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Sammanfattning 
 
Permafrostmodellering och simuleringar av klimatförändringar i norra Sverige 
Petter Hällberg 
 
Permafrost är en viktig komponent i arktiska miljöer och befaras minska i utbredning på 
grund av den globala uppvärmningen. En farhåga är att stora mängder bundet organiskt 
kol ska mobiliseras och släppas ut till atmosfären som den potenta växthusgasen metan 
om marken värms. Detta skulle kunna innebära stor positiv återkoppling på de globalt 
stigande temperaturerna. För att kvantifiera den effekten är det viktigt att kartlägga 
permafrostens utbredning såväl som mängde bundet kol i permafrostmarker. I den här 
studien utförs en undersökning av bastemperaturen av snötäcket (BTS) i Tarfaladalen i 
norra Sverige och en modellering av permafrostens nuvarande utbredning i regionen. 
Vidare modelleras hur permafrostens utbredning kommer att påverkas i framtiden under 
tre olika klimatförändringsscenarior vid +1°C, +2°C och +4°C. Enligt en statistisk analys är 
altitud den enda signifikanta variabeln för permafrostförekomst i Tarfaladalen. Vid 
nuvarande marktemperaturer är kontinuerlig permafrost (>0.8 probabilitet) utbredd på 
höjder över 1523 m ö.h. och sporadisk permafrost (0.5 - 0 probabilitet) dominerar under 
1108. Permafrosten i norra Sverige är nära gränsen för dess gynnsamma förhållanden och 
den huvudsakliga förlusten av permafrost sker redan vid en blygsam markuppvärmning. I 
scenariot +1°C, som inträffar redan om 20 år om nuvarande uppvärmningstakt fortsätter, 
degraderas 97.6% av den kontinuerliga permafrosten i Abisko och Tarfalaområdet. 
Utbredningen av sporadisk permafrost, det vill säga zonen med lägst sannolikhet för 
permafrostförekomst, ökar i det scenariot från 59% till 90%. Vid fortsatt uppvärmning till 
+4°C jämfört med nuvarande marktemperaturer så kommer 98% av det studerade 
området endast innehålla sporadiska förekomster av permafrost. 
 
Nyckelord: permafrost, BTS, klimatförändringar, modellering, projektioner 
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Abstract 
 
Permafrost Modelling and Climate Change Simulations in Northern Sweden 
Petter Hällberg 
 
