and climate change, active layer dynamics are still 

only poorly understood. The importance of hydrology for active layer processes is generally 

well acknowledged on a conceptual level, but the physical interdependencies between soil mois-

ture, subsurface water flows and active layer depth are largely unresolved. This thesis used 

state-of-the-art numerical modeling to study the influence of ground surface temperature, soil 

moisture content and advective heat flow on near-surface permafrost temperatures and active 

layer depths. The investigation was performed for a dry, loess-covered river terrace in central 

Adventdalen, Svalbard, and fed by high-resolution hydro-climatic field data for the period 

2000-2014. Nine scenarios were considered in order to independently test the influence of   

different initial soil moisture contents (6%, 12%, and 19%) and infiltration patterns (no infiltra-

tion, constant infiltration, and early summer peak infiltration). Results indicated that the perma-

frost-hydrological system at the study site is largely influenced by cryosuction processes due to 

strong capillarity of the highly unsaturated soil. Zones of increased ice content developed    

primarily near the permafrost table, creating a ‘transition zone’ between the lower part of the 

active layer and the upper permafrost. Infiltration based on snow melt and summer precipitation 

was found to be negligible for the seasonal active layer development. The active layer depth 

generally decreased with increasing initial soil moisture content due to a higher consumption of 

latent heat. However, cryosuction into the permafrost table and water percolation could poten-

tially counterbalance latent heat effects, at least in systems characterized by higher soil moisture 

contents. Both model simulations and field observations showed a clear tendency of increasing 

active layer depth during the study period, whereas inter-annual variations in active layer depth 

were comparably small. Given the moisture migration into the ‘transition zone’, the model   

results further suggested that the site might be capable to buffer thaw and thus obscure increas-

ing ground surface temperatures to a certain degree. This could have implications for the suita-

bility of active layer depth as a proper indicator for climate change. 

Keywords: active layer, permafrost hydrology, numerical modeling, cryosuction, transition 

zone, Adventdalen, CALM. 
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1 Introduction 

1.1 Background 

Permafrost is present in about one quarter of the Northern Hemisphere’s land area (Zhang et al., 

2000). Given its influence on energy exchange, hydrological processes, carbon budgets and 

natural hazards, permafrost has been identified as one of the key components of the global cli-

mate system (Riseborough et al., 2008). In the northern circumpolar region, permafrost degra-

dation has already been observed, and in some parts, significant amounts of permafrost are  

expected to thaw out this century. The thawing of permafrost will proceed at different rates, 

since ground thermal regimes and ground ice content vary considerably among different physi-

ographic settings (Kuhry et al., 2010).  

With regard to hydrology, ecology and mass movements, the active layer is an important sub-

system of permafrost environments. It determines gas fluxes, groundwater flow regimes, soil 

formation and the conditions for plant growth (Boike et al., 1998). The permafrost beneath the 

active layer limits percolation and subsurface water storage, allowing wet soils and ponding at 

the surface even in dry climates (Vörösmarty et al., 2001). The thermal and hydrological pro-

cesses in the active layer are key to local or regional phenomena like erosion, hydrological and 

ecosystem changes (Weismüller et al., 2011). Furthermore, given the large amount of carbon 

stored in permafrost (Tarnocai et al., 2009), active layer dynamics have additional implications 

for the global carbon-climate feedback. Research in arctic hydrology has primarily been driven 

by the climate change debate. Hydrology has come into focus because changes in the hydrologi-

cal cycle can indicate ongoing permafrost change (e.g. Lyon et al., 2009; Sjöberg et al., 2013) 

and because permafrost change can in turn have a large impact on hydrology. Examples include 

permafrost warming, increased active-layer thickness, shorter snow cover periods, and increased 

shrub vegetation (Woo et al., 2008). Active layer thickening in particular is expected to alter 

groundwater flow rates, flow paths, and discharge into surface water. In this context, growing 

concern arises from the associated transport of carbon and nutrients and the shift in biogeo-

chemical composition of surface waters (Walvoord and Striegl, 2007). 

In Svalbard, long-term records indicate an increase in mean annual air temperature of 0.23°C 

per decade since the beginning of the 20
th
 century (Humlum et al., 2011). There is also evidence 

that permafrost temperatures in Svalbard, already highest in the Arctic, have been rising during 

this period. Since the turn of the century, a considerable and accelerated permafrost warming 

has been detected down to a depth of 60 m (Isaksen et al., 2007). Permafrost degradation usual-

ly starts with a deepening of the active layer, followed by the formation of a talik and the subse-

quent thawing of the remaining permafrost. Therefore, increasing active layer depths might be 

regarded as an ‘early warning system’ for permafrost degradation (Westermann et al., 2010). 

Active layer development in Svalbard has been observed through the Circumpolar Active Layer 

Monitoring (CALM) network. The CALM program, designed to observe the spatial and      

temporal variability of the near-surface permafrost, is the world’s primary source of information 

about the active layer (Shiklomanov et al., 2008). UNISCALM, the monitoring site in 

Adventdalen, was established in summer 2000 and has been probed regularly ever since (Chris-

tiansen and Humlum, 2008).   
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So far, active layer dynamics in Svalbard have primarily been studied based on the analysis of 

monitoring data. Roth and Boike (2001) quantified the soil thermal properties and conductive 

heat fluxes for an experimental site near Ny-Ålesund based on subsurface temperature data and 

soil moisture measurements. Åkerman (2005) monitored active layer depths over several dec-

ades in the Kapp Linné area with regard to periglacial slope processes. Isaksen et al. (2007) 

evaluated thermal monitoring data for a 100 m deep borehole in central Adventdalen over a 

period of six years. For the period 2000-2007, Christiansen and Humlum (2008) used a com-

bined consideration of thermal monitoring data and active layer depth measurements to derive 

information on active layer development at the UNISCALM study site. More recently, two stud-

ies went beyond the analysis of monitoring data to explore active layer dynamics at sites close 

to Ny-Ålesund. Westermann et al. (2010) used ground penetrating radar (GPR) to identify soil 

moisture content and thaw depths. The study by Weismüller et al. (2011) involved the applica-

tion of a one-dimensional coupled thermo-hydrological model to quantify key processes con-

trolling active layer dynamics. 

Despite their importance for environmental and climate change, active layer dynamics are still 

only poorly understood. The importance of hydrology for active layer processes is generally 

well acknowledged on a conceptual level, but the physical interdependencies between soil mois-

ture, subsurface water flows and active layer behavior are largely unresolved. Here, physically-

based modeling can serve as an excellent tool to test hypotheses, investigate processes and im-

prove the overall system understanding.  

 

1.2 State of research 

Advances in permafrost modeling within the last few decades have been substantial. Models of 

varying complexity have been developed to investigate the thermal response of permafrost to 

(hydro-) climatic conditions (Riseborough et al., 2008; Karra et al., 2014). Permafrost modeling 

started out as the modeling of a sole process, thermal conduction, and has increasingly been 

improved by adding further physical components and processes. Research on the freeze/thaw 

mechanism of arctic soils was boosted during the 1970s and 1980s in light of increased oil and 

gas exploitations in Alaska and Canada (Hansson et al., 2004). The necessity to couple thermal 

and moisture regimes to account for phase changes in thawing and freezing soils became widely 

recognized and incorporated into permafrost models during this time (e.g. Nakano and Brown, 

1971; Harlan, 1973; Guymon and Luthin, 1974; Jame and Norum, 1980). Heat transfer through 

convection was commonly neglected, first due to the absence of suitable mathematical solu-

tions, and then because it was considered irrelevant for permafrost research (e.g. Nixon, 1975; 

Fuchs et al., 1978; Lachenbruch and Marshall, 1986). Up until today, the pure interplay of 

thermal conduction and latent heat has been considered an adequate conceptualization to de-

scribe permafrost dynamics and active layer processes in a multitude of studies (e.g. Kane et al., 

1991; Hinzman et al., 1998; Shiklomanov and Nelson, 1999; Roth and Boike, 2001; Ling and 

Zhang, 2004; Bolton et al., 2008; Zhang et al., 2008; Smith and Riseborough, 2010; Etzelmüller 

et al., 2011; Jafarov et al., 2012). Widely used algorithms for the estimation of active layer 

depth in these studies are the Stefan and the Kudryavtsev models. They allow for the calculation 

of the temperature field and the position of the freezing/thawing front given soil thermal proper-
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ties and latent heat (Riseborough et al., 2008). A less physical but more functional model for 

active layer characterization was proposed by Smith and Riseborough (1996). The so-called 

TTOP model links air, surface and permafrost temperature through seasonal surface transfer 

functions and subsurface thermal properties. It has been utilized and tested against other types 

of models in a variety of studies ever since (e.g. Wright et al., 2003; Juliussen and Humlum, 

2007; Duchesne et al., 2008; Ednie et al., 2008; Janke et al., 2012; Luo et al., 2014).  

The investigation of convection as a means of heat transfer in permafrost resumed about the turn 

of the century. The first efforts in modeling coupled heat and mass movements in freezing soil 

were mostly generic in nature and have generally been evaluated using laboratory simulations of 

freezing soil columns. They usually concentrated on small spatial scales in the range of centime-

ters and aimed at exploring the physical processes ongoing in permafrost. For instance, Zhao et 

al. (1997) investigated the interaction between simultaneous heat transfer, liquid water flow, 

and phase change in unsaturated frozen soil while applying infiltration; or Lu et al. (2001) em-

phasized moisture migration and ice segregation processes occurring along the freezing front. 

