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temperature were significantly correlated to the changes in mean annual and winter air 
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increased soil moisture due to the so called soil-moisture feedback. From this fact, it can be 

deduced that the changes in air temperature alone cannot explain all variances in ground 

temperatures. However, the results of the study may suggest that in sub-Arctic Sweden 
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Abstract 

Observed climatic change may result in modification of the ground thermal regime. 

The causes of shallow ground temperature variability, however, are not well documented. 

This thesis reports ground temperatures from Abisko Scientific Research Station, measured at 

a site currently not underlain by permafrost to illustrate the response of shallow ground 

temperatures to changes in climatic parameters. Both air temperature and precipitation 

increased at Abisko from 1985-2010. The strongest increase in air temperature occurred in 

winter, whereas the precipitation increased mainly during the summer months. There was a 

significant trend towards later onset of permanent snow cover, as well as a steadily earlier 

disappearance of permanent snow cover in spring, resulting in reduced snow cover duration. 

Also the snow thickness decreased at Abisko during the study period. The ground experienced 

approximately five months of frost at 5 and 20 cm depth and approx. four, respectively two, 

months at 50 and 100 cm depth. Annual ground temperatures were found to be increasing 

from 1985-2010 with approx. 0.31 °C, 0.64 °C, 0.82 °C and 0.94 °C at 5, 20, 50, respectively 

100 cm depth from the surface. The duration and intensity of the seasonal frost cycles were 

decreasing, which would reflect the increasing ground temperatures. Changes in short-term 

frost cycles were not found to be significant. The changes in mean annual and winter ground 

temperature were significantly correlated to the changes in mean annual and winter air 

temperature, but surprisingly not to the changes in snow cover. However, seasonally the 

increasing trend of ground temperatures was found in autumn and winter, whereas the 

summer ground temperatures were decreasing. The cooling of ground temperature in summer 

at increasing air temperatures may be explained by increased precipitation totals and hence 

increased soil moisture due to the so called soil-moisture feedback. From this fact, it can be 

deduced that the changes in air temperature alone cannot explain all variances in ground 

temperatures. However, the results of the study may suggest that in sub-Arctic Sweden 

changes in air temperatures may be used as indicator for changes in shallow ground 

temperatures. 

Key words: ground temperatures, sub-Arctic Sweden, Abisko Scientific Research Station, 
frost cycle, snow cover, air temperature 
Institutionen för geovetenskaper, Uppsala universitet, Villavägen 16, SE-752 36 Uppsala 



 

2 
 

Referat 

Förändringar i klimatet kan leda till förändringar av temperaturförhållanden i ytnära 

mark men orsakerna och mekanismerna till förändringarna är inte väl undersökta. Detta 

examensarbete behandlar en lång mätserie (1985-2010) av marktemperaturer och 

meteorologiska data som är mätta vid Abisko Forskningsstation i subarktiska Sverige för att 

studera effekterna av förändringar i klimatet på temperatur i den översta metern i marken. 

Under perioden 1985-2010 ökade både lufttemperatur och nederbörd i Abiskoområdet. Den 

största ökningen av lufttemperatur skedde under vinterhalvåret medan nederbörden ökade 

mest under sommarhalvåret. En signifikant förkortning i längden av vintersnötäckets existens 

under året observerades under studieperioden.  Reduceringen av vintesnötäcket skedde genom 

att den första snön kom senare och bortsmältningen på våren skedde tidigare.  Snötäckets 

tjocklek minskade också under studieperioden. Marktemperaturmätningarna visar frysgrader 

på 5 och 20 cm djup fem månader och fyra respektive två månader på 50 och 100cm djup. 

Den årliga medeltemperaturen i marken ökade under perioden med 0.31 °C, 0.64 °C, 0.82 °C 

och 0.94 °C vid 5, 20, 50 och 100 cm djup. Den årliga längden och intensiteten av 

frysförhållandena i marken minskade vilket förmodligen är en konsekvens av de ökande 

marktemperaturerna. Ingen trend i förekomsten av kortare svängningar i frysförhållandena 

kunde observeras. Förändringarna i årsmedetemperaturen i marken är signifikant korrelerade 

med förändringen i den årliga medeltemperaturen och vintertemperaturen i luften, men ingen 

korrelation mellan marktemperaturen och förändringar i snötäckets tjocklek och längd 

observerades.  Studien avslöjade också att temperaturen i marken ökade under vinternhalvåret 

medan den sjönk under sommaren. Avkylningen av marken under sommaren kan förklaras av 

ökad nederbörd under sommaren som ger högre markfuktighet som ger en kylande effekt 

genom den så kallade jord-fuktighets återkopplingsmekanismen (soil-moisture feedback). 

Från detta kan vi dra slutsatsen att förändringar i enbart lufttemperatur inte kan förklara den 

hela observerade variansen av marktemperatur men att lufttemperaturen har en dominerande 

roll. Resultaten från denna studie indikerar således att förändringar lufttemperatur kan 

användas som en indikator på marktemperaturförändringar i Abisko området. 

 

Nyckelord: marktemperatur, subarktiska Sverige, Abisko forskningstation, frost cykler, 

snötäcke, lufttemperatur. 

Institutionen för geovetenskaper,  Uppsala universitet, Villavägen 16, SE-752 36 Uppsala 
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1. Introduction 

Increasing air temperatures have been observed all over the globe during the last 

decades. This increase is almost twice as high in the Arctic region and the amplification is 

likely to continue (ACIA 2004). Thus, northern high latitudes are a significant subject in 

scientific studies discussing climate warming (Serreze et al. 2000), since studies of global 

change suggest that the increase in surface air temperature will be most distinctive in the 

Northern Hemisphere at high latitudes during the winter (Robock 1983, Folland 2002). 

Increasing air temperatures have ample impacts on ground temperatures and permafrost 

distribution (Anisimov et al. 2007). However, there is a mismatch between the air and ground 

temperature, since there are other parameters influencing the ground thermal regime (Thorn et 

al.1999). It is appropriate to assume that the combined impact of changes in air temperature 

and precipitation, particular the duration and thickness of snow cover, will lead to variations 

in soil temperatures (Johansson et al. 2006, Thorn et al. 1999). Increasing snow cover increase 

the insulation of the ground from cool winter air temperatures and thus increase the ground 

temperatures. In contrast, during snow melt the consumption of latent heat leads to lower 

ground temperatures (Zhang et al. 2001). However, beside the changes in meteorological 

variables (e.g. air temperature, precipitation and snow cover), variations in other parameters 

like vegetation, soil type, soil moisture and freezing and thawing processes will result in 

modification of the soil temperatures (Zhang et al. 2001, Osterkamp 1999, Thorn 1999). 

Freezing and thawing processes have a profound effect on the ground thermal regime, since 

latent heat fusion increase, respectively decrease, the ground temperatures (Zhang et al. 

2001). Additionally, a frozen layer affects the hydrology of the upper soil layers, due to in 

increased moisture content (Zhang et al. 2001). Furthermore, freezing and thawing processes 

influence slope processes in mountain regions (Ridefeld et al. 2009) and the plant ecology by 

determining the length of the growing season. Thus it is required to understand the 

relationship between thermal soil conditions and environmental circumstances, since soil 

temperature is a sensitive climatic parameter and significant for physical and biological 

processes (Zhang et al. 2001).  

Different scientific studies reported increased ground temperatures in the Arctic region 

(e.g. Zhang et al. 2001, Romanovsky et al. 2007, Osterkamp and Romanovsky 1999). But 

studies about the ground frost conditions and permafrost appearances in northern Sweden are 

underrepresented. Johanssson et al. (2008) investigated permafrost temperatures from peat 
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mires in sub-Arctic Sweden, using changes in air temperature, precipitation and snow cover to 

explain the variances in ground temperatures during the last decade. This thesis reports 

ground temperatures at Abisko, sub-Arctic Sweden 1985-2010. Measurements at different 

depths were taken out at a moraine site, located on a small hill in a mountain birch forest. 

Additionally, time series were evaluated concerning the air temperature, precipitation and 

snow cover at Abisko from 1985-2010 to obtain a better understanding of the relationship 

between the climatic conditions and the ground thermal regime in sub-Arctic regions. The aim 

is to analyze the variations in soil temperature during the period of investigation and to 

determine the response of ground temperature to the variations in related climatic parameters. 

Since the focus is pointed on the soil frost variations, four leading questions should be 

answered within this study. 

(i) What is the inter-annual variability and change in annual soil frost cycle 

duration, intensity, and frequency over a 25-year period at Abisko? 

(ii) How do snow cover duration and snow thickness relate to soil frost conditions 

over that same time period at the same station? 

(iii) What is the significance of short-term soil frost cycles in a sub-Arctic 

environment (Abisko)? 

(iv) What factors can explain the variability and change in soil frost conditions? 
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2. Study area 

The Abisko Scientific Research Station (ANS) is located in the Abisko valley (Figure 

1), which is located in the Caledonian Mountains in northern Sweden at 68°21`N, 18°49`E 

(Josefsson 1990). The station is situated at the south shore of Lake Torneträsk, about 200 km 

north of the Arctic Circle, at an altitude of 380 m above the sea level and approx. 300 m 

below the alpine tree line (Andersson et al. 1996). Abisko belongs to the sub-Arctic region, 

although it experiences an unusual mild climate dominated by westerly maritime winds from 

the North Atlantic (Josefsson 1988). The local climate of Abisko is influenced by the Lake 

Torneträsk which has an area of 330 km2 and the surrounding mountains (Yang et al. 2011). 

Influenced by the Abisko Mountains, a strong climate gradient occurs in the area. The western 

part of the Abisko region experiences an oceanic sub-Arctic climate due to the nearby 

Atlantic Ocean which changes to a more continental climate towards the east (Ridefelt and 

Boelhouwers 2006).  

According to the definition of climatic zones by Köppen (1932) Abisko experiences a 

boreal sub-Arctic climate. Boreal sub-Arctic climate zones are defined by the mean monthly 

air temperatures (MMAT) of the coldest and the warmest month, being above -3 °C or, 

respectively, above +10 °C (Tmmin ≤ -3 °C, Tmmax > 10 °C). The climate type at Abisko is a 

cold and humid climate with a short summer (Dfc).  

ANS was established as an all year round weather station in 1912. One year later in 

1913, climate observation became operative (Kohler et al. 2008). The official mean annual air 

temperature (MAAT) at Abisko weather station is -0.8 °C and the annual precipitation is 

303.7 mm in the standard reference period from 1961 to 1990 (Swedish Meteorological and 

Hydrological Institute, SMHI). During the period 1985-2010 the MAAT and the annual 

precipitation measured at ANS was 0.02°C and 329.8 mm, respectively. From 1985-2010 

snow generally covered the study area from October to May.  

The Caledonian Mountain Range is composed of Archaean and Cambrosilurian 

bedrock, which characterizes the geology of the Abisko valley. Micaschists and amphobolites 

as well as calcite marble are dominating the bedrock of the Abisko Mountains (Holdar 1957, 

Kulling 1964). The soil contains weathered calcareous deposits, which provide nutrient rich 

material for the flora. The most common soil is till, but there are also some glacial and 

glacifluvial deposits forming the geomorphology of the study area (Ridefelt and Boelhouwers 

2006) which is covered by hummocky moraines (Josefsson 1988). 
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A Mountain Birch Forest (Betula pubescens tortuosa) dominates the area of the 

Abisko valley. The vegetation varies from a denser type of birch forest to a sparsely growing 

birch forest (Sonesson and Lundberg 1974). Crowberry (Empetrum hermaphroditum), 

whortleberry (Vaccinum vitis-idea) and bilberry (Vaccinum myrtillus) are the most common 

vegetation (Josefsson 1988). The birch forest is underlain with podzols composed out of three 

horizons. The marginal decomposed organic A-horizon fluctuates between 3 and 10 cm. 