Permafrost is an important component in Arctic environments and has been hypothesized 
to be diminishing due to global warming. A growing concern is that large quantities of 
stored organic carbon will be mobilized and released to the atmosphere as the potent 
greenhouse gas methane if the ground thaws. This could result in a massive positive 
feedback on the global climate change. To quantify this effect, the permafrost extent as 
well as carbon storages must be mapped. In this study, a Basal Temperature of Snow 
(BTS) survey is conducted in the Tarfala Valley in Northern Sweden and a model of the 
current permafrost extent in the region is produced. Additionally, the model explores how 
the permafrost extent will change under three climate change scenarios at +1°C, +2°C and 
+4°C. According to a statistical analysis, elevation is the only significant variable for 
permafrost occurrence in the Tarfala Valley. Currently, continuous permafrost (>0.8 
probability) is present at elevations exceeding 1523 m a.s.l. and sporadic or patchy 
permafrost (<0.5 probability) dominates below 1108 m a.s.l. The permafrost in Northern 
Sweden is near the boundary of favorable conditions for permafrost, and the greatest 
decline in permafrost extent occurs during the initial warming. In the +1°C scenario, which 
will be reached in 20 years if current warming rate is sustained, 97.6% of the continuous 
permafrost in the Abisko and Tarfala area degrades. The areal extent of the zone with the 
lowest probability of permafrost occurrence increases from 59% to 90% in the same 
scenario. Under continued warming to +4°C compared to current ground temperatures, 
98% of the study area will be covered by sporadic or patchy occurrences of permafrost. 
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Introduction and background 
Permafrost is widespread in the Arctic and affects both geomorphological processes and 
the ecology of periglacial regions. Due to the expanding knowledge on the changing 
climate, permafrost has received an increasing amount of interest during the last decades. 
Permafrost has a large impact on periglacial environments (e.g. Blanc-Betes et al., 2016, 
Natali et al., 2012) and is a reservoir of tremendous amounts of organic carbon which 
could be released if it thaws and decomposes. The result of thawing would be a 
substantial positive feedback on global warming (Schneider von Deimling et al., 2015). 
The largest occurrences of permafrost worldwide are in the Northern Hemisphere, mainly 
in Siberia, Canada and Alaska (Zhang et al., 2008). Permafrost is also present in the 
glacier free parts of Antarctica and in alpine regions such as the Himalayas and the Alps 
(Bockheim & Hall 2002). Since permafrost is a thermal regime and near the limits of 
favorable permafrost conditions in many regions, permafrost is very sensitive to climate 
change (Isaksen et al., 2007, Ridefelt et al., 2008).  
    Permafrost is defined as ground at or below 0°C for at least two consecutive years. The 
active layer of permafrost ground is the uppermost layer which reaches subzero 
temperatures in winter and thaws during the summer. This layer has high temperature 
variations over the year and is typically 30 cm to 10 m thick (Luo et al., 2016). The active 
layer has been measured in Abisko from 0.5 m to 1.2 m in alpine sites and mires by Brown 
et al. (2000) and to 0.4 m to 0.8 m in a study of nine mires on the southern side of lake 
Torneträsk (Åkerman & Johansson, 2008). Below the active layer the temperature does 
not fluctuate to above 0°C and permafrost can occur. The depth where <0.1°C annual 
variation in temperature occurs is called the depth of zero annual amplitude (Roy-Léveillée 
et al., 2014). Main controls of permafrost development are the atmospheric heat and the 
geothermal heat flux which provides energy from within the earth. The temperature 
gradient in the upper crust can be highly variable as seen in a study from China, where the 
geothermal gradient averaged at 2.9°C/100m but ranged from 1.1°C to 8.0°C/100 m 
(Qingbai et al., 2010). At Tarfalaryggen, the thermal gradient is 1.0°C/100 m (Isaksen et 
al., 2007). As the mean annual air temperature (MAAT) is usually several degrees below 
zero in permafrost areas (Vandenberghe et al., 2014) the average annual ground 
temperature is lowest in the upper active layer of the ground, and increases with depth as 
the input of geothermal energy become more significant. The lower boundary of the 
permafrost (the permafrost base) can be as deep as 1500 m in Siberia and has been 
hypothesized to be exceeding 3000 m in depth in the glacier free parts of Antarctica 
(Dobinski, 2011). The thermal conditions under glaciers or ice sheets are usually not 
favorable for permafrost formation (Zhang et al., 2008). The permafrost base has been 
estimated to 350 m depth using borehole data in Tarfala at 1550 m a.s.l. (Isaksen, 2001), 
and around lake Torneträsk located just north of the study area at 350-500 m a.s.l., the 
permafrost base depths has been measured to 2-16 m (Åkerman & Johansson, 2008).  
    An important reason for the recent rise of interest in permafrost is that the carbon 