Increasing process understanding has continuously been readopted and developed further by 

subsequent studies, all driven by the wish to represent thermo-hydrological processes as com-

prehensively as possible (Hansson et al., 2004; Akbari et al., 2009; Thomas et al., 2009; Zhou 

and Zhou, 2010; Dall’Amico et al., 2011; Sheshukov and Nieber, 2011; Weismüller et al., 2011).  

Major advances in permafrost-hydrological modeling have only been made recently, when fully 

coupled two- or three-dimensional models were developed. They cover a range of spatial scales 

and time frames to conform to the nature of cold-region hydrology (Karra et al., 2014). The 

modeling studies carried out so far addressed either entirely generic settings or problems in-

spired by a specific regional setting. The MarsFlo code (Painter, 2011) has been applied by 

Frampton et al. (2011, 2013) to simulate water flows in a generic permafrost system under sea-

sonal temperature variability and climate change. Grenier et al. (2013) used the Cast3M simula-

tion platform to estimate the impact of permafrost development on groundwater flow patterns in 

a generic two-dimensional river plain. McKenzie and Voss (2013) simulated permafrost thaw in 

a generically-designed nested groundwater system using a modified version of the SUTRA 

groundwater simulator. Karra et al. (2014) tested the PFLOTRAN-ICE code for projecting the 

hydrological response of degrading permafrost by reproducing a previously conducted laborato-

ry experiment. The studies involving example applications to specific field sites all considered 

fully-saturated flow. McKenzie et al. (2007) and Ge et al. (2011) used SUTRA-ICE to model 

groundwater systems as found in North American peat bogs and on the Tibet Plateau, respec-

tively. Rowland et al. (2011) used ARCHY to model a sub-lake talik similar to those observed 

at Seward Peninsula, Alaska. FlexPDE has been applied in numerous studies to investigate per-

mafrost degradation and glacially-driven groundwater systems either for generic or specific 

regional settings (Bense and Person, 2008; Bense et al., 2009; Bense et al., 2012; Scheidegger 

et al., 2012; Scheidegger and Bense, 2014). The Arctic Terrestrial Simulator ATS (Coon et al., 

in review) is a  recently developed surface/subsurface code for permafrost-hydrological model-

ing. Atchley et al. (2015) used field data from Barrow, Alaska, for model calibration, whereas 

Sjöberg et al. (in review) investigated groundwater flows through subarctic fens using the ATS 

in conjunction with field data from Northern Sweden.  
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1.3 Aim of this thesis 

This thesis built on the latest developments in permafrost-hydrological modeling and made use 

of the Arctic Terrestrial Simulator ATS to explore active layer dynamics. In contrast to previous 

modeling studies, this thesis considered permafrost hydrology in a dry arctic setting. The inves-

tigation was not only inspired by, but based on high-resolution hydro-climatic field information 

for the UNISCALM site in Adventdalen, Svalbard. For a 14-years study period (09/2000-

08/2014), the influence of soil moisture content and advective heat flow on active layer depths 

and permafrost temperatures was tested. To evaluate different hypotheses regarding the site 

conditions and dominating processes, a scenario analysis was performed by altering the assump-

tions made in the numerical model. Results of the model simulations were compared to ground 

temperature and soil moisture records at the study site and discussed in the context of relevant 

research previously performed at the study site or in comparable settings. 

The thesis aimed at improving the process understanding of active layer dynamics and perma-

frost temperatures with regard to hydrological influencing factors. In order to do so, it addressed 

the following research questions: 

In a dry arctic permafrost environment -  

 What is the effect of soil moisture on ground temperature development and active layer 

depth? 

 How does infiltration and the associated heat flow through moisture movement affect 

active layer dynamics?  
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2 Regional setting 

Adventdalen is one of the largest valleys in Svalbard and located in the central part of the archi-

pelago. During about four months of summer, mostly between June and September, the braided 

river system of Adventelva drains the valley and discharges into Adventfjorden close to the 

village of Longyearbyen (Fig.1). During the rest of the year, the river is frozen and does not 

produce any discharge into the fjord (Bryant, 1982; Killingtveit et al., 2003). 

 

Figure 1: a) map of the lower Adventdalen in central Spitsbergen including the location of the UNISCALM site and the 
meteorological station Svalbard Airport; b) close-up of the river terrace including the UNISCALM site and adjacent 
boreholes (Data: Norwegian Polar Institute). 

 

Adventdalen is a typical U-shaped valley that dissects a landscape characterized by peaks, 

ridges and plateaus. It is mainly covered by unconsolidated glacial, colluvial, alluvial, marine 

and aeolian deposits. The tributary streams draining to Adventelva have built up large alluvial 

fans on both sides of the valley (Oliva et al., 2014). Moreover, several river terraces have been 

described that confine the braided channel system of Adventelva and can extend up to several 

meters above river elevation (Bryant, 1982). The UNISCALM site (78°12’ N, 15°45’ E) is lo-

cated on one of these terraces on the southern bank of Adventelva at an elevation of 10 m a.s.l. 

(Fig. 1). The upper 1.3 m of sediment has been described as horizontally layered loess, i.e. silt-

dominated aeolian sediment (Christiansen and Humlum, 2008). Information from adjacent 
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boreholes and a study site about 3 km upstream supports this classification and provides evi-

dence of fine-grained, silt-dominated sediment with interbedded clay and sand down to a depth 

of 60 m (Gilbert, 2014; Oliva et al., 2014; Cable et al., in review). From his extensive study on 

the sedimentation history of Adventdalen, Gilbert (2014) concluded that the aeolian sedimenta-

tion and permafrost aggradation at the UNISCALM site began about 3,000 years ago when the 

ground was exposed subaerally. Today, the site is covered by typical arctic tundra vegetation 

consisting of mosses and low vascular plants like Salix herbacea and sedges (Fig. 2) (Bryant, 

1982; Cable et al., in review). 

 

Figure 2: UNISCALM study site during summer (07.08.2001) looking northwest (downstream) towards the Old 
Auroral Station 2 and Isdammen water reservoir; Adventelva is located outside the picture to the right (photo credit: 
H. H. Christiansen). 

 

The periglacial environment, which accounts for the glacier-free parts of Svalbard (about 40%), 

is characterized by geomorphic permafrost features such as pingos, ice wedges, and sorted   

circles (Humlum et al., 2003). Permafrost is continuous in Svalbard, i.e. more than 90% of the 

ice-free, terrestrial surface is believed to be underlain by perennially frozen ground. Permafrost 

in the high mountains can be up to 500 m thick, whereas in the valley bottoms such as in 

Adventdalen permafrost thickness is estimated to be about 100 m (Listøl, 1977; Humlum, 2005). 

Information from the 1 km deep CO2 borehole close to the UNISCALM site (Fig. 1b) provides 

evidence for a sub-permafrost groundwater table at around 150-250 m depth (Braathen et al., 

2012).  

Fig. 3 summarizes the thermal characteristics for the 10 m deep ASB-2 borehole in close prox-

imity to the UNISCALM site (Fig. 1b). Based on recordings between 2009 and 2013, the mean 

annual ground surface temperature (MAGST) ranged from -13.1°C in March to +9.8°C in July. 

Zero annual amplitude, i.e. the depth where the annual change of ground temperature is < 0.1°C 

(Woo, 2012), can be observed at -9.85 m. Here, the mean annual ground temperature (MAGT) 
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was -5.5°C, but shows an average increase of 0.05°C yr
-1

 during the period of records. Accord-

ing to the temperature envelope (‘trumpet curve’), the active layer develops during four months 

of summer, i.e. from June to September, and reaches its maximum thickness of about 0.95 m in 

August. 

 
Figure 3: Mean monthly subsurface temperatures [°C] ('trumpet curve') for the period 2009-2013; data is obtained 
from records at borehole ASB-2 approx. 80 m northwest of the UNISCALM site (Data: Geological Survey of Norway). 

 

Svalbard is categorized as polar tundra according to the Köppen-Geiger climate classification. 

Despite its location in the High Arctic, it exhibits a comparatively mild climate which can be 

ascribed to the North Atlantic Current. However, these warm air masses compete with north-

easterly winds transporting cold air from the Siberian High to the Svalbard region. High tem-

perature fluctuations, especially during winter, are a result of the alternating pressure conditions 

in the Northern Hemisphere and a common phenomenon in Svalbard. Here, variations in month-

ly mean temperature of up to 25°C have been observed during winter (Førland et al., 1997).  

Svalbard airport is the nearest meteorological station to the UNISCALM site. Fig. 1 shows its 

location at about 8 km northwest of the study site, but closer to the shoreline and at a slightly 

higher elevation (28 m a.s.l.) than UNISCALM. Based on records from Svalbard airport, as 

summarized in Tab. 1, annual mean air temperature during the study period was -3.6°C and 

mean annual precipitation was 195 mm. Comparison to the latest climate normal 1981-2010 

shows that annual mean air temperature was noticeably higher during the study period. Precipi-

tation occurred mainly during winter so that about two thirds of annual precipitation (125 mm) 

fell as snow. April, May and June were the driest months. Over the course of the study period, 
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both precipitation and mean air temperature were subject to considerable inter-annual varia-

tions, as depicted by Fig. 4. With regard to the snow cover, several studies report snowmelt in 

Adventdalen to occur within a couple of weeks only, primarily between May and June (Gerland 

et al., 1999; Humlum, 2002; Killingtveit et al., 2003; Moreno and Cañadas, 2013). 