Underneath lies a thin (1-3 cm) and often interrupted albic horizon. At the bottom, a 40-50 cm 

thick spodic layer is found which consists of iron, aluminum and humus material. The grain-

size is fine sand with a normal distribution. The soils have been identified as Orthic podzols 

and Lithic cryothods (Josefsson 1988). The soil temperatures obtained at the Abisko Research 

Station are derived from a similar mountain birch forest soil, as described by Josefsson 

(1988). The moraine study site at Abisko is located on a small hill in the mountain birch forest 

and is currently not underlain by permafrost, but by a seasonally frozen ground. However, in 

certain years the ground frost may not reach down to 100 cm depth. Statistic-empirical 

modeling of mountain permafrost distribution in the Abisko region by Ridefelt et al. (2008) 

revealed that the elevation was the main controlling factor for permafrost occurrence in 

mineral soils. Using different methods the limit of probable mountain permafrost was found 

to be approx. 800 m.a.s.l. in the east. 

Figure 1: Map over Abisko. The Abisko Scientific Research Station (ANS) is located 
at the shore of the Lake Torneträsk. The inset map shows the position of ANS in a 
Swedish context. Source:http://www.scannet.nu/ 
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3. Data 

To answer the questions addressed in this paper, temperature and precipitation data 

have to be analyzed as well as the snow layer from 1985 to 2010. For that purpose data series 

were provided digitally by ANS, including measurements of ground temperature at 5, 20, 50 

and 100 cm depth, air temperature, precipitation and the snow thickness. The provided data 

from ANS were completed by air temperature and precipitation measurements from SMHI. 

Additionally, the North Atlantic Oscillation index (NAO index) was taken into account, since 

it is assumed to influence the temperature and precipitation at high latitudes over the Northern 

Hemisphere (Hurell 1995). In this chapter, the provided data are described (meta-data). Note 

that the different variables cannot be considered isolatedly, but in their interdependence. 

Furthermore, due to study purposes, the year is not always defined as calendar year but refers 

to the hydrological year which generally covers the period from October 1st to September 30th. 

However, observing the hydrology in northern Sweden, the hydrological year refers to the 

time period from September 1st through August 30th, since the snow is likely to accumulate 

earlier in autumn (Bergström, 1993). This definition is required when referring to the seasonal 

events such as ground frost or snow cover. However, the snow season is not considered to be 

as fixed as the definition of the hydrological year. In most years, the first snow was detected 

in October and the last snow in May. But in some years snow fell earlier in September or later 

in November and the last snow event was detected in April. Therefore, to calculate the 

average snow thickness during one snow season, the snow season began or ended with the 

month when the first, respectively the last, snow was detected. Regarding the changes in 

ground temperatures, air temperatures and precipitation, the changes over the calendar year 

were considered through the seasons. The winter season includes the months December 

through February, the spring season March through May, the summer season June through 

August and the autumn season September through November.  

3.1 Ground temperature measurements 

The ground temperature data were provided by the automatic weather station at ANS 

which went into operation in July 1984 but didn`t run properly until the beginning of 1985 

(Kristoffersson, personal note). The measurements were raw, unpublished data to which the 

current calibration was applied. These temporary calibrations were considered to be sufficient 
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for the study purposes. For data records at ANS, resistance thermometer PT 100 was used 

which was connected to an automatic weather station. The measurements were conducted 

automatically every five seconds and subsequently transferred into minute values, which in 

turn were converted into 10 minutes and hourly values. Hence, the hourly values were mean 

values based on the 10 minute values taken out from the data loggers. The observed data were 

collected from January 1985 to October 2010 at 5, 20, 50 or, respectively, 100 cm depth from 

the surface. Data were provided is two worksheets, containing the measurements from 

January 1985 to August 2005 and from August 2005 to October 2010, respectively. The data 

series from the automatic weather station was more or less uninterrupted, with gaps of a few 

hours up to a few weeks at the most. The gaps appeared in particular during the earlier period 

of measuring with this equipment. The reason for the failure was assumed to be due to power 

failures and insufficient back-up of the data (Christer Jonasson, personal note).To fill the gaps 

in the time series, additional data files were provided by ANS. Measurements were taken 

daily from 1985-2005 for 5, 20, 50 and 100 cm depth at ANS and measurements taken every 

5th day from 1985-2010 for 20, 50 and 100 cm depth. The sensors of the latter time series are 

SMHI standard and located at the same area as the sensors from the automatic station. Thus, 

the whole data set provided by ANS is a reliable source for analyzing the ground temperature. 

3.2 Air temperature and precipitation measurements 

Air temperature measurements at ANS have been taken out since 1913. Initially the 

results have been recorded every third hour as a 1.5 m screen temperature. From 1984, when 

the automatic weather station was installed, the data were collected every 10 minutes 

(Johansson et al. 2008). Hence, the hourly data provided by ANS from 1985-2010, were mean 

values based on the original 10-minute values. The air temperature was collected in 

maximum, minimum and average values. The automatic time series for the air temperature 

was provided together with the ground temperature measurements provided by the automatic 

weather station at ANS. Additionally, air temperature data from manual readings at ANS 

were provided, collected as daily mean, maximum and minimum value using the SMHI 

method with sheltered instrumentation located at 2 meters height (Johansson et al. 2008). The 

latter time series was used to study the changes in air temperature over the certain period of 

time. 
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From 1913 to 1993, precipitation measurements were taken out manually at 07:00 h 

a.m. and 19:00 h p.m., during the summer at 08:00 h a.m. and 20:00 h p.m. In 1984, automatic 

measurements were added, taken out every hour from 1984-1995. From 1995 up to now the 

automatic data were recorded every 10 minutes (http://www.linnea.com/~ans/abiskoogat/). 

The precipitation gauge is placed at 1.5 m height and has a screened surface of 2 dm2. The 

precipitation amount is always measured in liquid state, therefore snow and hail have to be 

melted. 1 mm precipitation equals 1 l/m2 at the ground. The precipitation data used in this 

study were stated in mm and came, as well as the air temperature data, from manual readings 

at ANS.  

There exist some factors which might influence the air temperature as well as the 

precipitation. Additional buildings set up at ANS constitute an environmental influence which 

sparsely affects the air temperature but may, in fact, influence the gauged precipitation 

(Kohler et al. 2008). There were no corrections made to reduce this source of error.  

Additionally, air temperature and precipitation data published at the SMHI website 

(http://www.smhi.se/) were evaluated to complete the provided data by ANS. MMAT and 

precipitation from the last official reference period from 1961-1990 at Abisko, as well as 

MAAT over the whole of Sweden (from 1960-2009) were used. The MAAT and annual 

precipitation over the whole of Sweden were calculated from 37 respectively 87 weather 

stations spread over the whole country. The data were homogenized, which implies error 

correction and interpolation of missing data, as well as considerations of changes in 

instrumentation or the relocation of measuring sites. 

3.3 Snow measurements 

From 1985-1988, the snow records provided by ANS were digitalized from paper 

form, whereas data from 1988 onward, were measured and digitalized at the same time 

(Kohler et al. 2008). The snow thickness was measured every 5th day and stated in cm. 

Measurements were collected at 07:00 h a.m. local time at an eastern snow profile which 

consisted of 10 stakes (Kohler et al. 2008). The location of these stakes has remained the 

same since January 1914. Since 1956, the snow thickness measurements were carried out 

continuously every 5th day, if necessary. Additionally to the eastern snow profile, a single 

stake recording was established in 1956 at ANS. These measurements have been taken daily, 

if needed. Furthermore, a third assessment was added in 1974. This western profile was 
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located west of ANS and, as well as the eastern snow profile, consisted of 10 stakes. Also 

these measurements were taken out every 5th day. The records for the time series under 

analysis was determined to be adequately representative for averaging calculation, since the 

records have been taken out on a good regular basis. No corrections have been made for wind 

speed which affects the accumulation of snow (Kohler et al. 2008). 

3.4 North Atlantic Oscillation (NAO) 

The NAO is the leading climate pattern in the North Atlantic region substantially 

affects ecological processes (Stenseth et al. 2003). The time series of the monthly NAO index 

from 1950 up to now, may be found at the website of the National Oceanic and Atmospheric 

Administration (NOAA, http://www.cpc.ncep.noaa.gov/). NAO data were published in mean 

monthly values from 1950-2010. 

3.5 Thermal diffusivity 

“The thermal diffusivity of a soil is its ability to diffuse thermal influences.” (Oke 

1987). Thus, it determines how fast, respectively how slow, temperature waves move through 

the ground. Ground temperature measurements for the hydrological years 2000/2001 and 

2002/2003 were used to calculate the apparent thermal diffusivity of the soil. The analysis 

was based on the method of Hinkel et al. (1990). The values were calculated for each hour 

with a 2-hour time interval and a 0.5 m vertical interval. 
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4. Methods 

The time series analysis was not based on field work since the data evaluated were 

provided by the automatic weather station at ANS. The ground temperature data as well as the 

air temperature, precipitation and snow measurements were provided digitally by ANS. The 

regulations for using ANS´ data may be found in Appendix B. Additionally, air temperature 

and precipitation data found at the SMHI website (http://www.smhi.se/) was evaluated along 

with the data provided by ANS. Finally, the NAO index is published at the NAO website 

(http://www.cpc.ncep.noaa.gov/).  

The data were processed with the spreadsheet software Microsoft Excel 2007, 

evaluated and represented in different tables and figures with respect to the corresponding 

measurements. The software package Statistical Package for Social Science (SPSS) version 

18.0 was used to investigate the relationship between the parameters. Values were subjected 

to correlation statistics to feature the relations between the analyzed data. Results of the 

statistics were prepared as tables which include R2 and p-values, representing the significance 

of the correlation. Since square values are positive, negative sign is used to indicate the sign 

of correlation. 

Ground temperature data were received digitally by ANS. The measurements were 

differently formatted, hence the data had to be formatted homogeneously before processing. 

To illustrate the frost cycle parameters, time series tables were created to represent the date of 

the first frost, the date of the last frost as well as the number of frost cycles, the duration and 

intensity of the seasonal frost cycles. Based on these timetables diagrams were created to 

visualize the content of the statements. Further, mean annual, seasonal and monthly values 

were calculated to illustrate the changes in ground temperature during the study period from 

1985-2010. Figures were created to visualize the results. Average values of air temperature 

and precipitation were calculated from the time series provided by ANS to create a climate 

graph and additional figures, illustrating the variations of temperature and precipitation over 

the time period from 1985-2009. Anomalous values were calculated with respect to the last 

official reference period from 1961-1990. Additionally, data from SMHI were also 

represented in figures. Average values were calculated and diagrams were created to visualize 

changes in snow thickness and duration over the period from 1986-2010. Time series tables 

were created which illustrate the first and last date of snowfall, the average duration of the 

snow cover for each year as well as the snow thickness. NAO data from 1985-2010 were 
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averaged and presented in mean annual values or, respectively, mean winter (December-

February) values. Figures were created to visualize the results. 

To evaluate a time series, the data used had to be homogeneous. However, generally 

most long-term time series are to a greater or lesser extent inhomogeneous, since there might 

be a change in measuring equipment or location as well as changes in vegetation or other 

surroundings (Eriksson and Alexandersson 1990). The ANS data series showed 

inhomogeneities, since there was a change in instrumentation during the measurement period. 

The ground temperature data as well as the snow thickness survey came from two different 

data bases. Further, to describe climate patterns the World Meteorological Organization 

(WMO) defined a normal reference period of 30 years for statistical purposes and the time 

series analyzed included only 25 years. However, ANS is an official SMHI station and the 

data were subjected to quality checks and current calibrations. Hence, the data were 

considered to be representative and a reliable source to analyze the climatic conditions at 

Abisko. 