storage in high latitude wetlands and soils can have large implications for the global 
climate. 1300 GtC is estimated to be stored in permafrost regions, of which 800 GtC is in 
perennially frozen ground and 500 GtC is stored in the active layer (Hugelius, 2014). 
Another estimate reports much higher values at 1672 GtC in the permafrost region of 
which 1466 GtC is stored in permafrost, indicating that the estimates are still rough and 
needs to be refined. These stocks can be compared to the atmospheric and terrestrial 
vegetation carbon which holds 780 and 550 GtC respectively (Houghton, 2007). Soil 
organic carbon (SOC) in periglacial regions is largely immobile due to low temperatures 
which limits microbial activity (Kohnert, 2017). Microorganisms break down organic matter, 
producing CO2 or methane (Koven et al., 2011). Due to waterlogged anoxic conditions, soil 
and wetland organic carbon is in large parts emitted as methane upon decomposition 
(Forster et al., 2007), which is a 25 times more powerful greenhouse gas than carbon 
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dioxide over a 100-year period (Myhre et al. 2013). This is one of the concerns as carbon 
in periglacial regions are mobilized and start to decompose as a response to climate 
change, resulting in a positive feedback for global warming. 
    SOC in the Swedish tundra has been estimated to an average of 40-75 kg/m2 in the 0-3 
m depth and 20-50 kg/m2 in the upper meter (Hugelius et al., 2014). Local variation will be 
largely depending on soil type. Frozen peatlands and cryoturbated mineral soils holds 
large amounts of carbon at around 66 kg/m2 and 32kg/m2, respectively (Tarnocai et al., 
2009), while rocky areas or unfrozen mineral soils contain much less carbon. In the Tarfala 
Valley, the SOC stocks are 0.9 kg/m2 on average for the upper meter of soil. 0.05kgC/m2 is 
stored in barren stone dominated areas, 8.4kg/m2 in grass dominated areas and 6.6kg/m2 
SOC in the birch forest in the low parts of the valley (Fuchs et al., 2015).  
    Thawing permafrost releases SOC but as warmer conditions prevail, increased 
vegetation can also be promoted as tundra is developed into bush or forest dominated 
landscapes. Forests can store more above ground carbon compared to tundra, potentially 
resulting in carbon uptake from the atmosphere as the ground thaws. The net flux of 
carbon is depending on how much new vegetation develops, how large the thawing carbon 
reservoirs are and what proportion of it is released as methane. The net effect on carbon 
storage in the tundra system seems however to be negative as increased vegetation also 
promote soil microbial processes which release carbon (e.g. Belshe et al., 2013, Hartley et 
al., 2012, Sjögren & Wookey 2009, Speed et al., 2014, Voigt et al., 2017). Fuchs et al. 
(2015) concludes that since the SOC in the Tarfala Valley is low, the area is not likely to 
become a source of greenhouse gases, and suggests that it instead could develop into a 
carbon sink as a result of upward migration of vegetation. 
    Ground stability is another important parameter when considering thawing permafrost. 
Alpine areas will be at greater risks of landslides and debris flows which could affect 
infrastructure, housing and the safety of inhabitants. This risk is greatest in the transition 
from permafrost to thawed soil. Waterlogged frozen sediments collapse, and meltwater 
accumulates in the bottom of the active layer where sliding can occur (Haeberli & Gruber, 
2009). As permafrost with high ice content melts, the surface subsidizes (Johansson et al., 
2013), inflicting damage on infrastructure or houses while also giving rise to thermokarst 
lakes, promoting methane production due to anoxia. Haeberli and Gruber (2009) continues 
that the warming rate of permafrost soils has been closely linked to the atmospheric 
warming in the past, which suggests that future climate change will have a corresponding 
effect on the ground temperatures, increasing the risk of natural hazards in mountain 
regions across the world. 
    Permafrost extent is declining globally, which can be seen in higher ground 
temperatures and deeper active layer thickness across many different regions (Luo et al., 
2016). In the PACE project, using boreholes in Scandinavia and Svalbard, the ground 
temperatures have been observed to increase by 0.04-0.07°C per year (Isaksen et al., 
2007). IPCC project a reduction of near surface (upper 3.5 m) permafrost by 37% until 
year 2100 under scenario RCP2.6 and by 81% under RCP8.5 (Collins et al., 2013) which 
correspond to 1.0°C and 3.7°C global mean surface temperature change, respectively. 
Considering that polar amplification greatly enhances global warming at high latitudes 
(Bekrayev et al., 2010) it is possible that permafrost regions will be subject to temperature 
increases far exceeding the projections for average global temperatures.    
    BTS was proposed by Haeberli (1973) as a method of estimating the probability of 
permafrost in the European Alps. BTS is measured in the bottom of the snow at the 
ground surface. If the temperature is ≤ -2.9°C, permafrost occurrence is considered 