Table 1: Mean monthly and annual temperature [°C] and precipitation [mm] at Svalbard airport during the study 
period 2000-2014; statistics for the latest climate normal 1981-2010 are included for comparison (Data: Norwegian 
Meteorological Institute). 

 2000-2014 
  1981-
2010 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec   

T [°C] -9.5 -10.0 -12.9 -8.7 -1.8 +3.7 +7.0 +6.2 +2.1 -3.5 -6.7 -8.5 Ø -3.6 Ø -5.1 

P [mm] 20 12 15 9 8 7 21 20 22 21 19 22 Σ 195 Σ 187 

 

 
Figure 4: Mean annual precipitation [mm yr

-1
] (blue bars) and air temperature [°C] (cyan line) at Svalbard airport 

weather station between 2000 and 2014 (Data: Norwegian Meteorological Institute). 
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3 Methods 

3.1 Numerical modeling 

Modeling permafrost hydrology is a challenging endeavor due to the inherent complex interac-

tions between thermal, hydrological, hydrogeological, and mechanical stress effects (Frampton 

et al., 2013; Painter et al., 2013). Even a superficial consideration of active layer behavior   

reveals a multitude of ongoing processes, several of them interconnected with each other and 

highly nonlinear (Weismüller et al., 2011). According to Atchley et al. (2015), soil thermal con-

ductivity alone is highly intricate as it depends on a variety of factors like volumetric water con-

tent, mineral composition, porosity, density, and temperature. Furthermore, the simulation of 

arctic hydrology can require a strong coupling between surface and subsurface water flows  

including the surface-atmosphere interrelation (Woo et al., 2008). Modeling studies might also 

need to consider the freeze/thaw cycle of possibly ice rich soil, snow cover dynamics, biogeo-

chemical processes or the evolution of the microtopography due to degrading ground ice in the 

subsurface (Garimella et al., 2014).  

For the present thesis, the simulation of permafrost hydrology is restricted to subsurface thermal    

hydrological processes including thermal conduction, subsurface water flow, advective heat 

transport through the movement of water, vapor diffusion and the partitioning between the ice, 

liquid, and vapor phase. Models for water movement in freezing porous media usually combine 

conservation equations for energy and water mass. The ATS computes the mass and energy 

balances for water in a porous media, where water can exist in the liquid, gas, and/or ice phase. 

The mass and energy conservation equations are (Karra et al., 2014) 

   
 

  
         

 
                                     

 
   (Eq. 1) 

   
 

  
                                                         (Eq. 2) 

where Qw is a mass source of water [mol m
-3

 s
-1

] and Qe is a heat source [J m
-3

 s
-1

]; the sub-

scripts l, g, and i denote the liquid, gas, and ice phases respectively;   is porosity [-]; sα (α = l, g, 

i) is the saturation index of the α-th phase [-]; ηα (α = l, g, i) is the molar density of the α-th 

phase [mol m
-3

];   
  (α = l, g, i) is the mole fraction of water in the α-th phase [-];    is the  

tortuosity of the gas phase  [-]; Dg is the diffusion coefficient in the gas phase [m² s
-1

]; T is tem-

perature [K]; cr is the specific heat of the soil [J kg
-1

 K
-1

];    is the density of the soil [kg m
-
³]; 

Uα (α = l, g, i) is the molar internal energy of the α-th phase [J mol
-1

]; Hα (α = l, g, i) is the molar 

enthalpy of the α-th phase [J mol
-1

];   is thermal conductivity [W m
-1

 K
-1

];     is the gradient 

operator and      is the divergence operator.  

The Darcy flow for the liquid phase q [m s
-1

] is given as 

  
     

  
             (Eq. 3) 

where   is the absolute permeability [m²];     is relative permeability [-]; μl is viscosity [Pa∙s]; 

pl is partial pressure [Pa]; ρl is mass density [kg m
-3

]; g is acceleration due to gravity [m s
-2

] and 

z is the vertical distance from a reference datum [m]; the subscript l denotes the liquid phase.  
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In addition to the conservation equations described above, the simulation of non-isothermal, 

multi-phase flow of water requires certain constitutive relations. In the ATS, these additional 

sets of equations describe relations for the mole fraction of water vapor, saturations of the vari-

ous phases, relative permeability, thermal conductivity, and water vapor diffusion (Karra et al., 

2014).  

Regarding saturations, the ATS uses the approach by Painter and Karra (2014) to calculate the 

partitioning of ice, liquid, and vapor phases. The model addresses two critical constitutive rela-

tionships among temperature, liquid pressure and total water content and solves them simulta-

neously for sl and si (Karra et al., 2014): 

                   (Eq. 4a) 

             
          

            (Eq. 4b) 

where    is the retention curve for unfrozen liquid-gas phases;      is the liquid-gas capillary 

pressure [Pa];   is the ratio of ice-liquid to liquid-air surface tensions [-]; ρi is the mass density 

of ice [kg m
-3

];    
  is the heat of fusion of ice at 273.15 K [J kg

-1
];   

    

  
 [-] and T0 = 273.15 

K. The Heaviside function H is used to make Eq. 4b applicable to both frozen and unfrozen 

conditions. The first relation (Eq. 4a) is derived assuming that ice can be treated as a solid in 

order to relate capillary pressure and phase saturations, so that the remaining pore space is di-

vided into vapor and liquid phases using the retention curve for unfrozen liquid-vapor. The se-

cond relation (Eq. 4b) describes liquid saturation as a function of total water content. The first 

term in square brackets is the capillary pressure between ice-liquid phases when gas is absent 

(saturated conditions), and the second term is the addition to the ice-liquid capillary pressure 

when gas is present (unsaturated conditions). 

For the retention curve for unfrozen liquid-gas phases    the van Genuchten model (van 

Genuchten, 1980)  

                    
    ,                if       (Eq. 5a) 

    ,                                                           if       (Eq. 5b) 

is used together with the Mualem model (Mualem, 1976) for the relative permeability of liquid 

water: 

        
 

           
 

  
 

 
 

 (Eq. 6) 

where    is the residual saturation [-];    is capillary pressure [Pa];      
 

 
 ; and α [Pa

-1
] 

and n [-] are parameters (Painter and Karra, 2014). 

For a more detailed derivation of the conservation equations and full information on all the con-

stitutive relations considered in the ATS see Painter (2011) and Karra et al. (2014).  
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3.2 Data input and processing 

This thesis makes use of high-resolution field site data consisting of ground temperature, precip-

itation, soil moisture, and active layer depth records (Tab. 2). Except for precipitation, all     

datasets were made available by the University Centre in Svalbard (UNIS) and the Geological 

Survey of Norway (NGU). High-resolution ground temperature data was available from a high-

precision Tinytag logger at the center of the UNISCALM grid and from the ASB-2 borehole 

located around 80 m northwest (Fig. 1b). At the UNISCALM site, temperature has been record-

ed hourly during a period of 14 years at five different depths within the active layer. At borehole 

ASB-2 hourly temperature records exist for five and a half years at 10 different depths both 

within the active layer and the permafrost. Precipitation data from the Svalbard airport meteoro-

logical station was obtained as a complete daily time series from the Norwegian Meteorological 

Institute. The soil moisture time series encompasses 3-hourly information on volumetric water 

content recorded in close proximity to the ASB-2 borehole. It is available for six depths within 

the active layer. Information on active layer depth derived from repeated physical probing dur-

ing summer has been provided for the UNISCALM monitoring site. The annual active layer 

depth has been defined as the maximum active layer depth at the grid center measured each 

summer. Except for the information on active layer depth, all other datasets have been convert-

ed into daily  averages to agree with the model set-up. 

 

Table 2: Available field data used as model input and for model evaluation. 

Source Method Dataset Period 

UNISCALM logger  

(UNIS) 

Automatic logger 

(Tinytag) 

Ground surface temperature (0.0 m) 

Subsurface temperature (-0.1, -0.2, -0.5, -1.1 m) 

01.09.2000-

31.08.2014 

ASB-2 borehole 

(NGU) 

Automatic logger 

(GeoPrecision) 

Ground surface temperature (0.0 m) 

Subsurface temperature (-0.25, -0.5, -0.75, -1.0, -2.0,    

-3.0, -5.0, -7.0, -9.85 m) 

17.09.2008-

14.04.2014 

Svalbard airport 

meteorol. station 

(Norw. Met. Inst.) 

n/a Precipitation 
01.09.2000-

31.08.2014 

ASB-2 logger 

(UNIS) 

Automatic logger 

(DL6) 
Soil moisture (-0.1, -0.2, -0.3, -0.4, -0.6, -1.0 m) 

20.10.2008-

31.08.2014 

UNISCALM grid 

(UNIS) 
Physical probing Active layer depth 

01.09.2000-

31.08.2014 

 

The subsurface temperature datasets showed minor data gaps (<1% of data) and were corrected 

for a few clear outliers in subsurface temperature. Since the time series for ground surface tem-

perature (0 m) was used as top boundary condition for the model domain, two periods of miss-

ing data (Aug 31-Sep 26, 2001 and Apr 26-Oct 17, 2004) needed to be amended. In order to 

ensure the actual temperature pattern to the greatest possible extent, absent data was replaced 

using information from the next closest sensor at 0.1 m depth. The data correction approach was 

taken from previous work done by Leander and Buishand (2007) and Terink et al. (2009). They 

used a statistical approach to fit downscaled temperature data from a regional climate model to 
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local observations in a catchment. Following their work, the missing ground surface tempera-

ture data was estimated as 

           
   

      
                                (Eq. 7) 

where        is the estimated daily ground surface temperature;           is the available daily   

temperature at 0.1 m depth;     and        denote the mean temperature at 0 m and 0.1 m 

depth, and σ0m and σ-0.1m denote the standard deviation at 0 m and 0.1 m depth, respectively (all 

[°C]). Both statistical characteristics were computed for the respective data gap period and 

based on the fully available time series 2001-2013. 