This thesis deals with spotting the correlations between the ground temperature and 

the related parameters. Supplementary parameters which impact the ground temperatures as 

well as the variations in ground temperature itself and related phenomena were studied. In the 

first section, general meteorological conditions at Abisko will be described with the data 

provided by the weather station at ANS and SMHI. The variations in air temperature and 

precipitation over the past 25 years at ANS are described in paragraph 5.2 and 5.3, including 

anomalous values with respect to the last official reference period from 1961-1990. Paragraph 

5.4 deals with the precipitation appearing as snow, describing the variations of the snow 

period as well as the snow thickness. The NAO index is discussed in paragraph 5.5. Changes 

in ground temperatures follow in paragraph 5.6. Separate subchapters are addressed to the 

variations in ground temperature during the frost season, which is approximately from 

October to June depending on the depths considered. The same chapter also includes 

descriptions of the phenomenon of the zero-curtain effect. The thermal diffusivity of the soil 

is discussed in paragraph 5.7. After describing the general conditions in the abovementioned 

paragraphs, the relationship between the studied parameters is discussed in paragraph 5.8. 

This includes the correlation between the NAO index and the precipitation, snow cover, air 

and ground temperature, the correlation between the ground temperature and the snow cover 

respectively precipitation as well as the correlation between the ground temperature and the 

air temperature. 
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4.1 Frost cycles 

To establish a general understanding of frost cycles, key words and the idealized 

progress of a frost season are explained and visualized in Figure 2. The day when the ground 

temperature reaches the freezing point is called the first day of freeze. Once the temperature 

dropped below the freezing point it may happen that the ground experiences several thawing 

and freezing events. These alternations are called short-term frost cycles which may range 

from hours to weeks. Temperatures staying around 0 °C for a long time period may occur 

within a frost season. This phenomenon is called the zero-curtain effect and may occur during 

freezing as well as during thawing. However, it is difficult to define the temperature range 

and length for this phenomenon since it is described as a long time period where temperatures 

stay close to the freezing point of water (Outcalt et al. 1990). It is advisable to make 

differences in the definition by depth as well as by year if necessary. A rough and general 

definition was made in advance to avoid remarkable complications. In this study, the zero-

curtain was defined as a period from ≥ 5 days with temperature variation between +0.1 °C and 

-0.3 °C. The zero-curtain may be seen as a part of the seasonal frost cycle. However, the 

beginning and end as well as the length of the zero-curtain is hard to distinguish. For the 

reason of simplification, the zero-curtain will be treated separately from the description of the 

seasonal frost cycles. The seasonal frost cycle is defined as the period where the ground 

temperatures stay below the freezing point during the winter months without thawing and 

refreezing. After the end of the seasonal frost cycle, short-term frost cycles may occur before 

the ground experiences permanently positive temperatures.  

Figure 2: The idealized illustration of a frost season, representative for a freezing period at Abisko from 1986-2010. 
Illustrated is the first or, respectively, last day of freeze, the start or, respectively, end of the seasonal frost cycle 
including the zero-curtain as well as the short-term frost cycles. 
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5. Results 

5.1 Climatic conditions at ANS 

The official MAAT at ANS is -0.8 °C with an annual precipitation of 303.7 mm 

(SMHI, reference period 1961-1990). During the study period (1985-2009) recorded data at 

ANS resulted in a MAAT +0.02 °C and an annual precipitation of 329.8 mm. Figure 3 shows 

the climate graph for Abisko created from the data provided by ANS from 1985-2009.  

The following paragraphs describe the changes in the meteorological variables air 

temperature, precipitation and snow cover. Regression statistics were applied to reveal 

whether the changes from 1985-2010 in theses parameters were statistically significant, i.e. if 

there were linear increasing respectively decreasing trends over the time or not. R2 and p-

values of the annual and seasonal changes in air temperature, precipitation and snow cover 

may be found in Table 1. 

Figure 3: Climatic conditions at Abisko Scientific Research Station (ANS). MMAT  
(red line) and precipitation (bars). Mean values for the period 1985-2009 were 
calculated on the basis of daily manual readings provided by ANS. 
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5.2 Air temperatures at ANS 

The MAAT at ANS between 1985 and 2009 was +0.02 °C, with a mean minimum 

value of -10.1 °C in February and a maximum of +11.8 °C in July. The coldest year within 

this period was 1985 with a MAAT of -2.1 °C and the warmest year 1990 with a MAAT of 

+1.4 °C. February 1985 was the coldest month recorded with a MMAT of -19.6 °C, and July 

2003 was the warmest month with a MMAT of +14.6 °C. Values of MMAT are composed in 

Table 2. 

Table 1: Regression statistics of meteorological parameters at Abisko 1986-2010. Mean annual 
and seasonal values were correlated against the year. Correlations with a significance of 0.01 or 
0.05 are represented by the p-values. The seasons are defined as follows: spring (March, April, 
May), summer (June, July, August), autumn (September, October, November) and winter 
(December, January, February). 

Table 2: MMAT at Abisko 1985-2009. Values were calculated on the basis of daily manual readings provided by ANS. 
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Abisko experienced an increase in MAAT of ca 1.61 °C over the period 1985-2009 

(Figure 4). Linear regression statistics show that the increasing trend of MAAT was 

statistically significant (R2 = 0.57, p = 0.003). The air temperature increased from 1985 to 

1990, followed by decreasing values until 1998. From 1998 until now, a second warming 

period could be detected. Increasing mean seasonal air temperatures could be detected in 

every season (Figure 5). Winter (December-February) air temperature increased by 2.07 °C 

from 1986-2009 and the data showed increasing values from 1985 until 1992, then decreasing 

values which were followed by a second temperature increase from 1999 until now. However, 

concerning the mean seasonal temperatures only the increasing summer temperatures of 1.38 

°C from 1986-2009 could be validated statistically (R2 = 0.48, p = 0.019), i.e. there was a 

weak linear trend towards increasing temperatures in summer. The increasing trends during 

the other seasons were statistically not significant.  

  

Figure 4: MAAT at Abisko 1985-2009 and a linear trend. 
Values were calculated on the basis of daily manual 
readings provided by ANS. 

Figure 5: Mean seasonal air temperatures and a 3rd degree 
polynomial fit at Abisko 1985-2009. The polynomial fit 
emphasizes the two periods of increasing winter air 
temperatures. Values were calculated on the basis of daily 
manual readings provided by ANS. 
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The trend of increasing air temperatures could be observed over the whole of Sweden 

from 1860 until now. Homogenized data were provided by SMHI (http://www.smhi.se/). Air 

temperatures showed an increasing trend from 1875 to 1925. A weak decreasing trend could 

be recognized from 1945 to 1970, followed by a decreasing trend from 1980 until now. The 

latter increasing period is more distinct than the previous one. Temperature anomalies 

changed from predominantly negative values from 1860 to 1930 towards mainly positive 

values until today with a distinct increasing development during the period of investigation. 

The anomalous values stayed positive from 1997 to 2010 (Figure 6a). The temperature 

anomalies from Sweden 1985-2009 were compared to the temperature anomalies from 

Abisko 1985-2009 with the result that both temperature series were highly correlated to each 

other (R2 = 0.92, p = 0.000; Figure 6b). 

5.3 Precipitation at ANS 

The SMHI official precipitation for the reference period from 1961-1990 is 303.7 mm. 

Annual precipitation at ANS amounts to 329.8 mm in the period from 1985-2009 with a 

maximum in July with 55.1 mm and a minimum in April with 11.1 mm. Years with the 

Figure 6: (a) Air temperature variations in Sweden 1860-2009. Temperature anomalies and a 4th degree polynomial fit. The 
polynomial fit emphasizes the distinct warming period towards the end of the record. Mean values are published at the SMHI 
website. The data were homogenized and based on 37 stations spread over the whole country. Anomaly data is published at 
the SMHI website and refers to the last official reference period 1961-1990. (b) Air temperature variations in Sweden and at 
Abisko 1985-2009. This graph visualizes the correlation between the two data sets, provided by SMHI and ANS.  
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highest or, respectively, lowest annual precipitation rate were 2004 with 411.7 mm and 1994 

with 212.9 mm. Values of mean monthly and annual precipitation are composed in Table 3. 

In general the annual amount of precipitation increased from 1985 to 2009 (Figure 7). 

The rate of change, however, was limited to +1.12 mm per year, resulting in a total increase 

of 26.89 mm over 1985-2009. Considering the seasonal changes in precipitation, no obvious 

trend during spring could be detected. Summer and autumn precipitation were found to be 

increasing by 14.95 mm and 4.93 mm respectively from 1986-2009. In contrast, winter 

precipitation is generally decreasing by 7.10 mm from 1986-2009 (Figure 8). The annual 

increasing trend was determined by the increasing summer precipitation. Regression statistics 

revealed that the trends in mean annual and seasonal precipitation were statistically not 

significant, i.e. no linear trend towards increasing precipitation could be detected.  

Table 3: Monthly and annual precipitation at Abisko 1985-2009. Values were calculated on the basis of daily manual 
readings provided by ANS. 
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Compared to the annual precipiation totals over the whole of Sweden 1985-2009 

(http://www.smhi.se/) the annual precipiation totals at Abisko 1985-2009 were found to be 

Figure 7: Annual precipitation totals at Abisko 1985-2009 
and a linear trend. Values were calculated from daily 
manual readings provided by ANS. 

Figure 8: Anomalies of seasonal precipitation at Abisko 1985-2009 and linear trends. (a) Spring (March-May), (b) 
summer (June-August), (c) autumn (September-November), (d) winter (December-February). Values were calculated 
on the basis of daily manual readings provided by ANS.The reference period for the calculation of anomaly values is 
the last official reference period 1961-1990. Reference data is published at the SMHI website.  
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lower than over the whole of Sweden. The two data series from 1985-2009 were not 

correlated to each other (R2 = 0.16, p = 0.445).  

5.4 Snow cover at ANS 

The snow season during the study period varied between 6 and 8 months. The snow 

cover duration was decreasing with a decline of ca 1.5 days per year during the study period 

(Figure 10a). Note that for the calculation of snow cover duration only the days with 

permanent snow cover were taken into account. The first or, respectively, last day of snowfall 

might be earlier or later as the beginning and end of the permanent snow cover. The snow 

cover season refers to the hydrological year from October to September. Hence, year 1985 

was not taken into account since data for the hydrological year beginning in October 1984 

was not completely available. The longest snow season occurred 1989 with 238 days which 

corresponds to more than 8 months. The year with the shortest snow season was 2006 with a 

permanent snow cover of 167 days which corresponds to less than 6 months. The retreat in 

snow cover duration occurred due to the later onset of permanent snow cover in autumn and 

the earlier snow melt in spring (Figure 9). Considering the whole time period from 1986 to 

2010 the onset of the permanent snow cover occurred approx. 19 days later and the snow 

cover disappeared approx. 12 days earlier. Regression statistics proved the significance of the 

increasing trend towards a later onset of permanent snow cover (R2 = 0.49, p = 0.013) and the 

decreasing trend indicating a retreat in spring snow cover (R2 = -0.46, p = 0.020). Considering 

the first and last day of snowfall, the changes towards a later snowfall in autumn was 

statistically not significant (R2 = 0.15, p = 0.471). but snow disappeared earlier in spring (R2 = 

-0.40, p = 0.047). 

Figure 9: (a) Development of the first day of permanent snow cover and (b) the last day of permanent snow cover at 
Abisko 1986-2010 and linear trends. The linear trend lines illustrate the trend towards later onset respectively earlier 
melting of the permanent snow cover at Abisko. Values were based on data provided by ANS. 
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The month richest in snow was March with an average snow thickness of 53.26 cm. 

During the summer months (June-August) precipitation occurred as rain. Mean monthly snow 

thicknesses may be found in Table 4. In general, snow thickness experienced a decreasing 

trend from 1985-2009 (Figure 10b), which reflected the changes in winter precipitation. The 

average snow thickness 1986-2009 in winter and spring was 38.4 cm, respectively 38.06 cm, 

whereas the autumn snow thickness only amounted to 7.12 cm. The seasonal snow thickness 

was found to be decreasing with time. According to regression statistics the decreasing trends 

Table 4: Mean monthly snow thickness at Abisko 1985-2009. Values were calculated on the basis of daily manual readings 
provided by ANS. 