probable, and temperatures > -2.9° indicates that permafrost occurrence is improbable. 
Today the technique is considered a good method for permafrost mapping in addition to 
more stationary and expensive boreholes which continuously measure temperatures at 
depths (Etzelmüller et al., 2010). BTS is widely used in the literature (e.g. Isaksen et al., 
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2010, Klug et al., 2017, Ardelean et al., 2010). A limitation of BTS is that the measured 
temperature is affected by snow cover evolution which can differ significantly between 
years (Etzelmüller et al., 2010). 
    The dataset used in this study has previously been examined by Alm (2017) and a 
smaller subset of the data points was collected and analyzed by Marklund (2011). The 
results of Marklund indicated that the permafrost distribution depends on elevation as the 
single significant parameter and that permafrost occurrence was sporadic (<0.5 
probability) below 1144 m a.s.l., discontinuous (0.5-0.8 probability) between 1140 and 
1190 m a.s.l. and continuous (>0.8 probability) above 1190 m a.s.l. Marklund (2011) states 
however that the number of BTS-points ideally would be higher, which warranted this and 
Alm’s (2017) study which collects more field measurements and also investigates if the 
permafrost probability in Tarfala Valley can be used as a model for other Swedish alpine 
areas. Alm (2017) focused on statistical analysis on the dataset used in this study, and 
concurrent with Marklund (2011), reports that the only significant variable for permafrost 
occurrence is elevation. The statistical analysis on this expanded dataset yielded 
permafrost extent probabilities as sporadic below 1108 m a.s.l., discontinuous up to 1523 
m a.s.l. and continuous above 1523 m a.s.l. 
    The largest scale map of permafrost available is the Northern Hemispheric map 
produced by the international association of permafrost (Brown et al., 1997). Gisnas et al., 
has recently produced a much more detailed map of permafrost in Scandinavia (2017). 
Gisnas also models past permafrost extent during 1981-1990 compared to 2001-2010 and 
reports a 60% decline in permafrost in equilibrium with climate. 
    Permafrost has previously also been mapped using BTS in the Tarfala Valley by Fuchs 
et al. (2015) based on measurements from 2013. Their results indicated continuous 
permafrost above 1561 m a.s.l. (using the slightly higher definition of 0.9 probability as 
continuous), sporadic below 1218 m a.s.l. and discontinuous between 1218 and 1561 m 
a.s.l. 
    The permafrost occurrence has also been mapped in the Abisko area by Ridefelt et al. 
(2008), around 40 km north of Tarfala. The permafrost probability limits proposed varied in 
that region between the west and east parts from 1300 m a.s.l. limit for continuous 
permafrost in the west and in the east continuous permafrost was occurring down to 850 m 
a.s.l. on north-facing slopes. Permafrost occurrence was inversely correlated with mean 
annual precipitation as the western parts receive almost three times as much precipitation 
as the east. 
    The scope of this study is to map the current extent of permafrost in the Tarfala Valley, 
a 31.2km2 valley in the high alpine region of Northern Sweden using basal temperature of 
the snow (BTS) measurements and logistic regression modelling. The resulting model for 
the Tarfala Valley is then expanded across a larger area with a similar environmental 
setting to attain an estimation of the permafrost occurrence in the entire region. Climate 
change is then simulated by adding 1°C, 2°C and 4°C to current ground temperatures, and 
permafrost occurrence is modeled under those conditions. These temperatures 
approximate the global temperature increase under IPCC’s emission scenarios RCP2.6, 
RCP4.5 and RCP8.5 (Collins et al., 2013). 
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Study area 
    The BTS measurements were conducted in the Tarfala Valley based out of the Tarfala 
Research Station located at 67°54'39"N 18°36'38"E. The model is most accurate for this 
31.2km2 area. It is also applied to an expanded area across a larger part of the high alpine 
region of Northern Sweden from approximately 68°25' N, 18°13' E to 67°51' N, 18°58' E 
from Abisko in the north to Sarek and Kvikkjokk in the south (fig. 1). The Tarfala Valley 
ranges from 660 m a.s.l. to 2098 m a.s.l. At low elevation in the Tarfala valley, the 
vegetation cover is dominated by shrubs and birch, and at higher elevations the vegetation 
transitions into lichen, moss or grass on a thin soil layer (Fuchs et al., 2015). The mean 
annual air temperature and precipitation is -4.2°C and 500 mm in Tarfala, -0.8°C and 304 
mm in Abisko and -1.6°C and 560 mm in Kvikkjokk (SMHI, 2017). Sarek National Park is 
situated approximately 80 km from Tarfala and consists of a high alpine environment with 
multiple peaks over 2000 m elevation and several large glaciers as well as low lying birch 
forest. The studied area extends over the southern part of the national park from 67°16' N, 
17°22' E to 67°0' N, 18°15' E and the elevation ranges from 380 to 2016 m a.s.l. 
 