Since the UNISCALM temperature logger does not provide information below a depth of 1.1 m, 

existing data records from the ASB-2 borehole were used to evaluate the simulated permafrost 

temperatures for the second half of the study period.  

 

3.3 Model set-up 

3.3.1 Basic model configuration 

The model domain was chosen to be 10 m deep because subsurface temperature information 

was available to a maximum depth of 9.85 m from the ASB-2 borehole. Also, the almost con-

stant temperature at that depth (zero annual amplitude) could be used as an adequate lowermost 

boundary condition. As mentioned earlier, the temperature at -9.85 m was increasing on average 

by 0.05°C yr
-1

 between 2008 and 2014. This tendency is assumed to be a long-term phenome-

non and was therefore extrapolated to the year 2000. The temperature input at the bottom of the 

model domain was thus a linear function increasing from -6.05°C (09/2000) to -5.4°C 

(08/2014).  

The model domain was split up into equally spaced cells of 0.1 m height, except for the topmost 

and lowermost cells which measure only 0.05 m. This was done to ensure that temperatures 

were computed at exactly those depths where observations exist, e.g. 0.1 m, in order to facilitate 

an adequate comparison. Since some scenarios involve infiltration (see below) and thus poten-

tial lateral water flow, a two-dimensional model configuration was required. Following the  

layout of the UNISCALM active layer probing grid, the model domain was established as five 

columns at 10 m length each. The first column on the left can be regarded as being the grid cen-

ter and location of the temperature logger. The evaluation of model results was performed for 

this column only. 

3.3.2 Modeling strategy 

The modeling process included four successive steps for every scenario, as illustrated by Fig. 5. 

As a first step, the site was modeled under isothermal, unfrozen conditions, i.e. a constant tem-

perature of +2°C was applied to the entire domain. No external energy flows were considered 

either at the surface or the bottom of the column (no flow boundaries). A hydrostatic equilibri-

um was assumed by assigning a constant pressure boundary condition at the surface and apply-

ing a gradient of +9,830 Pa m
-1

 (specific weight of water) down to the bottom of the column. 
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The groundwater table was assumed to be at a depth of 150 m so that the corresponding pres-

sure at the ground surface was determined to be -1.5 MPa using  

                 (Eq. 8) 

where      is ground surface pressure [Pa],      is the pressure at the water table [Pa],    is 

water density [kg m
-3

],   is gravity [m s
-2

], and   is groundwater table depth [m] (Szymkiewicz, 

2013). 

 

 
Figure 5: Schematic representation of modeling steps 1-4 including the respective boundary conditions (BC) (not to 
scale); grey color denotes a pressure BC, hatched areas a temperature BC, and dotted areas a mass flow BC; the 
remaining non-emphasized boundaries are no flow boundaries. The vertical delineation of cells (0.1 m) is not shown. 

 

The second modeling step used temperature and pressure as computed in step 1 as initial condi-

tions. In this step, the model domain was frozen from the bottom by applying a constant nega-

tive temperature of -6°C (representing the approximate temperature at the depth of zero annual 

amplitude) as bottom boundary condition. All other boundaries were no flow boundaries. The 

model was run until a thermal equilibrium was reached. 

Modeling step 3 was the preparing spin-up for the final model run. It used temperature and pres-

sure from step 2 as initial conditions. The constant temperature as bottom boundary condition 

remained unchanged. In this step, a periodic steady state was achieved by applying a simplified 

annual temperature variation to the surface and running the model for 100 years. The spin-up 

period necessary to achieve a periodic steady state was determined by quantifying the inter-

annual differences in soil  temperature at the end of every year, and the condition that the    
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maximum difference over the entire model domain shall not exceed 0.1°C. This is considered a 

reasonable threshold with regard to other sources of error and reflects the UNISCALM logger 

precision. For those scenarios involving infiltration, a mass flow was applied as top boundary 

condition to the first column on the left. To allow lateral subsurface flow, the upper 1 m of the 

domain’s right face was changed into a suction face. It was assigned the same value as the ini-

tial surface pressure, i.e. -1.5 MPa, to ensure that potential excess water could flow out. 

The last modeling step consisted of running a transient model using the UNISCALM daily 

ground surface temperature dataset (0 m) as top boundary condition. In addition, the constant 

temperature input at the bottom of the domain was replaced by the linear function reflecting the 

observed increasing temperature trend at the depth of zero annual amplitude. Where required, 

infiltration and suction were applied to the respective faces equivalent to step 3. 

3.3.3 Scenario analysis 

The UNISCALM site represents an excellent testing ground for hydrological modeling due to 

its relative homogeneity in sediment composition. By assuming the entire model domain to be 

made up of homogeneous (sandy) silt with the respective physical and thermal properties (Tab. 

3), the particular effect of soil water content and infiltration was brought into focus.  

 

Table 3: Physical and thermal subsurface properties used in the model simulations as derived from literature. 

Parameter Value Unit Source 

Porosity 0.4 - e.g. Schwartz and Zhang (2003), Fitts (2013) 

Permeability 10
-14 

m
2 e.g. Freeze and Cherry (1979), Kirsch and Yaramanci (2006), 

Wesley (2010) 

Density 2650 kg m
-3 

e.g. Andersland and Ladanyi (1994), Huang et al. (2012) 

Van Genuchten alpha 
2∙10

-5 

6∙10
-6 

2.5∙10
-6 

Pa
-1 UNSODA database (Leij et al., 1996),  

in Ghanbarian-Alavijeh et al. (2010) 

Van Genuchten m 0.35 - 
UNSODA database (Leij et al., 1996),  
in Ghanbarian-Alavijeh et al. (2010) 

Van Genuchten Sr 0.0 - - 

Heat capacity 850 J kg
-1

 K
-1 e.g. Andersland and Ladanyi (1994), Ochsner et al. (2001),  

Fitts (2013) 

Thermal conductivity 
(saturated) 

1.7 W m
-1

 K
-1 

Woo (2012) 

Thermal conductivity 
(dry) 

0.27 W m
-1

 K
-1 

Woo (2012) 

 

A total of nine scenarios were considered in order to allow an independent testing of both soil 

water content and infiltration regarding their respective relevance for active layer dynamics. 

Three base scenarios were created representing different soil water retention properties which 

were run either without or with infiltration input (Tab. 4).   
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Table 4: Overview of tested scenarios including their denotations. 

Base scenario 
Initial soil moisture content 
Initial liquid saturation  
Van Genuchten alpha 

 
6% 

15% 
2∙10e-5 Pa

-1
 

 
12% 
30%  

6∙10e-6 Pa
-1

 

 
19% 
47% 

2.5∙10e-6 Pa
-1

 

No infiltration DRY MED WET 

Constant infiltration DRY-cinfil MED-cinfil WET-cinfil 

Peak infiltration DRY-pinfil MED-pinfil WET-pinfil 

 

The initial soil water content in the model is a function of the soil water retention curve as com-

puted according to the van Genuchten model, i.e. the relationship between liquid saturation and 

capillary pressure (see Eq. 5a). Aside from the hydrostatic pressure in the subsurface as defined 

by the location of the groundwater table (see Eq. 8), the van Genuchten model parameters α, m, 

and Sr affect the water retention capacity and hence moisture content of a soil. Assuming a  

stable groundwater table at 150 m depth, the initial soil water content for the different scenarios 

was determined by making adjustments to the van Genuchten parameters (Tab. 3 and 4). For 

simplicity, residual saturation was assumed to be zero, and m, controlling the relative permea-

bility of the soil, was kept at a constant value. Consequently, the differences in soil water reten-

tion amongst the scenarios were ascribed to the α-parameter alone. For the present base scenari-

os, α-values of 2∙10
-5

, 6∙10
-6

, and 2.5∙10
-6

 Pa
-1

 resulted in initial soil water contents of approxi-

mately 6%, 12%, and 19%. Given a porosity of 0.4, this corresponds to a liquid saturation of 

15%, 30%, and 47%. 