Figure 10: (a) Snow cover duration in days and (b) mean annual snow thickness in cm at Abisko 1986-2010 and 
linear trends. Annual snow thickness had been calculated from monthly values. Months without any snow cover are 
not included. The values have been calculated with respect to the hydrological year (October-September).
Measurements have been collected approximately every 5th day at 7.00 hours at ANS. 
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of mean annual snow cover duration (R2 = -0.60, p = 0.001) and snow thickness (R2 = -0.44, p 

= 0.027) were statistically significant, as were the decreasing trends in seasonal snow 

thickness. 

The parameters measured to characterize the snow cover were significantly correlated 

to each other. Thus, a long snow season was accompanied by an increased snow thickness and 

an early onset of permanent snow cover. The highest correlation was found between the snow 

cover duration and the onset of the permanent snow cover (R2 = -0.81, p = 0.000). The 

negative correlation indicated that an early onset of permanent snow cover is accompanied by 

an increased snow season duration. Further, the snow thickness was significantly correlated 

with the length of the snow season (R2 = 0.54, p = 0.006). The correlations between all 

parameters can be found in Table 5. 

5.5 NAO index 

NAO data were provided as mean monthly values from 1950 until now. The winter 

season index is constructed by averaging the monthly NAO index for December, January and 

February. During the last official reference period from 1961-1990 the winter NAO index 

increased, whereas the winter NAO index during the study period from 1985-2010 was found 

to be decreasing (Figure 11). The values from 1985-2010 were mainly positive and the lowest 

value was detected in 2010. Figure 12 visualizes the decreasing trend of both the annual and 

seasonal NAO index 1985-2010. Linear regression statistics showed that the decreasing trend 

of the mean annual NAO index 1985-2009 was statistically significant (R2 = -0.42, p = 0.035) 

whereas the trend of the seasonal (December-February) NAO index 1985-2009 was not. 

Table 5: Correlation statistics of snow cover parameters at Abisko 1986-2010. Correlations with a significance of 0.01 or 
0.05 are represented by the p-values. 
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5.6 Ground temperatures at ANS 

The long term mean ground temperature at Abisko was ca 2 °C at 5 cm, 1.8 °C at 20 

cm and 1.9 °C at 50 cm or, respectively, 100 cm depth. The soil experienced approximately 

five months of frost at 5 and 20 cm depth. At 50 and 100 cm depth the soil remained frozen 

about four respectively two months during the study period. Mean annual ground 

temperatures (MAGT) at ANS increased during the period from 1985-2009 (Figure 13), with 

an increasing rate of change with depth. During the study period ground temperatures 

increased by approx. 0.31 °C at 5 cm depth and approx. 0.64 °C, 0.82 °C and 0.94 °C at 20, 

Figure 11: Seasonal (December-February) NAO index for (a) the winter season (December- February) 1961-1990 
and (b) the winter season (December-February) 1985-2010 and linear trends. Data published at the NOAA website.
Mean monthly values were summarized to mean seasonal values.  

Figure 12: (a) Mean annual NAO index from 1985-2009 and (b) Mean seasonal (December-February) NAO index 
from 1986-2010 and linear trends. Values calculated from the mean monthly NAO index published at the NOAA 
website. 
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50 respectively 100 cm depth. Considering the seasonal progression of ground temperature 

the winter trend correspond to the annual trend. Also the mean autumn temperatures increased 

at every depth. In contrast, the summer ground temperatures decreased at every depth. The 

trend of ground temperatures in winter was found to be increasing by 2.07 °C, 2.58 °C, 2.50 

°C, 1.86 °C and 1.16 °C at 5, 20, 50, respectively 100 cm depth. The mean autumn 

temperatures increased at every depth by 1.13 °C, 1.33 °C, 1.15 °C and 1.20 °C respectively. 

In contrast, the summer ground temperatures decreased at every depth by 2.77 °C, 2.13 °C, 

1.40 °C and 0.21 °C at the respective depth. The mean ground temperature in spring changed 

differently depending on the depth considered. At 5 cm depth the temperatures decreased, 

whereas at 20 cm the ground temperature remained nearly constant. At 50 and 100 cm depth, 

however, the ground temperatures increased. The seasonal trend of ground frost temperatures 

at 5 cm depth are visualized in Figure 14. The development of the seasonal ground 

temperature was referred to the hydrological year, since winter temperatures cannot be 

described in terms of the calendar year. Hence year 1985 was not taken into account regarding 

the seasonal trend of ground temperatures.  

Figure 13: MAGT at Abisko 1985-2009 and linear trends at (a) 5 cm depth, (b) 20 cm depth, (c) 50 cm depth, (d) 100 
cm depth. Values were calculated on the basis of hourly measurements collected automatically at ANS. 
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The annual increasing trend of ground temperatures could be validated by linear 

regression statistics at 20, 50 and 100 cm depth. The trend of increasing ground temperatures 

during the winter (December-February) and autumn (September-November) season was 

statistically significant at all depths. The increasing summer (June-August) ground 

temperatures were found to be significant down to 50 cm depth. R2 and p-values are given in 

Table 6. Additionally, correlation statistics proved the consistent temperature changes at all 

depths. The changes in ground temperature at the respective depths were significantly 

correlated to each other. The highest correlation was found between the respective adjacent 

depths with decreasing significance with distance. The correlation statistics were made for the 

two data sets separately. Due to a better data quality, the second data set from August 2005 to 

October 2010 showed more significant results than the first data set from January 1985 to 

August 2005. 

The changes in ground temperature during the study period from 1985-2010 were 

consistent at every depth considered. However, the changes were delayed with depth due to 

the time which is needed for temperatures to penetrate through the ground and influence the 

surrounding (Fig 15). The annual temperature regime of soils is determined by temperature 

Figure 14: Mean seasonal ground temperature at 5 cm depth at Abisko 1986-2010 and linear trends in (a) spring 
(March-May), (b) summer (June-August), (c) autumn (September-November) and (d) winter (December-February).
Values were calculated on the basis of hourly measurements collected automatically at ANS. 
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waves influenced by the annual solar cycle which affects the ground up to 14 m depth (Oke 

1987). The changes in ground temperature are influenced by different parameters, which are 

discussed in the following paragraphs. 

The temperature profile showed a decreasing trend with depth during the summer 

months (June-August) and an increasing trend during the winter months (December-February; 

Figure 16). Hence, the temperature range decreased with depth. Heat generally flows from 

zones with higher temperatures to zones with lower temperatures (Oke 1987). Thus, in 

summer the temperature gradient is directed downwards and warm temperatures penetrate 

through the ground with heat loss with depth. In winter the temperature gradient is directed 

upwards, since the surface is cooled whereas the heat is stored at depth (Oke, 1987).  

Table 6: Regression statistics of ground temperature at Abisko 1986-2010. Mean annual and 
seasonal values were correlated against the year.  Correlations with a significance of 0.01 or 
0.05 are represented by the p-values. The seasons are defined as follows: spring (March, April, 
May), summer (June, July, August), autumn (September, October, November) and winter 
(December, January, February). 

Figure 15: Monthly progression of ground temperatures at 
5 cm and 100 cm depth at Abisko 1985. Values were 
calculated on the basis of hourly measurements collected 
automatically at ANS. 
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5.6.1 Seasonal frost cycles 

The changes in ground frost conditions were studied by determining the changes in 

frost cycle parameters for the period from 1986-2010 at 5, 20, 50 and 100 cm depth. The 

characteristics of the frost conditions in 1985 were not considered, since no data were 

provided for 1984. For basic information about the frost cycle parameters, including the first 

and last day of frost, the start and end day of the seasonal frost cycle, the number of frost 

cycles as well as the duration and intensity of the seasonal frost cycles see Appendix B. The 

changes in the parameters showed similar trends for each depth considered. 

The average intensities of the seasonal frost cycles at 5, 20, 50 and 10 cm depth were -

6.48 °C, -5.51 °C, -2.9 °C, and -1.19 °C, respectively. A decreasing trend of the seasonal frost 

cycle intensities 1986-2010 could be determined at every depth (Figure 17). The rate of 

change was approx. 0.1 °C per year down to 50 cm depth and tended to be highest at 20 cm 

(approx. 0.12°C) followed by 5 cm (approx. 0.11°C) respectively 50 cm depth (approx. 0.09 

°C). That implied a total decrease of approx. 2.7 °C, 3 °C and 2.2 °C at 5, 20 and 50 cm 

depth, respectively. A lower rate of change with approx. 0.04 °C per year could be detected at 

100 cm depth, which resulted in a decrease of intensity of approx. 0.9 °C during the study 

period. The fluctuations and changes in ground temperature were similar at the respective 

Figure 16: Temperature profile for winter and summer 
ground temperatures at Abisko. Values are mean, max and 
min values at 5, 20, 50 and 100 cm depth averaged from 
data between 1985 and 2010. Winter is defined from 
December to February, summer from June to August. 
Values were calculated on the basis of hourly 
measurements collected automatically at ANS. 
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depths. Hence, highs and lows were found during the same years at the respective depth. 

However, the variations proceeded from 5 cm to 100 cm depth with differences in 

temperature characteristics. The lowest temperature measured at 5 cm depth was nearly -14 

°C whereas the lowest temperatures at 20 cm, 50 cm and 100 cm depth were approx. -12 °C, -

7.5 °C or -3 °C, respectively. The highest temperatures at 100 cm depth were represented by 

no-values since the temperatures remained positive in certain years. Particularly during the 

last decade, the ground temperatures frequently stayed positive at 100 cm depth. 

The average duration of the seasonal frost cycles at 5, 20, 50 and 100 cm depth were 

approx. 116 days, 134 days, 108 days, and 65 days, respectively. The changes in duration of 

the seasonal frost cycles showed the same development as the changes in intensity, namely a 

decreasing trend at all depths (Figure 18). The rates of change at 5, 20, 50 and 100 cm depth 

were approx. -0.6, -2.2, -2.7 or, respectively, -4.7 days per year. This resulted in a notable 

decline of the seasonal frost cycle duration of approx. 14, 26, 65 or, respectively, 113 days 

concerning the respective depth. However, the changing patterns differed at the respective 

depths. At 5 cm depths, ample fluctuations dominated the trend. High values from 1986-1989 

were followed by lower values from 1990-1993. The fluctuations decreased with time. The 

Figure 17: Variations in soil frost intensities at Abisko 1986-2010 and linear trends at (a) 5 cm depth, (b) 20 cm 
depth, (c) 50 cm depth and (d) 100 cm depth. Values were calculated on the basis of hourly measurements collected 
automatically at ANS. 
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trend of frost cycle duration at 20 cm showed similar characteristics as at 5 cm depth, 

although with fewer fluctuations and a longer average duration. The maxima and minima 

were comparable with those at 5 cm depth. The average duration of the seasonal frost cycles 

at 50 cm depth was slightly lower than the durations of the previous ones. However, the trend 

still showed comparable characteristics. A maximum from 1987-1989 was followed by a 

minimum in 1992. Proceeding alternations between highs and lows were decreasing in range 

towards the end of the record. The trend at 100 cm depth in contrast showed different 

characteristics, mainly due to the years without frost during the last decade. However, at the 

beginning of the study period, a climax was followed by an anticlimax and ample fluctuations 

were observed during the whole period. The average duration was distinctly lower than at the 

lower depths considered. In summary, the duration of the seasonal frost cycles was decreasing 

with time at all depths showing an increased rate of change with depth and a distinct shorter 

length at 100 cm. 

The development of the first respectively last day of frost confirmed the decreasing 

trend of the seasonal frost cycle duration. The values were increasing or, respectively, 

decreasing regarding the first respectively last day of frost (Figure 19). That implied that the 

onset of frost occurrence was shifted backwards and the thawing of the ground started earlier.  

Figure 18: Variations in soil frost durations at Abisko 1986-2010 and linear trends at (a) 5 cm depth, (b) 20 cm depth, 
(c) 50 cm depth and (d) 100 cm depth. Values based on data provided by the automatic weather station ANS.  
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The numbers of frost cycles changed differently at the respective depths (Figure 20). 