 

 
Figure 1. Study area in Northern Sweden. a) The Abisko area, b) Tarfala Valley and c) Sarek 
National Park. 
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Figure 2. The Tarfala Valley and BTS sample points (Map data from Lantmäteriet, 2017). 
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Methods 
BTS data collection was conducted in the Tarfala Valley (fig. 2) during 29th of March to 2nd 
of April. At approximately this time of year the snow cover is at its maximum and the melt 
season has not begun. Temperature measurements were done using a PT100 heat 
sensor connected to a Campbell Scientific 21X Micrologger by a 3-wire half bridge. The 
heat sensor, wiring and data logger was calibrated using an ice bath at 0°C. The 
thermometer was pushed down to the ground surface through the snow cover and held at 
the ground for around five minutes per measurement until the recorded temperature had 
stabilized. Snow depth was measured at each point using an avalanche probe. Minimum 
snow depth for a measurement in this study was 60cm. Two to five measurements were 
conducted and averaged for each data point. Samples were collected between 661 m 
a.s.l. and 1809 m a.s.l. and elevation distribution for the data points are reported in fig. 3. 
     
 

 
Figure 3. Histogram of sample elevations. 
 
 
A statistical analysis of the collected temperature data was conducted to estimate the 
permafrost distribution in the Tarfala Valley using a logistic regression model. Logistic 
regression (see e g. Lewkowicz & Ednie, 2004) estimates the relationship between a 
dependent variable and a predictor variable. A stepwise regression to investigate which 
predictor variables are significantly affecting the response variable as well as calculation of 
the coefficients for the logistic regression model of the dataset were conducted in a 
previous study by Alm (2017) using Mathworks Matlab R2017a. Alm found that elevation is 
the only significant predictor variable for permafrost occurrence, out of the five topo-
climatic parameters slope angle, solar radiation, aspect, slope curvature and elevation. 
This study builds upon Alm’s statistical results, and creates three new models for three 
global warming scenarios. The regression model applied here calculates the probability of 
permafrost on every pixel of a digital elevation model (DEM) retrieved from Lantmäteriet 
(2017) with 2m resolution using equation (1) in the raster calculator tool in ArcGIS 10.5. P 
is permafrost probability, A is the regression constant intercept, B is the regression 
coefficient for elevation and X is the relevant parameter calculated from the input raster 
which in this case is the elevation value from the DEM. Permafrost occurrence is treated 
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as a binary value where 1=permafrost probable and is defined as BTS of ≤-2,9°C and 
0=permafrost not probable and is defined as BTS >2.9°C.  
 
 

(1) 																		 ∗  

 
 
The logistic regression model was applied using the measured temperatures as well as the 
simulated elevated temperatures. The modelled increase in temperature was 1°C, 2°C and 
4°C. This roughly corresponds to the global temperature change under IPCC’s emissions 
scenarios RCP2.6, RCP4.5 and RCP8.5 until year 2100 (Collins et al., 2013). To create 
these models, the given temperature increase for each model was added to the measured 
temperature, yielding a uniform temperature increase over the study area and adjusted 
binary values for permafrost occurrence. Coefficients was then calculated using the 
modified data for the climate change scenarios using Matlab.  
 
 

Results 
Logistic regression modelling resulted in estimations of permafrost occurrence in the 
alpine region in Northern Sweden from Tarfala, Abisko and an area in Sarek National Park 
and are presented in figures 5-16. Results are presented as maps for the Tarfala Valley 
where the BTS measurements were conducted, for the surrounding Abisko region, a 
magnified map of the Abisko area for ease of comparison to other studies and lastly for 
Sarek National Park. The permafrost occurrence is presented for current temperatures and 
at projected ground temperature increases of 1°C, 2°C and 4°C, relative to current 
measured temperatures.  
    Calculations for regression constant intercept and regression coefficient for elevation 
resulted in values presented in table 1. pValues indicate confidence level, 0.05 
corresponding to 95% confidence level, where lower value indicates greater confidence.  
 
 
Table 1. Calculated values for the logistic regression model. A = intercept and B = elevation 
estimate in formula (1). * = source Alm (2017).  
 