The initial soil water contents to be tested in the simulations were inspired by the available soil 

moisture dataset (Fig. A20, Appendix). Accordingly, 6% soil moisture represents potentially 

very dry   conditions in the active layer during winter, 12% can be regarded as the average   

liquid saturation in the active layer during summer, and 19% as a potential upper limit of soil 

moisture content in the  active layer. In addition, irrespective of the targeted soil moisture    

content, all three variations of the   α-value are within an acceptable range for silt/sand soils 

according to the UNSODA unsaturated soil hydraulic database (Leij et al., 1996, in: 

Ghanbarian-Alavijeh, 2010). 

Beyond the sole effect of soil water content on active layer development, the importance of 

infiltration was tested on all base scenarios. In order to isolate the effects of infiltration volume 

and infiltration timing, the scenarios distinguish two infiltration patterns (constant and peak) 

whereas the amount of infiltration is kept stable. The infiltration volume was quantified based 

on the estimation of 1) snow melt, and 2) monthly mean summer precipitation reduced by evap-

otranspiration. First, the volume of snow melt (snow water equivalent) was primarily derived 

from the soil moisture records between 2011 and 2014. Based on the measured peaks in soil 

moisture in the upper 10-20 cm of the soil, snow melt corresponds to about 0.5 mm d
-1

 of infil-

tration during a period of approximately 14 days. Total infiltration through snow melt was thus 

assumed to be 7 mm per summer. Second, monthly mean summer precipitation as taken from 

the Svalbard airport meteorological station was reduced by 80% to account for evapotranspira-
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tion. Evapotranspiration in Svalbard has previously been quantified as ranging around 50% of 

annual rainfall (Killingtveit et al., 2003; Hodgkins et al., 2009). However, since there is minor 

evapotranspiration during the polar night, the rate during summer is presumably higher due to 

the intense light conditions. The fact that Adventdalen is exposed to strong winds (Førland and 

Hanssen-Bauer, 2003) further supports this assumption. 

Infiltration was applied while the ground surface was unfrozen. Infiltration started in spring 

(around mid/end of May) when the ground surface temperature became positive and would not 

drop below zero again until the freeze-back in autumn. Infiltration stopped one day before the 

ground surface temperature became negative (around mid of September). This way, the length 

of the infiltration period varied between 14 and 19 weeks. 

Fig. 6 illustrates the different assumptions on infiltration timing. In the constant infiltration  

scenario, the total infiltration volume (i.e. snow water equivalent and 20% mean summer pre-

cipitation) was distributed equally over the infiltration period. In the scenario involving peak 

infiltration, snow melt was assumed to occur during the first two weeks of the infiltration period 

only, followed by 20% monthly mean precipitation. Using a stable infiltration volume, this  

approach allowed the isolated consideration of the respective infiltration pattern, whereas it 

ignored the inter-annual variability in snow water equivalent and precipitation. 

 

 

Figure 6: Schematic representation of infiltration scenarios with a) constant infiltration, and b) peak infiltration (not 
to scale); infiltration is composed of 7 mm snow water equivalent (SWE) and mean monthly precipitation reduced by 
80% evapotranspiration; the total infiltration volume per summer remains approximately equal in both cases. 
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4 Results 

4.1 Subsurface temperature and active layer depth 

Model results for the base scenarios DRY, MED, and WET show that the different assumptions 

regarding initial soil water content had a considerable impact on the computed subsurface tem-

peratures. As depicted in Fig. 7, the scenario with lowest soil moisture content (6%), DRY,  

estimated the active layer depth (here assumed to equal the location of the 0°C-isotherm) to vary 

from ca. 1.40 m to 1.90 m. Increasing the initial soil moisture content to 12% in scenario MED 

led to a decrease in active layer depth to around 1.10-1.40 m. Another increase in soil moisture 

(19%) in scenario WET did not reduce the thaw depth much further, but led to active layer 

depths similar to scenario MED. Further tests performed outside this thesis confirmed these 

findings. They showed that the highest reductions in active layer depth through increased initial 

soil moisture were achieved in very dry systems (2% and 4% initial soil moisture content,    

respectively).  

Accordingly, when infiltration was added, the scenarios showed different magnitudes in subsur-

face temperature response. Active layer depths decreased most (by ca. 0.5 m) in the driest sce-

nario DRY, followed by a small decrease in scenario MED (by ca. 0.1 m). In the scenario with 

highest initial soil moisture, WET, active layer depths stayed approximately equal (not shown). 

The particular infiltration pattern (constant vs. peak) did not yield noticeable differences in sub-

surface temperatures both in the active layer and the permafrost.  

 

Figure 7: Modeled daily subsurface temperature [°C] in the upper 2 m of the model domain for base scenarios          
a) DRY, b) MED, and c) WET during the study period. The black contour line indicates the 0°C-isotherm.  
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Compared to the UNISCALM active layer logger data, model results showed that those scenari-

os that mimicked measured summer temperatures best tended to underestimate winter tempera-

tures, and vice versa (Fig. 8). In the permafrost, base scenarios MED and WET matched obser-

vations best during summer, whereas DRY mimicked winter temperatures best. Discrepancies 

between the base scenarios decreased however with depth (Fig. 9). Scenarios including infiltra-

tion generally overestimated the annual temperature oscillation in the permafrost. Here, winter 

temperatures were notably underestimated in particular by those infiltration scenarios based on 

a low initial soil moisture content (not shown). 

 

Figure 8: Modeled daily subsurface temperature [°C] at 1.1 m depth for scenarios a) MED and b) MED-cinfil (both 
dashed red) as compared to field data (black) during the study period.  

 

Figure 9: Modeled daily permafrost temperatures [°C] for scenarios DRY (pink), MED (red) and WET (blue) plotted 
against observations at borehole ASB-2 (black) for the period 09/2008 to 04/2014; shown are the depths of a) 2 m, 
b) 3 m, c) 5 m, and d) 7 m.  
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4.2 Phase saturations 

Regardless of initial soil moisture or infiltration assumptions, all scenarios showed different 

degrees of saturation within the model domain. Starting from equally distributed soil moisture 

content, the     repeated freeze/thaw cycle applied in the model resulted in a distinct soil mois-

ture redistribution.    Fig. 10 depicts saturation as a result of differences in initial soil moisture 

content. In scenario DRY, liquid saturation in the thawed active layer corresponded exactly to its 

initial value (15%), whereas in scenarios MED and WET, liquid saturation (23% and 30%) was 

lower than their initial values (30% and 47%). Liquid saturation was generally highest in sum-

mer at the bottom of the respective active layer, whereas ice saturation was highest in winter at 

the top of the permafrost table. Furthermore, results showed that lower initial soil moisture con-

tents led to a more defined pattern of moisture    accumulation whereas higher initial soil mois-

ture contents resulted in a more diffuse moisture accumulation pattern.  

In all scenarios, infiltration reinforced the characteristic saturation pattern by adding to the areas 

of moisture accumulation at the bottom of the active layer and the top of the permafrost table 

(Fig. 11). In addition, infiltration led to the formation of an ice-rich zone in the upper active 

layer. The increase in soil moisture was most pronounced in the driest case, DRY, where infiltra-

tion increased total saturation by up to 60%. The particular infiltration pattern (constant vs. 

peak) did not have any considerable effect on either degree or distribution of saturation.  

  



Carina Schuh 

 
20 

 

 
Figure 10: Modeled daily liquid and ice saturation [-] for base scenarios a) DRY, b) MED, and c) WET during the study 
period. 

 

 
Figure 11: Modeled daily liquid and ice saturation [-] for scenarios including constant infiltration a) DRY-cinfil,           
b) MED-cinfil, and c) WET-cinfil during the study period. 
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4.3 Soil moisture content in the active layer 

For comparison with available field data the soil moisture content was derived from modeled 

liquid saturation using porosity (  = 0.4) for the upper 1 m of the model domain. Firstly, results 

confirmed the findings on modeled saturation as described in section 4.2. As shown in Fig. A21 

(Appendix), modeled soil moisture in the active layer generally increased with higher initial soil 

moisture content. Adding infiltration resulted in increased soil moisture content in all scenarios, 

however most pronounced in the driest scenario DRY. Again, there was no noteworthy differ-

ence between the constant and peak infiltration scenarios. The amount of unfrozen water during 

winter was equal irrespective of whether infiltration was considered, and mimicked observed 

variations over time.  

Results for 0.1 m depth showed that the seasonal peak in soil moisture occurred simultaneously 

for scenarios with and without infiltration. As shown for year 2011 (Fig. 12), it coincided with 

the onset of active layer thaw in spring. Soil moisture increased during the zero curtain period, 

stayed high   during summer, and decreased sharply with the beginning of the active layer 

freeze-back.  

 

Figure 12: Compilation of a) infiltration model input, b) ground surface temperature model input, and c) soil mois-
ture content as modeled (black) and observed (red) at 10 cm depth for the year 2011. Soil moisture is shown for 
scenario MED without infiltration (black solid line), with constant infiltration (black dashed line), and with peak 
infiltration (black dash-dotted line). A frame is inserted for orientation indicating the duration of the zero curtain (ZC) 
effect and the modeled infiltration period. 
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4.4 Darcy flow 

Results of all model simulations showed a periodic vertical flow of moisture within the active 

layer, where water percolates down when thawing and moves up again when freezing (Fig. 13). 