At 5 cm depth the numbers of frost cycles were decreasing whereas at 20, 50 and 100 cm no 

obvious trend was visible. At 5 cm depth the maximum in 1991 with a number of frost cycles 

reaching up to about 29 was followed by a number of frost cycles staying between one and 6 

from 1996 until today. At 20 cm depth the numbers of frost cycles varied between one and 6 

over the whole period. The numbers of frost cycles at 50 cm depth varied between one and 

three for the most of the time without any obvious changing trend. During the 1990s the 

Figure 20: Variations of frost cycle numbers at Abisko 1985-2010 at (a) 5 cm, (b) 20 cm, (c) 50 cm and (d) 100 cm 
depth and linear trends. Values based on data provided by the automatic weather station ANS. 

 

Figure 19: Variations of the (a) first day of frost and the (b) last day of frost at 20 cm depth at Abisko 1986-2010 and 
linear trends. Numbers over 365 appear for statistical reasons in case of late freezing events after the turn of the year.
Values based on data provided by the automatic weather station ANS. 
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numbers were higher in certain years with up to 6 frost cycles per year. At 100 cm depth the 

numbers of frost cycles stayed more or less constant between zero and two. Increased 

numbers with up to 4 frost cycles occurred in 1996 and 2003. Year 1999 was an anomaly with 

16 frost cycles, which occurred all at the end of the frost season during April and May. The 

average intensity and duration of the 16 frost cycles were approx. -0.14 °C and approx. 9 

hours, respectively, and the temperatures between the freezing events exceeded +3 °C. In 

summary, the numbers of frost cycles were hardly comparable at the different depths. 

However, some conformity could be detected in the characteristics at 50 and 100 cm depth, 

evidenced by the negligible rate of change and the synchronized maxima.  

Regression statistics concerning the seasonal frost cycle parameters have revealed that 

the changes in frost intensity were statistically not significant, i.e. a linear trend towards 

decreasing intensity could not be proven statistically. The changes in duration of the frost 

cycles at 20, 50 and 100 cm depth were found to be significant. Trends towards later freezing 

and earlier melting were statistically significant at all depths. R2 and p-values may be found in 

Table 7. 

Concerning the frost cycle parameters, correlation statistics revealed relationships 

between the changes at the respective depths. The seasonal frost cycle intensities were found 

to be strongly correlated to each other. Also the durations of the seasonal frost cycles showed 

a median to strong correlation (Table 8). Regarding the last day of frost, correlations were 

found between 5 cm and 20 cm depth (R2 = 0.660, p = 0.000), 5 cm and 50 cm depth (R2 = 

0.811, p = 0.000) and 20 cm and 50 cm depth (R2 = 0.745, p = 0.000), respectively. 

 

Table 8: Correlation statistics of frost cycle parameters intensity and duration at Abisko 1986-2010. Correlations with a 
significance of 0.01 or 0.05 are represented by the p-values. 

Table 7: Regression statistics of seasonal frost cycle characteristics at Abisko 1986-2010. Values were correlated against the 
year. Correlations with a significance of 0.01 or 0.05 are represented by the p-values. 
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5.6.2 Short-term frost cycles 

The characteristics of the short-term frost cycles and the seasonal frost cycles, at 5 and 

20 cm depth, showed contrary changes. But, finding a general trend was difficult; especially 

since, at 50 and 100 cm depth, short-term frost cycles occurred much less frequently. At 100 

cm depth, short-term frost cycles occurred in less than one out of three of the years recorded. 

At 50 cm depth the number of years with short-term frost cycles was barely higher. For that 

reason the evaluation will be limited to the upper 20 cm. At greater depths the short-term frost 

cycles may have less relevance on soil frost conditions. 

The average intensities of the short-term frost cycles at 5 and 20 cm depth were -1.03 

°C or -0.94 °C respectively. At 5 cm depth short-term frost cycles occurred in most of the 

years. The average intensity was increasing, i.e. temperatures were decreasing (Figure 21). 

The rate of change of around -0.04 °C per year implied a total decrease of ca 1 °C during the 

whole period. During the past five years the development at 5 cm depth was hard to describe 

due to the lack of short-term frost cycles. At 20 cm depth, short-term frost cycles occurred in 

two out of three recorded years. In 2001, 2002 and 2004 the average intensities were fairly 

high compared with the rest of the period. The rate of change of -0.03 °C was slightly lower 

than at 5 cm depth. However, due to the lack of short-term frost cycles the validity of the 

statements remains uncertain.  

The average duration of the short-term frost cycles was calculated from all short-term 

frost cycles during one cold season and was 210 hours or 190 hours at 5 and 20 cm depth, 

respectively. The average frost cycle duration showed an increasing trend with time at 5 cm 

depth with a rate of change of ca 10 hours per year (Figure 22). However, during the past five 

years the duration was found to be regressive. The average duration at 20 cm depth increased 

with a similar rate of change as at 5 cm depth. The period without short-term frost cycles from 

1994-1999 was followed by a phase of high values alternating with low values until 2005. 

Note the coincidence between the maxima at 5, 20 cm in 2004. In summary, at 5 and 20 cm 

depth the changes in duration were comparable due to the similar rate of change towards 

increasing duration with time and the maxima in 2004.  

Correlation statistics revealed that the average duration and intensity of the short-term 

frost cycles at 5 and 20 cm depth were significantly correlated to each other (Table 9). 

However, regression statistics confirm the uncertainties in evaluation possible trends, since 

the changes in average intensity and duration were statistically not significant. 
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Considering the frequency of the frost cycle length, the most abundant length at 5 and 

20 cm depth was 1 hour. At 5 cm depth it was likely that at least one short-term frost cycle 

occurred per year, only three years without short-term frost cycles could be detected. At 20 

cm depth years without short-term frost cycles were second frequent. Figure 23 illustrates the 

frequency of the single frost cycle duration in hours.  

Figure 21: Variations in average short-term soil frost duration at Abisko 1986-2010 and linear trends at (a) 5 cm 
depth, (b) 20 cm depth. Values based on data provided by the automatic weather station ANS. 

Table 9: Correlation statistics of short-term frost cycles duration and intensity at Abisko 1986-2010. Correlations with 
significance of 0.01 or 0.05 are represented by the p-values. 

Figure 22: Variations in average short-term soil frost intensities at Abisko 1986-2010 linear trends at (a) 5 cm depth,
(b) 20 cm depth. Values based on data provided by the automatic weather station ANS. 



 

 

5.6.3 Zero-curtain effect 

The zero-curtain effect is the endurance of almost constant temperatures staying close 

to the freezing point of water during annual freezing and thawing (Outcalt et al. 1990) and 

was found in most of the years and 

periods during freezing and thawing were detected with temperatures staying somewhat 

below or above zero without re

described separately.  

 

Figure 23:. Frequency diagram of the short
cm. The average duration of the short
cold season. Values based on data provided by the automatic weather station ANS.
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curtain effect is the endurance of almost constant temperatures staying close 

to the freezing point of water during annual freezing and thawing (Outcalt et al. 1990) and 

was found in most of the years and at every depth considered 1986-2010. 

periods during freezing and thawing were detected with temperatures staying somewhat 

below or above zero without reaching the 0 °C value (Figure 24). These appearances were 

Frequency diagram of the short-term frost cycle duration in hours at Abisko 1986-2010 at (a) 5 cm, (b) 20 
cm. The average duration of the short-term frost cycles was calculated based on all short-term frost cycles during one 

Values based on data provided by the automatic weather station ANS. 

Figure 24: Time series diagrams to exemplify the three 
types of temperatures staying on a certain level for al long 
period of time. (a) temperatures staying around 0°C, (b) 
temperatures staying somewhat above 0°C and (c) 
temperatures staying somewhat below 0 °C.

curtain effect is the endurance of almost constant temperatures staying close 

to the freezing point of water during annual freezing and thawing (Outcalt et al. 1990) and 

2010. Additionally, 

periods during freezing and thawing were detected with temperatures staying somewhat 

hese appearances were 

2010 at (a) 5 cm, (b) 20 
term frost cycles during one 

Time series diagrams to exemplify the three 
types of temperatures staying on a certain level for al long 
period of time. (a) temperatures staying around 0°C, (b) 
temperatures staying somewhat above 0°C and (c) 
temperatures staying somewhat below 0 °C. 
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The ground temperature data from ANS revealed that a zero-curtain was more likely 

to appear during thawing than freezing 1986-2010. Temperatures remaining around 0 °C 

appeared also between the short-term frost cycles during the frost period. At 5 cm depth it 

was most frequent that one zero-curtain occurred during a frost season. At 20 cm depth one or 

two zero-curtains were likely to occur within a frost season, whereas at 50 cm years without a 

zero-curtain were second-most frequent. At 100 cm depth years may occurred in which the 

whole frost season may be defined as zero-curtain. Frequency diagrams may be found in 

Figure 25. Changes towards increasing average duration were detected at 5 cm depth whereas 

the average duration at 50 cm and 100 cm depth decreased (Figure 26). However, linear 

regression statistics did not reveal a statistically significant trend over time. Also correlation 

statistics regarding the average duration of the zero-curtain showed no significant correlation 

at the respective depth. The zero-curtain at 5 cm depth had an average length of approx. 12 

days and only five years without this phenomenon could be detected during the period 

recorded. At 20 cm depth the zero-curtain effect appeared during 21 years with an average 

length of ca 17 days. The average length of the zero-curtain at 50 cm depth was about 14 

days. At 100 cm depth a zero-curtain effect could be recorded in 17 years. During 8 years the 

ground temperatures did not reach the freezing point. Additionally, during two years the 

whole freezing period could be considered as zero-curtain since the ground temperature 

remained ≥ -2 °C. The average duration amounted to around 25 days. Figure 26 illustrates the 

development of the average length of the zero-curtains at the respective depths. 

Years with temperatures staying under or above 0 °C for a long time without reaching 

the 0 °C occurred at all depths. However, this phenomenon occurred most frequently at 50 cm 

depth. It was remarkable that from 2005 to 2010 temperatures stayed around +0.1 °C for a 

noticeable time at the end of the freezing period at all depths excluding the years without frost 

at 100 cm depth. The average duration of these periods increased with depths, excluding 100 

Figure 25: Frequency diagram showing the number of zero-curtains per hydrological year at Abisko 1986-2010 at (a) 5 cm, 
(b) 20 cm, (c) 50 cm and (d) 100 cm depth. Zero-curtains are defined with a minimum length of 5 days and a general 
temperature range between + 0.2 °C and -0.3 °C. Values based on data provided by the automatic weather station ANS. 
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cm since there were only three years with soil frost. The average length of the periods at 5, 20 

and 50 cm depth were around 27, 38 or, respectively, 61 days. At 50 cm depth this 

phenomenon appeared from 2001 to 2010 with an average length of around 51 days. In 

contrast, the occurrence of temperatures staying sharply below 0 °C at the end of the freezing 

period appeared during the first years from 1986 to 1989, excluding the depths of 5 cm. 

 

5.7 Thermal diffusivity 

The calculation of the thermal conductivity was made from temperature time series 

during the hydrological years 2000/01 and 2002/03 based on Hinkel et al. (1990). The 

temporary penetration of heat through a homogeneous soil is described by the Biot- Fourier 

equation: 

 

Figure 26: Variations of the average length of the zero-curtains at Abisko 1986-2010 and linear trends at (a) 5 cm, (b) 
20 cm, (c) 50 cm and (d) 100 cm depth Zero-curtains are defined with an minimum length of 5 days and a general 
temperature range between + 0.2 °C and -0.3 °C. Values were calculated on the basis of hourly measurements 
collected automatically at ANS. 
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with T temperature (°C), Z depth (m) and α conductive thermal conductivity (m2/s) 

(Hinkel et al., 1990). Hollow space inside soil is filled with water, ice or gas. The amount of 

these substances determines the thermal diffusivity (Hinkel et al. 1990, Farouki 1981). Hence 

temperature, precipitation, infiltration and dehydration affect the variations. The annual 

modifications of thermal conductivity in soils are due to freezing and thawing processes since 

the thermal diffusivity of water is significantly lower than that of ice (Hinkel et al. 1990).  