Model R2-value  Estimate SE tStat pValue 
Current temp* 0,47 Intercept -3,71 1,30 -2,85 0,0043 
  Elevation 0,0033 0,0011 3,18 0,0015 
+1°C 0,41 Intercept -4,49 1,19 -3,76 0,00017 
  Elevation 0,0031 0,00093 3,35 0,00079 
+2°C 0,52 Intercept -6,36 1,33 -4,77 1,85*10-6

  Elevation 0,0041 0,0010 4,04 5,38*10-5

+4°C 0,93 Intercept -8,83 1,66 -5,31 1,07*10-7

  Elevation 0,0053 0,0012 4,47 7,88*10-6

 
 
 
 
 
 
 



8 

The modelled extent of permafrost was found by Alm (2017) to be dependent on elevation. 
Permafrost is continuous (>0.8 probability) above 1522 m a.s.l., discontinuous (0.5-0.8 
probability) between 1108 m a.s.l. and 1522 m a.s.l. Below 1108 m a.s.l. the permafrost is 
sporadic (0-0.5 probability) (fig. 4). The results from the individual areas are presented in 
maps (fig. 5-7). In the Abisko and Tarfala area, the occurrence of continuous permafrost is 
around 6% in the model area at the present, and discontinuous permafrost make up 35% 
of the area, while the remaining 59% is low probability of permafrost (table 2). For a 
temperature increase in the ground of 1° C the continuous zone of permafrost diminishes 
to only 0.14% of the area, discontinuous to 10% and 90% of the area has low probability of 
permafrost. At +1°C, the lower boundaries of continuous and discontinuous permafrost 
retreats around 350 m upwards (figure 4). The fastest rate of change according to the 
model is in the beginning of the warming. Between +1° C and +2°C the permafrost 
migrates just around 100 meters upwards. With further warming, the permafrost 
occurrence continually diminishes, and at 4°C temperature increase, 98% of the area has 
low probability of permafrost occurrence. Due to the similarities in elevation, the pattern in 
Sarek follows the same trends, see table 2 for details.   
 
 

 
Figure 4. The modelled distribution limits of continuous, discontinuous and sporadic 
permafrost. 

 
 
 
Table 2. Distribution of permafrost probabilities under current and projected temperatures 
changes. 
 

  Region            Model                    Permafrost occurrence [% of study area] 
  Sporadic Discontinuous Continuous 
Abisko and 
Tarfala 

Current 
temp 

59,07 35,18 5,75 

 +1°C 90,04 9,82 0,14 
 +2°C 95,78 4,12 0,10 
 +4°C 98,24 1,68 0,08 
Sarek Current 

temp 
72,17 22,69 5,14 

 +1°C 91,56 8,38 0,07 
 +2°C 96,16 3,80 0,04 
 +4°C 98,33 1,65 0,02 
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Tarfala Valley 

 
Figure 5. Permafrost occurrence propability in the Tarfal Valley at current 
temperatures.(Red = continous permafrost, green = discontinous permafrost and gray 
= sporadic permafrost. (Map data from Lantmäteriet, 2017) 
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Figure 6. Permafrost occurrence probability in the Tarfala Valley projected for +1°C 
ground temperature relative to current temperatures (Red = continuous permafrost, 
green = discontinuous permafrost and gray = sporadic permafrost. (Map data from 
Lantmäteriet, 2017) 
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Figure 7. Permafrost occurrence probability in the Tarfala Valley projected for +2°C 
(left) and +4°C (right) ground temperature (Red = continuous permafrost, green = 
discontinuous permafrost and gray = sporadic permafrost. (Map data from 
Lantmäteriet, 2017) 
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Abisko-Tarfala area 

 
Figure 8. Permafrost occurrence probability in the Abisko-Tarfala region at current 
temperatures (Red = continuous permafrost, green = discontinuous permafrost and 
gray = sporadic permafrost. (Map data from Lantmäteriet, 2017) 
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Figure 9. Permafrost occurrence probability in the Abisko-Tarfala region projected for 
+1°C ground temperature (Red = continuous permafrost, green = discontinuous 
permafrost and gray = sporadic permafrost. (Map data from Lantmäteriet, 2017) 
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Figure 10. Permafrost occurrence probability in the Abisko-Tarfala region projected 
for +2°C (left) and +4°C (right) ground temperature (Red = continuous permafrost, 
green = discontinuous permafrost and gray = sporadic permafrost. (Map data from 
Lantmäteriet, 2017) 
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Abisko 