The magnitude of Darcy flows describing the vertical moisture movement increased with higher 

initial soil moisture content. Amongst the scenarios excluding infiltration, Darcy flows were 

found to range over almost three orders of magnitude with WET showing the highest values of 

up to 3∙10
-9

 m s
-1

. Lateral moisture movement was negligible in the base scenarios. As soon as 

infiltration was introduced, Darcy flows in vertical direction increased up to 10
-8

 m s
-1

, 

regardless of the particular initial soil moisture content. However, water percolation tended to 

be more constant in the wetter systems and reached deeper into the active layer than in drier 

systems (Fig. 13). A considerable effect of infiltration pattern (constant vs. peak) on Darcy 

flows in vertical direction was not observed. 

 

 

Figure 13: Darcy flow [m s
-1

] in vertical direction during the period 05/2010 and 08/2014 for the scenarios including 
constant infiltration a) DRY-cinfil, b) MED-cinfil, and c) WET-cinfil. Shown are the upper 2 m of the model domain. 
Negative values indicate a downward flow, positive values an upward flow (see arrows). 

 

As far as the Darcy flow in horizontal direction is concerned, all scenarios showed a 

considerable increase in lateral water movement after the introduction of infiltration. Since a 

suction pressure was assigned at the right face of the model domain, lateral water movement 

occurred exclusively to the right. The base scenarios responded in different ways to the input of 

infiltration. Highest Darcy flows in horizontal direction (up to 12∙10
-10

 m s
-1

) were observed in 

the drier scenarios DRY and MED, whereas scenario WET showed maximum values of only half 

the size (6∙10
-10

 m s
-1

). Furthermore, results showed differences in the spatial flow pattern, as 
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exemplified for the constant infiltration scenarios in Fig. 14. Hence, in scenario DRY-cinfil, 

lateral water movement originated predominantly from the bottom of the active layer. In 

scenario MED-cinfil, water flow was most pronounced right beneath the ground surface, and 

partly at the bottom of the active layer. In the wettest scenario, WET-cinfil, no distinct pattern 

could be observed.  

 

 

Figure 14: Darcy flow [m s
-1

] in horizontal direction during the period 05/2010 and 08/2014 for the scenarios includ-
ing constant infiltration a) DRY-cinfil, b) MED-cinfil, and c) WET-cinfil. Shown are the upper 2 m of the model domain.  
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5 Discussion 

5.1 Soil moisture and ground ice distribution 

The water retention parameters selected for the different base scenarios explain both the amount 

of liquid water in the active layer and the degree of ice saturation in the frozen ground. In the 

thawed active layer, in the absence of external flow, soil moisture is exclusively determined by 

the hydrostatic pressure as derived from the location of the groundwater table, and the resulting 

capillarity. Since the active layer undergoes a freeze/thaw cycle, soil moisture is furthermore 

subject to a redistribution driven by changes in the pressure field. Fig. 15 shows the specific 

water retention curves for the three base scenarios and the corresponding liquid saturation in 

permanently thawed ground (as after modeling step 1, unfrozen hydrostatic equilibrium). 

Through repeated active layer thawing and re-freezing, liquid saturation increases and decreas-

es, thus altering the capillary pressure at the freezing/thawing front. When thawing, capillary 

pressure decreases in the pores, such that water can percolate. As soon as the active layer     

refreezes, liquid saturation in the ground decreases which causes capillary pressure to increase, 

and soil moisture to move towards the freezing front (“cryosuction”). The distribution of liquid 

saturation and ground ice is determined by the shape of the particular water retention curve. The 

increase in capillary pressure is highest for the dry scenario because of the retention curve’s 

high non-linearity at low saturations. This way, even if there is only little water available, water 

is sucked into the freezing front. The higher the change in capillary pressure, the more defined 

the ice-rich regions and the higher the increase in ice saturation with infiltration.  

 

Figure 15: Relationship between water saturation and capillary pressure (‘retention curves’) as used in base scenari-
os DRY (black), MED (red) and WET (blue). Red dots indicate the respective initial liquid saturation as after modeling 
step 1. 

 

Active layer re-freezing in the model occurs both from the ground surface and the permafrost 

table, so that water moves both up and down, creating a dry middle active layer (Fig. 16). Two-

sided freezing is most visible in the scenarios with higher soil moisture content. As exemplified 

for the year 2011, active layer re-freezing in the wetter scenario WET (here: 19% soil moisture) 

occurs in about equal parts from the ground surface and the permafrost table, whereas in scenar-

io DRY (here: 6% soil moisture), the re-freezing is dominated by the downward moving freezing 
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front. Furthermore, the example shows that, even if the onset of thaw coincides in both scenari-

os (15.09.2011), it takes three days longer for the active layer to re-freeze under dry conditions. 

Both the imbalance in freezing direction and the delay in complete active layer re-freezing are 

directly related to the prevailing soil moisture content. Hence, when refreezing, the dry scenario 

impedes an efficient heat release from the active layer up and out of the ground due to the high 

gas saturation. Air-filled pores conduct heat more than 20 times less than water-filled pores 

(Woo, 2012), thus making the cooling of highly unsaturated ground more difficult. With regard 

to latent heat effects, the higher thermal conductivity in scenario WET seems to outweigh the 

comparably higher heat production through the phase change from liquid water to ice. 

 
Figure 16: Subsurface temperature [°C] during the active layer freeze-back 2011 for base scenarios a) DRY and b) 
WET. Shown are the upper 2 m of the model domain. The black contour line indicates the 0°C-isotherm. The dashed 
lines mark the depth of maximum thaw at the onset of re-freezing (15.09.2011) and the day where freeze-back is 
completed (08.10 and 05.10., respectively). Black arrows indicate the movement of the freezing fronts, and blue 
arrows illustrate the corresponding movement of water through cryosuction. 

 

Field evidence for two-sided freezing is usually provided by the existence of segregated ice, i.e. 

ground ice which grows due to the migration of pore water along a certain soil water gradient 

(French, 2007). An augmented amount of ice lenses at the top of the permafrost is usually inter-

preted as ice segregation through upward freezing from the permafrost table (Mackay, 1972; 

Cheng, 1983), whereas ice lenses in the upper active layer can be found where downward freez-

ing from the ground surface occurs (French, 2007). At the UNISCALM site, lenticular 

cryostructures at the top of the permafrost have been described by Gilbert (2014) and Cable et 

al. (in review). Independent field work performed with UNIS in March 2015 provided further 

evidence for both downward and upward freezing. Here, sediment core retrieval on a river ter-

race opposite of the UNISCALM site showed increased ice lenses in the upper active layer and 

at the top of the permafrost, whereas the middle active layer was comparably dry. Boike et al. 

(1998) identified two-sided freezing at a comparable study site in Siberia using frost probing 

and water content information. 

Upward freezing and the accumulation of ice at the top of the permafrost is often related to sed-

iment accretion processes, the accumulation of organic material or climate change (Mackay, 

1972). Moreover, Cheng (1983) suggested cryosuction and moisture migration into the perma-

frost table as an alternative explanation. Model scenarios MED and WET provide evidence to 

support this hypothesis. Soil moisture in the thawed active layer was lower than its respective 
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initial value before the application of a freeze/thaw cycle. Given that the system is otherwise 

closed, soil moisture must have been incorporated from the active layer into the permafrost. 

Shur et al. (2005) described this zone of high ice content in the uppermost permafrost as the 

transition zone. In contrast to the active layer, the transition zone undergoes the freeze/thaw 

cycle at lower frequencies. It accumulates ice through ice segregation processes and melt water 

percolation with subsequent refreezing, and thus changes properties over time. Because of latent 

heat effects, the transition zone can buffer thaw and increase the thermal stability in the deeper 

permafrost (Shur et al., 2005). 

Soil moisture and ground ice distribution are key to subsurface temperature dynamics because 

thermal conductivities of air, water, and ice differ considerably (~ 0.025, 0.57, 2.2 W m
-1

 K
-1

; 

respectively; Woo, 2012). The simulation of subsurface temperatures showed that doubling the 

initial soil moisture from 6% to 12% decreased active layer depths. Here, latent heat consump-

tion increased because of the higher amount of ground ice to be melted during thaw, resulting in 

less efficient heat propagation into the ground. When initial soil moisture was increased further 

to 19%, no more decrease in active layer depth was observed. This is related to the soil moisture 

redistribution pattern described above. Since in scenarios MED and WET, water was incorpo-

rated into the permafrost, initial differences in soil moisture content in the active layer were 

leveled out. WET counterbalanced the initially high soil water content of 19% by a comparative-

ly higher cryosuction through enhanced two-sided freezing. The eventual active layer soil mois-

ture content in scenarios MED and WET (~9% and ~12%) did not notably affect the simulated 

active layer depths. 

For the permafrost temperatures down to 7 m depth, model results indicated that the wetter sce-

narios MED and WET simulate observed temperature variations best, so that a total saturation of 

about       20-50% in the permafrost seems to be a fair assumption. However, regions of        

increased ice content in the permafrost have been modeled near the permafrost table only, 

whereas field data points to high ice contents over large parts of the permafrost. From their drill-

ing in January 2012, Cable et al. (in review) found that the ice content in the permafrost body 

was considerably higher than in the active layer, and that almost the entire loess accumulation 

below the active layer was interspersed with ice lenses. This is a cryostratigraphic pattern typi-

cally observed where long-term aeolian sedimentation and permafrost aggradation occurred 

(Gilbert, 2014; Cable et al., in review). The modeling approach in this thesis did not consider 

Holocene sediment accretion processes. Therefore, the representation of ice content and temper-

ature development in the deeper permafrost might be less reliable. 