Since α does not include the thermal effect of non-conductive heat-transfer, an 

apparent thermal diffusivity (α`, ATD) is defined by reconstructing (1): 
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Tt and Tzz are finite-difference approximation of  ��/	�� respectively���/	�	�� 

(Hinkel et al. 1990). The derivation of the time and space components can be approximated 

by 
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∆� and ∆� represent the time and space components while the integral i respectively j 

relate to the temporal and depth position (Hinkel et al. 1990). From equation (2), (3) and (4) it 

result 
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This equation was used to calculate the soil thermal diffusivity with ∆�=0.5m and 

∆�=2hrs. The apparent thermal diffusivity (ADT) was calculated for each hour using a 2-hour 

time interval (14400s) and a 0,5 m vertical interval (5-50-100 cm), with ADT determined for -

50 cm (Ti,j). The results based on Hinkel et al. (1990) were consistent between the two years 

considered. The decreasing trend of ADT values from October to the beginning of January 

was followed by an increasing trend from January to the beginning of March (Figure 27 and 

28). A high variability from March to the beginning of May was followed by increasing ADT 

values from early May to end of September with increasing variability during summer. The 

ADT values during September and the beginning of October showed a similar high variability 

as during the spring months.  

 

Figure 27: Apparent thermal diffusivity (ADT) 2000/01, calculated for each hour using a 2 hrs time 
interval (14400s) and a 0.5 m vertical interval (5-50-100 cm). The red lines emphasize the increasing 
respectively decreasing trends. 

 

Figure 28: Apparent thermal diffusivity (ADT) 2002/03, calculated for each hour using a 2 hrs time 
interval (14400s) and a 0.5 m vertical interval (5-50-100 cm). The red lines emphasize the increasing 
respectively decreasing trends. 
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5.8 Correlation between the studied parameters 

In the previous sections, the results regarding the ground temperatures as well as the 

results concerning the parameters influencing the temperature variations were introduced. The 

single results have been validated by regression statistics for the respective parameters. In this 

chapter the relationship between the different parameters is evaluated. The center of attention 

is certainly the relationship between the variations in ground temperature and the changes in 

parameters which are assumed to affect the ground temperature. However, even potential 

relationships between the different parameters are studied as well.  

5.8.1 Correlation of the NAO index with precipitation, snow, air temperature 

and ground temperature 

Considering the relationship between the NAO index and the temperature and 

precipitation, a general increasing trend of air temperature and precipitation or, respectively, 

snow thickness by increasing NAO index values could be detected within this study. Figure 

29 indicates that increasing annual NAO indexes were accompanied by increasing annual 

precipitation totals as well as increasing MAAT. Considering the seasonal (December-

February) NAO index and the mean winter air temperatures, similar results have been 

obtained. The snow thickness and snow cover duration also increased with increasing NAO 

indexes (Figure 30). The same results have been achieved considering the seasonal 

(December-February) NAO index and the mean winter snow thickness. The winter NAO 

index increased from 1985-1995 and was mostly positive. Simultaneously, the winter air 

temperatures showed a strong increasing trend during this period. Until 2009 the winter NAO 

index stayed mostly positive at simultaneously higher temperatures. It might be a coincidence, 

but the change of winter NAO indexes towards negative values in 2009 and 2010 was 

accompanied by decreasing mean winter air temperatures. The increasing trend of 

precipitation until the beginning of the 21st century may be associated with mostly positive 

NAO indexes. The decreased precipitation totals during the last two years could indicate 

towards a decreasing or, respectively, negative NAO index. Also the changes in snow 

thickness generally followed the trend of the NAO index. Snow thickness increased during 

the first years of the study period while the NAO index in winter increased. Decreased snow 

thickness was accompanied by a still mostly positive but decreasing winter NAO index. 

However, the correlations between changes in NAO index and changes in air temperature, 
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precipitation, respectively snow thickness and duration could not be proven as statistically 

significant. Similar to the results of the relationship between the NAO index and the 

meteorological parameters, no statistically significant correlation could be found between the 

NAO index and the mean monthly ground temperature (MMGT) at 5, 20, 50 and 100 cm 

depth or, respectively, the intensity of ground frost at the respective depth. However, a 

generally decreasing intensity of soil frost was found to be accompanied by increasing winter 

NAO index values from 1986-2010 (Figure 31). 

 

 

Figure 29: Relationship between the annual NAO index and (a) the mean annual precipitation and (b) the MAAT at 
Abisko 1986-2010. NAO index published at the NOAA website. Precipitation and air temperature data were
calculated on the basis of daily manual readings provided by ANS. 

Figure 30: Relationship between the NAO winter index and (a) the average snow thickness during the winter months 
(December-February) and (b) the average snow cover duration at Abisko 1986-2010. NAO index published at the 
NOAA website. Snow data were calculated on the basis of daily manual readings provided by ANS. 
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5.8.2 Correlation of ground temperatures and air temperatures 

Concerning the relationship between air temperatures and ground temperatures many 

scientific studies advise against extrapolating from air temperatures to ground temperatures, 

since other parameters such as snow cover impact the changes in ground temperature. 

However, on an annual basis this study detected a significant correlation between the air 

temperature and the ground temperature from 1985-2009. The highest correlation was found 

at 5 and 20 cm depth (R2 0.91, p = 0.000), whereas the correlation at 20 cm depth was slightly 

higher than that at 5 cm depth. The correlation decreased with depth (R2 50 cm = 0.85, p = 

0.000; R2 100 cm = 0.73, p = 0.000). This study also revealed a significant correlation 

between the MMAT and the MMGT at 5, 20, 50 and 100 cm depth from 1985-2009 (Figure 

32). The circularity in the graphs of Figure 32 c and d illustrates the different correlations 

depending on autumn or spring trends, as well as summer trends, indicating different 

correlations for different seasons. R2 and p-values regarding the correlations of annual and 

seasonal air and ground temperatures may be found in Table 10.  

Figure 31: Relationship between the seasonal NAO index (December-February) and the frost intensities at Abisko 
1986-2010 at (a) 5 cm, (b) 20 cm, (c) 50 cm and (d) 100 cm depth. NAO index published at the NOAA website. 
Ground temperature data were provided as hourly measurements collected automatically at ANS. 
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Additional correlation statistics have been investigated concerning the relationship 

between the seasonal air temperatures and ground temperatures at the respective depth from 

1986-2009. At 5 cm depth the results showed a significant correlation between the air 

temperatures and ground temperatures in winter, spring and autumn, whereas the highest 

correlation was detected in winter and autumn (R2 = 0.70, p = 0.000), and the lowest 

correlation in spring (R2 = 0.66, p = 0.000). Similar results were found at 20 cm depth. This 

implies that no correlation was found between the summer air temperatures and the summer 

ground temperature, but significant correlation existed between the seasonal air temperature 

and ground temperature in winter (R2 = 0.69, p = 0.000) in spring (R2 = 0.63, p = 0.001) as 

well as in autumn (R2 = 0.55, p = 0.005). Additionally, at 20 cm depth a correlation was 

detected between the winter air temperatures and the spring ground temperatures (R2 = 0.41, p 

= 0.050). At 50 cm depth the seasonal air temperature and the seasonal ground temperature 

were significantly correlated in winter (R2 = 0.67, p = 0.000) and in spring (R2 = 0.62, p = 

0.001). But no correlation was detected in summer or autumn. The air temperatures in winter 

even showed a correlation with the ground temperatures in spring (R2 = 0.53, p = 0.007) and 

autumn (R2 = 0.46, p = 0.023). Further the air temperature in summer was found to be 

Figure 32: Relationship between the MMAT and MMGT at ANS from January 1985 to September 2010 at Abisko at 
(a) 5 cm, (b) 20 cm, (c) 50 cm and (d) 100 cm depth. Values were calculated on the basis of hourly measurements 
collected automatically at ANS. 
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correlated with the ground temperature in autumn (R2 = 0.48, p = 0.018). Also at 100 cm 

depth the correlation between the seasonal air temperatures and ground temperatures was 

significant in winter (R2 = 0.60, p = 0.002) and spring (R2 = 0.50, p = 0.012), whereas in 

summer and autumn no correlation could be detected. Note that the air temperature in winter 

was found to be correlated with the ground temperature at 100 cm depth in every season. 

Additionally, the air temperature in summer showed a correlation with the ground 

temperature in autumn. Considering the intensity of the seasonal frost cycles, a significant 

correlation was detected with the MAAT and the mean seasonal air temperatures in winter 

(Table 14). The significance was highest at 100 cm depth (R2 = 0.77, p = 0.000) and lowest at 

20 cm depth (R2 = 0.60, p = 0.002). Correlation statistics have further been investigated 

concerning the total numbers of frost days and the MAAT or, respectively, the mean winter 

temperatures (Table 11). No significant correlation could be detected between the frost days 

at 5 cm depth and the MAAT or, respectively, mean winter air temperature. The MAAT, 

however, was significant correlated with the days of frost at 20, 50 and 100 cm depth with the 

highest significance at 100 cm depth (R2 = 0.54, p = 0.007) followed by 20 cm depth (R2 = 

0.46, p = 0.024) and 50 cm depth (R2 = 0.43, p = 0.035). Mean winter air temperatures only 

correlated with the days of frost at 50 and 100 cm depth with decreasing significance with 

depth (R2 = 0.48 and p = 0.018 or, respectively, R2 = 0.51 and p = 0.011). The correlation was 

Table 10: Correlation statistics about MAAT and MAGT, and seasonal air and ground temperatures at Abisko 1986-2010 at 
the respective depth. Correlations with a significance of 0.01 or 0.05 are represented by the p-values. 
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negative, i.e. increased air temperatures were accompanied by a decreased number of frost 

days.  

 

5.8.3 Correlation between ground temperatures and precipitation 

During the cold season precipitation is likely to occur as snow. The relationship 

between the snow cover and the ground temperature is discussed in the following section. 

This section describes the relationship between the annual precipitation and annual ground 

temperature, as well as the seasonal precipitation and the seasonal ground temperatures. 

Figure 33 shows the relationship between the annual precipitation and the MAGT at the 

respective depths, which implies that increased precipitation was accompanied by increased 

ground temperatures. However, on an annual basis no significant correlation could be 

detected between the precipitation and the ground temperatures at any depth. Further 

investigations were made concerning the seasonal relationship between precipitation and 

ground temperature from 1986-2009. Figures 34 and 35 show that increased precipitation in 

winter was accompanied by increased ground temperatures, whereas increased precipitation in 

summer was accompanied by decreased ground temperatures. The significance decreased 

with depth with no obvious visible trend; respectively, a weak inverse trend at 100 cm depth. 

However, statistically the seasonal precipitation and the respective mean seasonal ground 

temperature were not significantly correlated to each other at any depth. A significant 

correlation could be detected between the summer precipitation and the ground temperatures 

Table 11: Correlation statistics about the soil frost intensity and the 
number of frost days per year or, respectively, season (December-
February) and the mean annual and seasonal (December-February) air 
temperature at Abisko 1986-2010. Correlations with significance of 
0.01 or 0.05 are represented by the p-values. 
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in autumn at 5 cm depth (R2 = 0.42, p = 0.042). The results for 20 cm depth were similar to 

the results concerning the 5 cm depth. The summer precipitation was significantly correlated 

to the ground temperature in autumn (R2 = 0.51, p = 0.011). Additionally, the winter 

precipitation was significantly correlated with the ground temperatures in summer and 

autumn (R2 = 0.45, p = 0.028, p = 0.029). Also at 50 cm depth the results were similar to the 

previous findings. A significant correlation was found between the summer precipitation and 

the autumn ground temperature (R2 = 0.42, p = 0.041), as well as between the winter 

precipitation and the ground temperatures in summer (R2 = 0.53, p = 0.007). At 100 cm depth 

the winter precipitation was correlated to the summer ground temperature (R2 = 0.57, p= 

0.004). The correlation between the winter precipitation and the ground temperatures in 

summer and autumn referred to the same hydrological year, which means the winter 

precipitation in year 1985/86 was compared to the following seasons in 1986. 