 
Figure 11. Permafrost occurrence probability in the Abisko area at current 
temperatures (Red = continuous permafrost, green = discontinuous permafrost and 
gray = sporadic permafrost. (Map data from Lantmäteriet, 2017) 
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Figure 12. Permafrost occurrence probability in the Abisko area projected for +1°C 
ground temperature (Red = continuous permafrost, green = discontinuous permafrost 
and gray = sporadic permafrost. (Map data from Lantmäteriet, 2017) 

 
 

 
Figure 13. Permafrost occurrence probability in the Abisko area projected for +2°C 
(left) and +4°C (right) ground temperature (Red = continuous permafrost, green = 
discontinuous permafrost and gray = sporadic permafrost. (Map data from 
Lantmäteriet, 2017) 
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Sarek 

 
Figure 14. Permafrost occurrence probability in Sarek at current temperatures (Red = 
continuous permafrost, green = discontinuous permafrost and gray = sporadic 
permafrost. (Map data from Lantmäteriet, 2017) 
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Figure 15. Permafrost occurrence probability in the Abisko region projected for +1°C 
ground temperature (Red = continuous permafrost, green = discontinuous permafrost 
and gray = sporadic permafrost. (Map data from Lantmäteriet, 2017) 

 
 

 
Figure 16. Permafrost occurrence probability in the Sarek region projected for +2°C 
(left) and +4°C (right) ground temperature (Red = continuous permafrost, green = 
discontinuous permafrost and gray = sporadic permafrost. (Map data from 
Lantmäteriet, 2017) 

 