 

5.2 Infiltration, water flow and advective heat transport 

Two-sided freezing and the freeze/thaw cycle in general lead to a circulation of moisture within 

the subsurface which is independent of additional water input. Though the turnover of water 

within the active layer is highest in those scenarios including infiltration, the water movement 

depends on the existing soil moisture rather than the water inflow. In all cases, the infiltration 

volume is too small to considerably affect water flows compared to the available amount of soil 

water and ground ice. During the 100-year model spin-up, a total of 16 m³ of infiltration was 

inserted into the model domain (left column; 40 m³ total void space) which led to a distinct  
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increase in total saturation. This way, when infiltration was applied in the transient model, it 

accounted for only a very small part of the total soil moisture. For instance, in scenario MED-

pinfil, peak infiltration of 0.5 mm d
-1

 represents only about 3% of the already existing soil mois-

ture. Consequently, the model did not show a distinct response to the different infiltration pat-

terns (constant vs. peak). The visible increase in soil moisture during summer as computed for 

all scenarios is therefore interpreted as melting ground ice rather than being caused by water 

inflow.  

The soil moisture data obtained for the UNISCALM site allows two different interpretations 

with regard to the source of water, namely infiltration from the surface and melting of ground 

ice. In spring, a distinct peak in soil moisture content is visible at all sensor depths in the active 

layer (Fig. A20, Appendix). Since the peak in the upper active layer is well-defined and lasts for 

a few days only, it can be regarded as melt water input which subsequently percolates down.    

A corresponding delay in peak timing with depth can be observed in the data set. Alternatively, 

the peak in soil moisture could be caused by active layer thaw and corresponding ground ice 

melting, as simulated by the model. Water could then in the same way percolate down, accumu-

late above the permafrost table, and migrate back up when refreezing. The combined considera-

tion of soil moisture and subsurface temperature observations at the UNISCALM site supports 

this assumption. As shown in Fig. 17, the peak in soil moisture at a certain depth corresponds 

largely to the concurrent thaw depth. It has to be noted however that the UNISCALM dataset is 

linearly interpolated and might therefore not represent accurate temperatures, especially be-

tween 0.5 m and 1.1 m depth.  

 
Figure 17: Active layer thaw as observed at the UNISCALM site in spring/summer 2011. Shown are a) soil moisture 
[m³ m

-
³] at three depths -0.1 m, -0.6 m, and -1.0 m, and b) subsurface temperature [°C] linearly interpolated from 

logger data for the upper 1.1 m of the ground. The black contour line indicates the approximate location of the 0°C-
isotherm. Red dots mark the depth of the soil moisture measurements shown in the upper plot (Data: UNIS).  
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The fact that ground ice melt produces a distinct increase in soil moisture does not eliminate the 

idea of a potential snow melt infiltration into the ground. While ground ice has been shown to 

exist in the active layer (Cable et al., in review), information is sparse on snow cover thickness 

and related snow melt volume. There is evidence that the winter snow cover at the UNISCALM 

site does not exceed  20-30 cm (Christiansen and Humlum, 2008; Farnsworth, 2013; Moreno 

and Cañadas, 2013). In addition, the typical snow cover structure in conjunction with high wind 

speeds in Adventdalen suggests that the infiltration volume from snow melt is less than the 

snow water equivalent resulting from 20-30 cm snow cover. Moreno and Cañadas (2013) de-

scribe the snow cover in Adventdalen to consist of an unstable top layer that is prone to wind 

erosion, and an icy, long-lasting base layer. Hence, given the wind exposure of the UNISCALM 

site, a considerable amount of snow might be removed by wind before the start of the melt sea-

son. The remaining snow might melt, percolate through the snow cover and freeze onto the ice 

layer at the ground surface, and melt eventually. An indicator of such an ice layer could be the 

duration of the zero curtain effect, required to melt the ice, seen in ground surface temperature 

data (Fig. 12, section 4.3). Regardless of snow redistribution or snowpack dynamics, the infil-

tration volume might in any case be reduced by evapotranspiration and sublimation. For their 

study site in west Greenland, Johansson et al. (2015) found that sublimation from snow      

(0.63 mm d
-1

) was an important hydro-climatic process to consider, especially on clear and 

windy days in late winter, and constituted about half of the evaporation rate during summer. 

Furthermore, manual monitoring of thaw progression at the UNISCALM site revealed that ac-

tive layer thaw did not start before the snow cover had entirely disappeared (Christiansen and 

Humlum, 2008). Ultimately, the observed peak in soil moisture after the onset of active layer 

thaw might be caused by both melt water infiltration and ground ice melt. Based on the model 

findings, ground ice melt seems to outweigh infiltration. However, neither of the components 

has been sufficiently quantified so that a final model evaluation is not possible in this regard.  

The modeled soil moisture increase in summer resembles a plateau rather than a peak, thus 

questioning the effectiveness of percolation. For instance, percolation in scenario WET-cinfil 

accounts for only about 5% of the available soil moisture content (here: 18%). Besides the   

hydraulic gradient, Darcy flow is controlled by the parameters of permeability and relative per-

meability (Eq. 3). Permeability, here 10
-14

 m², is assumed to be representative for the range 

commonly used for unconsolidated (loess) sediment (Freeze and Cherry, 1979; Kirsch and 

Yaramanci, 2006; Bense et al., 2012). Relative permeability, i.e. permeability as a function of 

liquid saturation, is defined through parameter m (here: 0.35) as used in the van Genuchten and 

Mualem models (see Eqs. 5a and 6). The parameter value is derived from the UNSODA unsatu-

rated soil hydraulic database (Leij et al., 1996) and assumed to represent sandy silt to a fair  

degree. However, given the low saturation of the active layer, relative permeability approaches 

very low values and thus severely inhibits the flow of water (Fig. A22, Appendix). More pro-

nounced percolation of water could only be achieved where saturation is (temporarily) higher. 

The available soil moisture records at the UNISCALM site (Fig. A20, Appendix) show that the 

peak in soil moisture is most pronounced at the upper sensor depths (-0.1 m and -0.2 m), so that 

highest percolation might occur right beneath the ground surface. This, in turn, might point to a 

temporary strong increase in soil moisture through snow melt infiltration.  
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Despite the site’s comparable dryness and low relative permeability, the movement of water and 

the corresponding transport of advective heat cannot be entirely disregarded. Results for the 

wetter scenario WET showed that the application of infiltration increased the amount of soil 

moisture in the active layer, but did not decrease active layer depths. The simulated increase in 

soil moisture from 12% (WET) to 17% (WET-cinfil) is assumed to impede summer heat propa-

gation into the ground and thus to reduce the thaw depth. However, the higher soil moisture in 

WET-cinfil facilitates the flow of water. Darcy flows in vertical direction were highest and flow 

paths reached far into the active layer and the diffuse ground ice body in the transient zone. 

Hence, advective heat transported through percolating water, even if of small amount, seems to 

level out the increased latent heat consumption in the active layer. Similar findings resulted 

from the GPR-survey carried out by Westermann et al. (2010) where thaw depths at a compara-

ble study site close to Ny-Ålesund, Svalbard, remained stable even if soil moisture content in 

the active layer increased. In contrast, Weismüller et al. (2011) reject the idea of active layer 

deepening through water percolation. According to their modeling study at the Bayelva site 

close to Ny-Ålesund, infiltrating snow melt water is not able to increase the thaw depth because 

it freezes as soon as it reaches the freezing front due to its low temperature (0°C). Based on this, 

one can deduct that in the present modeling study, the advective heat flow provoked by melting 

ground ice and infiltration transports sufficient energy to boost the thawing process. 

As far as lateral water flows are concerned, the simulations showed that they are most pro-

nounced where the saturation at the onset of thaw was highest. The more saturated the ice layer, 

the more lateral runoff occurred. Still, since Darcy velocities in lateral direction were one order 

of magnitude smaller than those in vertical direction, lateral flow of water is assumed to have a 

negligible effect on the permafrost hydrology at the UNISCALM site. 

 

5.3 Active layer dynamics and permafrost development 

As discussed above, permafrost temperatures matched observations best in scenarios MED and 

WET. The best fit in active layer temperatures was achieved by model scenarios WET both with 

and without infiltration. For the evaluation of active layer depths, the UNISCALM subsurface 

temperature logger does not provide reliable information because of unfavorable sensor spacing. 

While the upper active layer is well covered with sensors at 0 m, 0.1 m, and 0.2 m depth, the 

middle and lower parts are monitored by only two sensors at 0.5 m and 1.1 m depth. This way, 

the logger is not able to capture the temperature variations required to appropriately describe 

active layer dynamics.  