  

Figure 33: Relationship between the annual sum of precipitation and the MAGT at Abisko 1985-2009 at (a) 5 cm, (b) 
20 cm, (c) 50 cm and (d) 100 cm depth. Precipitation data were calculated from daily manual readings provided by
ANS. Ground temperature values were calculated on the basis of hourly measurements collected automatically at 
ANS. 
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Figure 34: Relationship between the sum of seasonal (December-February) precipitation and mean winter ground 
temperature at Abisko 1986-2009 at (a) 5 cm, (b) 20 cm, (c) 50 cm and (d) 100 cm depth. Precipitation data were
calculated from daily manual readings provided by ANS. Ground temperature values were calculated on the basis of 
hourly measurements collected automatically at ANS. 

Figure 35: Relationship between the sum of seasonal (June-August) precipitation and mean summer ground 
temperature at ANS from 1986-2009 at (a) 5 cm, (b) 20 cm, (c) 50 cm and (d) 100 cm depth. Precipitation data were
calculated from daily manual readings provided by ANS. Ground temperature values were calculated on the basis of 
hourly measurements collected automatically at ANS. 
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5.8.4 Correlation ground temperatures and snow cover 

Figure 36 shows the relationship between the soil frost intensity and the snow 

thickness, indicating that increased snow thickness was accompanied by decreased frost 

intensity, i.e. increased ground temperatures. The influence of the snow thickness on the 

intensity of soil frost was most pronounced near the surface with decreasing significance at 

depth. The snow cover duration, in contrast, did obviously not have a strong influence on the 

soil frost intensity. The results from the statistical correlation analysis showed that the soil 

frost intensity was not significantly correlated with any of the snow cover parameters at any 

depth. In contrast, the frost cycle duration at 20, 50 and 100 cm depth was significantly 

correlated with the snow cover duration and the first day of snowfall with decreasing 

significance with depth. That correlation implied that increased snow cover duration was 

accompanied by increased frost duration, and earlier onset of permanent snow cover was 

accompanied by increased duration of the seasonal frost cycle. The snow cover duration was 

also significantly correlated with the first day of frost at all depths and showed the same 

negative relationship as between the first day of permanent snow cover and the duration of the 

seasonal frost cycle. R2 and p-values may be found in Table 12. Regarding the frost cycle 

numbers, no significant correlation between the occurrence of short-term frost cycles and the 

changes in snow cover could be found. The detected decrease in snow thickness and duration 

was not accompanied by increased short-term frost cycle events. However, at single events a 

link could be made regarding the duration of snow cover and, respectively, first and last day 

of snowfall. In 1991 unusually high numbers of frost cycles occurred at 5 cm as well as at 20 

cm depth. This year was characterized by a substantial late snowfall and an early snow melt. 

Also the average snow thickness was fairly low during this year. Hence, for this year the 

increased numbers of frost cycles may be associated with decreased snow cover duration and 

depth. 

Considering the mean winter ground temperatures in relation to the snow thickness in 

winter, no significant correlation could be detected at any depth. Also the snow cover duration 

and the first day of snowfall showed no correlation with the mean winter ground temperatures 

down to 50 cm depth. A positive correlation could be detected between the mean winter 

ground temperatures at 100 cm depth and the snow cover duration (R2 = -0.59, p = 0.003) and 

the first day of snowfall (R2 = 0.41, p = 0.047). 
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Further investigations have been made regarding the relationship between the snow 

cover and the periods with temperatures remaining around 0 °C for a considerable period of 

time. Considering the average length of the zero-curtains for each year at the respective depth 

and the average snow cover duration and thickness in each year, correlation statistics did not 

reveal any connections. Considering the years where no zero-curtains occurred, no parallel 

could be drawn to certain snow events. But in 1993, a particularly long period with 

temperature staying around 0 °C at 20, 50 and 100 cm depth was accompanied by a 

particularly high snow thickness of approx. 53.43 cm during the snow season. In contrast, in 

2003 a particularly long period of temperatures remaining around the freezing point occurred 

at all depths, this year was characterized by a minor snow thickness of approx. 22.55 cm 

during the snow season. Hence, occurrences of particularyl long/short zero-curatins in certain 

years could not be related to particular increased/decreased snow thickness in these years. 

However, the more frequent occurrence of zero-curatins during the thawing period was 

accompanied by thicker snow cover in spring compared to the snow thickness in autumn. The 

phenomenon of temperatures staying sharply above the freezing point for a considerable 

period of time was found to occur at an average snow thickness of < 30 cm during the snow 

season. Correlation statistics have been made to determine whether the periods of 

Figure 36: Relationship between the snow thickness and the frost intensities at Abisko 1986-2010 at (a) 5 cm, (b) 20 
cm, (c) 50 cm and (d) 100 cm depth. Data were provided by the automatic weather station ANS. 
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temperatures around 0 °C were due to the influence of the snow cover, or to true zero-

curtains. The results implied that the periods with temperatures remaining around the freezing 

point were true zero-curtains, since there did not exist a significant correlation between the 

lengths of the zero-curtain and the snow cover at Abisko. 

  

Table 12: Correlation statistics of soil frost characteristics and snow cover parameters at Abisko 1986-2010. Correlations 
with significance of 0.01 or 0.05 are represented by the p-values. 
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6. Discussion 

6.1 Air temperature, precipitation and snow cover 

In this section, the changes in meteorological parameters observed at Abisko are 

compared to publications of the IPCC and ACIA, as well as to results of various scientific 

studies, i.e. Johansson et al. 2008, Kohler et al. 2006, Zhang et al. 2001, or Serreze et al. 

2000. Conformities are pointed out and explanations for nonconformities are attempted to be 

figured out.  

6.1.1 Air temperature 

Various scientific studies investigated the changes in air temperatures with a particular 

focus on the Northern Hemisphere (e.g. Serreze et al. 2000, Moberg and Bergström 1997, 

Wallace et al. 1996, Eriksson and Alexandersson 1990). According to the IPCC, the global 

temperature has increased from 1850 until today, particularly at high latitudes over the 

Northern Hemisphere, a process in which the land surface experienced a faster warming than 

the oceans. During the second half of the 20th century, the average temperatures over the 

Northern Hemisphere were probably the highest in at least the past 1300 years (IPCC 2007). 

The major regional warming is likely to occur in the Arctic north of 60° where MAAT have 

risen by up to 3 °C since the 1950s (ACIA 2004). Observing only the winter months, the 

temperatures increased up to 4 °C (ACIA 2004). Scandinavia experienced increasing MAAT 

by approx. 1 °C from 1954 to 2003, in which the winter months experienced a greater 

warming than the summer months. That trend strengthened from 1990 to 2000 (ACIA 2004). 

The recent increasing trend of air temperatures possibly led to higher temperatures as during 

the so called Medieval Warm Period taken place in the Torneträsk area around AD 1000 

(Grudd et al. 2002). According to Wallace et al. (1996), the warming in the Northern 

Hemisphere is strongest at high latitudes and most pronounced during the winter months, as 

compared with the whole year. If this warming continues, it will be hastened at high latitudes 

during the cold season (Wallace et al. 1996).  

Within this study, changes towards increasing air temperatures were observed at 

Abisko 1985-2009. Increasing MAAT were detected at Abisko as found for the Northern 

Hemisphere in the named scientific studies. The generally increasing trend amounted to 
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approx. 1.61 °C from 1985-2009. Increased air temperatures could be observed in every 

season; however, a statistical significance was only detected for the changes in summer air 

temperatures. The results were compared with the results of Johansson et al. (2008) who 

investigated changes in permafrost temperatures in sub-Arctic Sweden and referred to air 

temperature changes from 1913 to 2006 at ANS. The warming period detected by Johansson 

et al. (2008) 1980-2006 coincides with the increased air temperatures 1985-2009 detected 

within this study. Temperature data published by SMHI were particularly used as comparison 

to the results of this study. SMHI published homogenized measurements published 1860-

2010. The data were computed from 37 weather stations spread over the whole country and 

showed an increasing trend of air temperatures over the whole of Sweden. The high 

correlation found between the two data series from Sweden and Abisko 1985-2009 suggests 

that the trend at ANS is not only local but also corresponds to figures on a larger scale. 

6.1.2 Precipitation 

Annual precipitation is predicted to increase in the Arctic region by ca 5-10% by the 

end of the 21st century and will be most pronounced during winter and autumn (ACIA 2004). 

Past and recent increases in land surface precipitation at northern high latitudes were detected 

by several scientific studies (e.g. Folland et al. 2002, Serreze et al. 2000, Brown 1999, 

Groisman and Esterling 1993, Dai et al. 1997). Precipitation and air temperature are related to 

each other, since the saturation water pressure is exponential related to the temperature (Oke 

1987, Gebhardt et al. 2007). Warm air is capable of absorbing more moisture than cool air; 

accordingly, in cold conditions the water holding capacity of the atmosphere is limited and 

the precipitation totals are expected to be higher at higher temperatures (Trenberth and Shea 

2005). 

Abisko experienced increased precipitation rates between 1985 and 2009. However, 

the increasing trend could not be validated statistically. Similar results were obtained by 

Eriksson and Alexandersson (1990), according to which the winter and summer precipitation 

in northern Sweden 1860-1989 did not have any pronounced trends. The increasing trend 

most pronounced in winter, as found within the above named scientific studies, was not 

confirmed in this study. In contrast, the winter precipitation decreased at Abisko from 1985-

2009. The generally increasing trend was mainly determined by increasing summer 

precipitation. The diverging results may occur due to different study areas and periods, as 

well as different measurements and evaluation techniques. The result may also be influenced 
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by the generally low precipitation rate at the study site due to the rain shadow caused by the 

Abisko Mountains. Hence, it may be difficult to compare the changes at Abisko to the general 

changes observed over the Northern Hemisphere. 

6.1.3 Snow cover 

Changes in snow cover have been directly related to changes in air temperature in a 

positive feedback mechanism. When temperature increases the snow cover will decrease as 

well as the albedo and more solar energy will be absorbed, which leads to further increasing 

air temperatures (Robock 1983). Brown (1999) relates the result of a decreased snow cover 

extent in spring to increased air temperatures and supports the result of Groisman et al. 

(1994), according to which increased temperatures in spring over the Northern Hemisphere 

lead to an earlier snow melt, hence a reduced snow cover. Particularly during spring, the 

influence of snow cover on radiative fluxes is remarkable. Hence, the warming of surface air 

temperature over the Northern Hemisphere particularly in spring is due to the positive 

feedback between snow cover extent and radiative balance (Groisman et al., 1994a). 

As a result of increased air temperatures and the decline in precipitation in winter, the 

snow thickness at ANS was found to be generally decreasing from 1985 until now. According 

to ACIA (2004), the snow cover extent over the Northern Hemisphere decreased by almost 

10% from 1972-2003. This change is said to be mostly due to the shrinking snow cover in 

spring which is related to ample spring warming over the land areas in the Northern 

Hemisphere (ACIA 2004). During autumn and winter, no larger changes in snow cover extent 

have been detected. Hence, the general changes in mean annual snow cover are not assumed 

to be significant, but the declining snow cover extent in spring results in a shorter snow 

season (ACIA, 2004). Dye (2002) and Bamzai (2003) also revealed a shift towards earlier 

snowmelt in spring, hence the shorter snow season over the land areas in the Northern 

Hemisphere. According to the IPCC, the Northern Hemisphere has experienced a decreased 

snow cover in spring and summer since the early 1920s, but particularly since the 1970s, 

which results in a declining mean annual snow cover area, whereas changes in winter snow 

cover can be neglected. 