19 

Discussion  
The BTS-measurements and statistical regression model of the Tarfala Valley in this study 
resulted in the lower limits of continuous permafrost at 1523 m a.s.l., discontinuous at 
1108 m a.s.l. and sporadic permafrost below 1108 m a.s.l. Paired with the borehole data 
from Tarfalaryggen (Isaksen et al., 2007), an understanding of the ground thermal regime 
in the entire Tarfala Valley can be achieved. Compared to the previously most 
comprehensive permafrost mapping of the Tarfala Valley by Fuchs et al. (2015), the 
results are very similar, with a slightly larger permafrost extent according to this study. 
Small differences are likely due to the season’s snow evolution. Extending the scope of 
this study to larger areas, the results can be compared with Ridefelt et al. (2008) who 
reports that permafrost reaches down to 1300 m a.s.l. for continuous permafrost and to 
1025 m a.s.l. for discontinuous permafrost in the western Abisko area which is comparable 
to the results in this study. Thus, our model of the Tarfala Valley is a fair approximation of 
the permafrost in western Abisko. In eastern Abisko however, this model is not adequate 
and underestimates the permafrost extent. Eastern Abisko is in a rain shadow and 
receives the least amount of precipitation in the country at 300 mm/year (SMHI, 2014). 
The low amount of snow in eastern Abisko leads to low ground temperatures, causing a 
local variation which the model does not take into account. This demonstrates the difficulty 
to expand the model which is based on data from the Tarfala Valley across large areas. 
Gisnas et al.’s (2017) Scandinavian permafrost map is much closer to the results of 
Ridefelt’s BTS survey model, but also underestimates the permafrost occurrences for 
Abisko. By large, Gisnas’s results are comparable to the results in this study, with 
continuous permafrost being abundant on the highest massifs and sporadic permafrost 
dominating in valleys between massifs. 
    The relatively few BTS measurements at high elevations could be a reason for the 
disparity in the permafrost distribution limits between different studies, as few data points 
generates less accurate models. The sample points in this study are mainly around 1100-
1400 m a.s.l. resulting in high resolution around the research station’s elevation, and lower 
resolution at higher elevations. This is a consequence of that the slopes on high elevations 
are generally very steep and that the Tarfala Research station is located at 1135 m a.s.l. 
The mode of transport used was skiing, making long distances covered and collecting 
many samples difficult.  
    The projections of temperature changes indicate a comprehensive change in the 
permafrost occurrence in the Northern Swedish mountains. The greatest loss in seen 
between current temperatures and +1° C warming where the boundary for continuous and 
discontinuous permafrost are pushed up the mountain slopes by 350 m, as compared to 
110 m between +1° C and +2° C and 100 m between +2°C and +4°C. Since there is much 
more land area at moderate elevations around the lower limit of permafrost occurrence, 
the areal loss of permafrost is extensive under just +1°C temperature change. 
    The rate of permafrost warming below the depth of zero annual amplitude (ZAA), in the 
borehole at Tarfalaryggen is 0.05°C/year (Isaksen et al., 2007). If this rate continuous, the 
scenarios used in this study is due in 20, 40 and 80 years for 1°C, 2°C and 4°C, 
respectively. 
    The ground thermal regime for permafrost occurrences in Northern Sweden may not be 
in equilibrium, even without further global warming due to anthropogenic effects. This can 
be seen in a study by Sannel et al. (2016) who shows that during a period with no local 
atmospheric temperature change or significant changes in snow cover, the ground 
temperatures were still rising. This indicates that even if global warming is kept to a 
minimum, the Scandinavian permafrost may still not be in equilibrium with the current 
climate. 
    Considering that large amounts of permafrost will degrade under all scenarios used, it is 
plausible that the carbon stocks accumulated here during the Holocene will be released 
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into the atmosphere. The amount of carbon currently stored in the Arctic are only roughly 
estimated, and Hugelius et al. (2014) calls for more investigations as there are significant 
gaps in the data from many Arctic regions, including Scandinavia. Shrubification (Mod & 
Liuto), thermokarst landscape development (Farquharson et al., 2016) and other 
environmental changes which will alter the Scandinavian tundra also deserves attention. 
The Arctic needs to be monitored and researched to understand what the future 
implications of climate change will be. 
    There exists a gap in the knowledge on permafrost extent beyond the Abisko and 
Tarfala area, as the vast majority of Artic earth science research in Sweden is conducted 
from those location. The Sarek area, Vindelfjällen and Swedish alpine regions further 
south has to the author’s best knowledge not been investigated through either BTS or 
borehole surveys.   
    Utilizing the now existing dataset on BTS measurements in the Tarfala Valley from both 
2003 and 2011 (Marklund) and 2017 (this, and Alm’s study), further BTS surveys 
conducted in the same area could form a time series on the development of permafrost 
over the entire area. Paired with the PACE boreholes in the Tarfala Valley this could be a 
good way of monitoring the permafrost response to climate change over time and over a 
range of elevations and vegetation zones.   
 
 
 

Conclusions 
 The permafrost in the Tarfala Valley is currently continuous above 1523 m a.s.l., 

discontinuous above 1108 m a.s.l., and sporadic or patchy below 1108 m a.s.l. 
 The model based on BTS measurements in the Tarfala Valley is a fair 

approximation of the permafrost extent in nearby areas, but has limitations since it 
does not take into account local anomalies in precipitation, ground types etc. 

 The permafrost in the area is on the verge of thawing, resulting in huge losses of 
permafrost if the climate warms slightly. Over the period 1981-2000, 60% of 
permafrost is no longer in equilibrium with the climate (Gisnas et al., 2017). Here, 
we show that under the +1° C ground temperature change scenario, 97.6% of the 
continuous permafrost in the Abisko and Tarfala area will degrade. Only 9.8% of the 
area will retain discontinuous permafrost while the remaining 90% will hold sporadic 
and patchy permafrost occurrences. Under the +4° C scenario, 98.2% of the area 
will have low probability of permafrost occurring, making permafrost a rare sight in 
Northern Scandinavia except on the highest alpine summits. 

 These results should be regarded as general, large scale indications of changes in 
permafrost extent if the Scandinavian peninsula warms. It is important to note that 
the real future effects in nature are not likely to be homogenous, as suggested by 
this model. For example, changes in precipitation patterns will affect ground 
temperatures, and steep slopes or areas with low precipitation may retain 
permafrost conditions for a longer time due to less insulation for the snow layer. 
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