For the discussion of active layer depths, model results are compared to the data set on active 

layer thaw depths as derived from physical probing during summer (Tab. 5 and Fig. 18). For the 

year 2005, the data set contains a distinct outlier value (79 cm) with unclear probing date such 

that it is excluded from further analyses. Based on the remaining time series, active layer depths 

ranged from 99 cm to 116 cm with an average of 105 cm. Model scenario WET matches field 

observations best by estimating active layer depths to range between 110 cm and 140 cm with 

an average of 121 cm. Still, the model overestimates mean active layer depth by 16 cm and in-

ter-annual variation in active layer depth by 13 cm. For the period 2000-2007, active layer dy-
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namics at the UNISCALM site have been analyzed by Christiansen and Humlum (2008) regard-

ing their response to a variety of meteorological factors. The authors found a good correlation 

between active layer depth and solar radiation. In contrast, no correlation was found between 

active layer depth and summer precipitation. Also, Westermann et al. (2010) concluded from 

precipitation and evapotranspiration measurements in Ny-Ålesund, Svalbard, that late-summer 

infiltration into the active layer was negligible. This supports the hypothesis of ground ice being 

a more important source for soil moisture than infiltration in this particular setting. 

Table 5: Active layer depth [cm] as derived from physical probing (Data: UNIS) and model scenario WET during the 
study period. The day of measurement/maximum active layer depth is given in italic. The measurement in 2005 is 
disregarded due to possible bias. 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

UNIS physical probing 

100 
22.8. 

102 
4.9. 

100 
15.9. 

99 
2.10. 

99 
21.8 

(79) 
 

104 
24.8. 

106 
11.9. 

116 
16.9. 

106 
2.9. 

110 
14.8. 

104 
23.8. 

107 
17.9. 

111 
31.8. 

110 
26.8. 

Model scenario WET 
110 
17.9. 

130 
31.8. 

120 
25.8. 

110 
25.8. 

120 
11.8. 

110 
2.9. 

130 
20.8. 

120 
20.8. 

110 
29.8. 

120 
29.8. 

120 
15.8. 

130 
15.9. 

120 
21.8. 

130 
2.9. 

140 
26.8. 

 

 
Figure 18: Active layer depth [cm] as derived from physical probing (grey) (Data: UNIS) and model scenario WET 
(white) during the study period. 

 

Disregarding the active layer depth measurement in 2005, the UNISCALM site shows a com-

paratively small inter-annual variation (Tab. 5 and Fig. 18). Years of extreme mean air tempera-

tures are not  reflected in summer thaw depth. Year 2006 was the warmest year on a 100-year 

record, followed by 2007, with mean annual air temperatures of -1.7°C and -2.5°C, respectively, 

compared to the long-term mean of -6°C (Eckerstorfer and Christiansen, 2011). The summer of 

2000 was the coldest summer (June, July, and August) in the period 2000-2007 (Christiansen 

and Humlum, 2008). The missing correlation between air temperature and thaw depth is an im-

portant factor to consider when interpreting the direct effect of climatic variations to active layer 

development. Furthermore, it highlights the importance of applying ground surface temperature 

as upper temperature boundary condition in the model. In any case, the separate consideration 

of summer and winter temperatures is recommended for two reasons. First, temperature fluctua-

tions during winter seem to be the decisive factor for the observed variations in annual air tem-

perature in the 20
th

 century in Svalbard (Humlum et al., 2003). According to records from the 

UNISCALM site, this holds true also for ground surface temperature fluctuations (Fig. 19). 

Second, not only summer temperatures should be considered when investigating active layer 

dynamics. The mere winter temperature can have a large effect on the active layer since       
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increased winter temperatures can result in enhanced thaw during the subsequent summer 

(Burn, 2012).  

 

Figure 19: Daily ground surface temperature [°C] as recorded at the UNISCALM site between 09/2000 and 08/2014. 
Note that the periods from 31/08-26/09/2001 and 26/04-17/10/2004 have been reconstructed according to Eq. 7. 
The red solid line represents the linear trend of 0.26°C yr

-1
 (p < 0.01 at a 0.05 significance level). 

 

Although neither field data nor model results reflect the inter-annual variability in air tempera-

ture, they both show a noticeable tendency of increasing active layer depth over the course of 

the study period. This coincides with the increase in ground surface temperature of 0.26°C yr
-1

 

(p < 0.01 at a 0.05 significance level; Fig. 19). Active layer deepening has been described for 

several other sites in Svalbard. Isaksen et al. (2007) reported rising permafrost temperatures 

with accompanying increases in active layer depths for the Janssonhaugen site in central 

Adventdalen. Åkerman (2005) found active layer deepening at Kapp Linné to correlate well 

with increases in air temperature, and in the Ny-Ålesund area, the studies by Roth and Boike 

(2001) and Westermann et al. (2010) indicate an increase in active layer depth of more than half 

a meter within a decade. 

The general climate trends in the Arctic and the findings from this modeling study allow the 

suggestion that the permafrost-hydrological system at the UNISCALM site might be in a form 

of ‘twofold’ transient state. On the one hand, the system is likely subject to long-term climate 

change, including changes in temperature, snow cover, solar radiation etc. On the other hand, 

the high importance of cryosuction for the UNISCALM site might lead to persistent moisture 

migration into the permafrost, provided that there is a certain amount of infiltration. Not only 

would that lead to an increasing ice content in the transition zone, but also might the system be 

able to buffer increases in temperature to a certain degree. This possible ‘twofold’ transient state 

should be considered when using active layer depth as an ‘early warning system’ for a warming 

climate and degrading permafrost. 
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6 Summary and conclusion 

The numerical model ATS was used to investigate the physical processes controlling near-

surface permafrost temperatures and active layer depths at the UNISCALM site in Svalbard. To 

do so, the effect of ground surface temperature was tested in conjunction with different initial 

soil moisture contents, and constant and peak infiltration was applied to identify potentially 

relevant correlations. The main findings pertaining to the particular study site are summarized in 

the following: 

 Soil moisture redistribution is driven by the freeze/thaw cycle alone and does not 

require any external water input; zones of high ice content in the subsurface are more 

defined the drier the system 

 Active layer depth decreases with increasing soil moisture content, but only to a certain 

degree; differences in initial soil moisture content can be leveled out through intensified 

cryosuction into the permafrost and advective heat flow through percolation 

 Two-sided active layer freezing occurs and is most pronounced in settings with higher 

soil moisture; it leads to water migration into the upper active layer and the top of the 

permafrost (‘transition zone’) 

 Infiltration is too small to have a considerable effect on inter-annual active layer 

dynamics compared to the existing ground ice volume; however, infiltration increases 

the amount of ground ice and thus alters permafrost (thermal) properties in the long run 

 Model simulations and field observations show a clear tendency of increasing active 

layer depths during the study period; inter-annual variations in active layer depth were 

comparably small 

 Due to ongoing climate change and persistent soil moisture migration into the 

‘transition zone’, the UNISCALM site might be in a form of ‘twofold’ transient state; 

ice enrichment in the ‘transition zone’ could buffer thaw and thus obscure increasing 

ground surface temperatures; this could have implications for the suitability of active 

layer depths as a proper indicator for climate change 

The investigations performed in this thesis are based on substantial simplifications and numer-

ous assumptions made to the best of knowledge. Additional uncertainty originates from the 

measurement and processing of field data. Consequently, the investigations bear the risk of in-

accurately representing the specific cryohydrological system at the UNISCALM site. Neverthe-

less, given that permafrost hydrology is still in its infancy, numerical modeling is considered to 

be a valuable tool to investigate the physical functioning of a specific permafrost system. The 

usage of high-quality field data in conjunction with state-of-the-art numerical modeling is an 

excellent opportunity to advance permafrost-hydrological research and should be pursued fur-

ther. In this context, research efforts should be undertaken to improve the estimation of infiltra-

tion volume and pattern, and, where required, to couple snowmelt dynamics to the subsurface 

numerical model. Besides, the concept of a ‘transition zone’ in dry permafrost environments 

should be explored further. The effect of soil moisture redistribution and cryosuction into the 

permafrost, especially in dry settings, might be underestimated despite its function as a stabi-

lizer for permafrost temperatures. 
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Figure A20 

Soil moisture [m³ m
-3

] as recorded at the UNISCALM site during 10/2008 and 08/2014 (Data: 

UNIS). The dashed lines indicate the soil moisture content as assumed for the three base scenar-

ios. 

 

Figure A21 

Modeled daily soil moisture [m³ m
-3

] for base scenarios 1) DRY, 2) MED, and 3) WET (all red) 

compared to field observations (black). Solid lines indicate model runs without infiltration, 

dashed lines scenarios with constant infiltration, and dash-dotted lines scenarios with peak infil-

tration. Subplots show results for a) 0.1 m depth, and b) 1.0 m depth. 

 

Figure A22 

Relationship between liquid saturation [-] and relative permeability [-] applied in all model sce-

narios. The function is computed according to Eq. 6 using m = 0.35. 
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Figure A20: Soil moisture [m³ m
-
³] as recorded at the UNISCALM site between 10/2008 and 08/2014 (Data: UNIS). 

The dashed lines indicate the soil moisture content as assumed for the three base scenarios. 
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Figure A21: Modeled daily soil moisture [m³ m
-
³] for base scenarios 1) DRY, 2) MED, and 3) WET (all red) compared 

to field observations (black). Solid lines indicate model runs without infiltration, dashed lines scenarios with constant 
infiltration, and dash-dotted lines scenarios with peak infiltration. Subplots show results for a) 0.1 m depth, and b) 
1.0 m depth. 
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Figure A22: Relationship between liquid saturation [-] and relative permeability [-] applied in all model scenarios. 
The function is computed according to Eq. 6 using m = 0.35. 
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