The publication of SMHI regarding the snow season for the last reference period 

1961-1990 show that, on an average the Abisko area experienced 9 months with a snow 

cover. During the study period 1985-2010 the snow cover season varied between 6 and 8 

months. SMHI predict that future snow cover duration will decrease until 2100 
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(http://www.smhi.se/). The decreased snow cover duration detected at Abisko from 1986-

2010 is supported by the conclusions of the reference studies mentioned above. Also the 

decline in spring snow cover extent is found in this study, in addition to the later onset of a 

permanent snow cover in autumn. Increased air temperature is assumed to be accompanied by 

decreased snow cover, since air temperature determines whether the precipitation occurs as 

rain or snowfall, respectively. However, the later onset of permanent snow cover could not be 

explained by the changes in autumn air temperatures. In contrast, the diminishing spring snow 

cover appeared to be induced by changes in spring air temperatures (Figure 37).  

Considering the snow thickness, this study revealed a decrease in snow thickness. This 

result was consistent with the detected decrease in winter precipitation. In contrast, Kohler et 

al. (2006) established a statistically significant increase in snow thickness due to increased air 

temperatures at Abisko 1913-2004. A statistically significant long-term trend regarding the 

length of the snow cover season could not be detected by Kohler et al. (2006). Beside the 

reduced snow cover in spring Brown (1999) found that the Northern Hemisphere experienced 

an increased snow thickness during the winter 1915-1997. Hence, the increased/decreased 

snow accumulation in winter/spring is a consistent feedback to the simultaneous increase in 

air temperature and precipitation (Brown, 1999). The contrasting results may be due to 

different study areas, time periods and measurements. Additionally, as mentioned above, the 

changes in precipitation respectively snow at Abisko is hardly comparable with the changes 

over the Northern Hemisphere.  

Additionally, the vegetation has a significant influence on snow cover, since trees 

generate snow traps which increase the accumulation and the adhesion of snow (Johansson et 

al. 2006 after Rouse 1984). Also the parameter wind has a subsidiary influence on the 

Figure 37: Relationship between the mean spring air 
temperatures and the last day of permanent snow cover at 
Abisko from 1986-2009. Air temperature and snow data 
were provided by ANS. 
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presence and absence of permafrost, since it determines the place where snow will accumulate 

(Humlum et al. 2003). Since neither the vegetation nor the wind was examined within this 

study, no statements could be made regarding the influence of wind and vegetation on the 

snow accumulation.  

6.2 NAO index 

The NAO describes the atmospheric variability over the North Atlantic by describing 

the sea-level pressure variation between the Icelandic Low and the Azores High as well as the 

strength of westerlies at mid-latitudes (ACIA 2004, Rogers 1985). There is a positive 

correlation between the strength of the Icelandic Low and the Azores High. A fall in pressure 

of the Icelandic Low is accompanied by a rise in pressure of the Azores High (Serzee 2000, 

Angell and Korshover 1974). A positive NAO index is accompanied by strong characteristics 

of the Icelandic Low and the Azores High (lower pressure, respectively higher pressure, than 

normal pressure), inverse by negative NAO index (ACIA 2004). The change in strength of the 

NAO will affect the wind and air masses reaching northern high latitudes, e.g. Scandinavia 

(Serzee 2000, Angell and Korshover 1974). Folland et al. (2002) found that stronger westerly 

winds during the winter are associated to the current winter NAO which relates to a warming 

of the cold season since the 1970s. According to Hurell (1995), the variances in air 

temperature in winter (December-March) at high latitudes can be explained by changes in the 

atmospheric circulation represented by the NAO. A positive NAO phase is associated with 

increased winter temperatures over the land masses of Eurasia and Northeast America and is 

related to increased precipitation due to higher moisture contents over e.g. Scandinavia (Paeth 

et al. 1999, Hurell 1995). However, Serreze et al. (2000) mentioned the increased air 

temperatures at northern high latitudes 1920-1940 according to contemporary negatively 

tending NAO indexes.  

The NAO is recognized all year round, but since the NAO is a cold season 

phenomenon, links between the changes in NAO index, snow cover and ground frost 

temperatures have been investigated (Kohler et al. 2006, Serreze et al. 2000, Paeth at al 1999, 

Hurell 1995, Angell and Korshover 1974). It is assumed that the NAO index is correlated 

with the changes in precipitation and snow cover as well as variances in air and ground 

temperature.  
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The study of the NAO index in relation to air temperature, precipitation and snow 

cover, as well as ground temperatures, revealed a positive coherence between the parameters, 

i.e. an increasing NAO index was accompanied by increasing air temperatures, precipitation 

rates and snow cover, as well as ground temperatures. But these correlations could not be 

validated statistically. Hence, the conformities were not strong enough to exclude 

coincidences. Kohler et al. (2006) examined the relation between the AO index and the air 

temperature, precipitation and snow thickness at Abisko 1913-2004 with the result of a 

positive correlation most pronounced during the winter months. Since the AO index and the 

NAO index are both associated with variations of the atmospheric circulation over the 

Northern Hemisphere (Ambaum et al. 2001, Thompson and Wallace 2000) and both time 

series are highly correlated (Ambaum et al. 2001, Thompson and Wallace 2000), it was 

assumed that the NAO index is correlated with the studied parameters. Since the physical 

mechanisms of the NAO are implied to have a higher significance for the northern 

hemisphere than the AO (Ambaum et al. 2001), in this paper the variations in air temperature, 

precipitation and ground temperatures were studied in relation to the NAO. The contrasting 

results to the study of Kohler et al. (2006) may be due to the different study period and the 

fact that Kohler et al. (2006) studied the AO index, whereas this work is based the NAO 

index. 

6.3 Thermal diffusivity 

The knowledge about soil thermal properties is important to study the variations in 

ground temperatures with depths and time. The thermal conductivity of soil determines how 

fast, respectively slow, heat is able to pass through the ground (Hinkel et al. 1990). The 

parameter of interest is the thermal diffusivity, since thermal conductivity is not a constant but 

changes with depth and time (Oke 1987). The thermal diffusivity is the competence of a soil 

to spread thermal influences. It determines the speed of temperature propagation and the 

depth of influence and represents the time required for temperature changes to propagate (Oke 

1987). High values for thermal diffusivity indicate a high ability for fast temperature changes 

(Hinkel et al. 1990). Soil properties, in turn, define to which extent the penetration of 

temperature is weakened (Hinkel et al. 1990).  

Frozen soils in general have a greater thermal conductivity than thawed soils if other 

conditions remain constant (Zhang et al. 2001). Unfrozen water which might be present in 
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frozen soil, plays an alert role regarding heat transfer. It facilitates the heat transfer due to an 

increased thermal conductivity which might be even higher than that of ice (Farouki 1981). A 

frozen soil layer also influences the moisture capacity of the soil above, since a frozen layer 

inhibits the water from percolating deeper into the ground which leads to increased soil 

moisture in the upper layer (Zhang et al. 2001). However, this phenomenon does not 

influence the ground thermal regime at the study site, since a frozen layer at greater depth 

could not be determined during the period of investigation from 1985-2010. It was more 

likely that in certain years the ground at greater depths remained unfrozen all year.  

Changes in moisture availability influence the ground temperature (Zhang et al. 2001), 

since water governs the thermal conductivity (Oke 1987). The presence of soil water has the 

opposite effect in freezing, respectively thawed, soils (Zhang et al. 2001). Increased moisture 

content in freezing soils leads to increased ground temperatures, whereas in thawed soils the 

ground temperature decreases with increasing soil moisture due to the soil-moisture feedback 

mechanism (Zhang et al. 2001). Hence, freezing properties are different in wet and in dry soil. 

The latter tend to freeze faster and deeper (Willis et al. 1961). The parameter soil moisture 

plays a significant role regarding the variances of ground temperature, particularly when the 

moisture capacity changes just before freezing (Oke 1987). High moisture content before 

freezing will lead to increased ground temperatures, and vice versa, if other conditions remain 

constant, since latent heat released while freezing may warm the surrounding area which in 

turn may retard the freezing process (Oke 1987). Certainly no measurements for soil moisture 

were provided; thus the evaluation will be limited to precipitation data. However, it is hard to 

determine similarities between the thermal diffusivity and the monthly precipitation rates. 

Hence, in this study the variations in thermal diffusivity cannot be explained by the changes 

in moisture availability caused by changes in precipitation.  

Freezing and thawing events as well as the soil moisture content influence the thermal 

conductivity (Guan et al. 2010, Zhang 2001) or, respectively, thermal diffusivity. The 

influence of the freezing and thawing processes can be detected by studying the annual 

variances of the thermal diffusivity. As a result of latent heat fusion the process of freezing or 

thawing might prevent the ground from cooling or, respectively, warming (Zhang et al. 2001). 

This phenomenon could be detected concerning the measurements of thermal diffusivity. 

High positive, respectively negative, values became more frequent at the end of the freezing 

period in spring, when thawing processes dominated the ground, and in late summer and 

autumn, when freezing processes set in. The diffusivity was high during these periods due to 
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thermal inversion, or due to nearly isothermal regions at depth while freezing and thawing 

(Hinkel et al. 1990).  

Also the soil type influences the extent to which heat penetrates more rapidly, or 

slowly, through the ground. Organic and mineral soils have a different impact on the ground 

thermal regime (Waelbroeck 1993). The thinner the organic layer, the deeper thawing 

processes will reach into the ground, since in organic soils temperatures may penetrate less 

rapidly in comparison to mineral soils. Hence, organic soils have a lower thermal conductivity 

than mineral soils (Waelbroeck 1993) and the moraine at the study site has a minor content of 

organic material. 

6.4 Ground temperature 

According to the IPCC, the thickness of seasonal frozen ground over the Northern 

Hemisphere decreased from 1901-2002 by approx. 7 %, whereas the decrease in spring ranges 

up to 15 %. The major reason for the decreasing thickness of seasonal frozen ground is 

assumed to be increasing air temperatures in winter, while snow thickness is assumed to play 

a minor role (IPCC, 2007). Nevertheless, air temperatures represent only a general indicator 

and cannot be used to extrapolate the ground temperatures (Smith and Riseborough 2002). 

Many scientific studies investigated the changes in permafrost temperatures and occurrence at 

northern high latitudes (Johansson et al. 2006, Isaksen at al 2001, Peltola at al 1999, 

Osterkamp 1994, Lachenbruch and Marshall 1986) with the result that the permafrost 

temperatures increased during the respective study periods.  

Isaksen et al. (2001) investigated thermal permafrost profiles in Svalbard and 

Scandinavia. A sub goal was to study the thermal properties of the ground and to determine 

present variations in ground temperatures and potential changes in future. The evaluation of 

three measurement sites showed increasing ground temperatures, i.e. surface warming. Due to 

the bedrock present near the surface and the absence of vegetation, boundary layer snow as 

well as organic material, a correlation has been observed between the ground and air 

temperature. 

The investigations concerning the changes in ground temperature at northern high 

latitudes particularly under permafrost conditions (e.g. Johansson et al., Zhang et al. 2003, 

Smith and Riseborough 2002, Isaksen et al. 2001, Venäläinen 2001, Osterkamp and 

Romanovsky 1999, Lachenbruch and Marshall 1986) support the result of this study, that 
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ground temperatures are generally increasing. The increasing trend of ground frost 

temperatures at Abisko 1985-2010 were consistent at every depth considered and proven as 

statistically significant.  

6.4.1 Seasonal and short-term frost cycles 

Only few scientific studies consider the changes in frost cycle parameters during the 

cold season. For that reason, changes in seasonal and short-term frost cycles were evaluated to 

examine the connection between the climatic parameters and the frost cycle parameters.  

The intensity and duration of the seasonal frost cycles were assumed to be increasing 

due to a reduced snow cover season and snow thickness. However, the duration was found to 

be decreasing which is not connected to the snow cover but to the increasing ground 

temperatures. Further the result of decreasing intensities also reflected the detected increase in 

ground temperature and in some years, particularly towards the end of this century, the 

ground remained unfrozen all year round at 100 cm depth.  

The number of frost cycles during the cold season did not suggest conclusions about 

the temperature in general, but about the range in ground temperature fluctuations. Years with 

ample fluctuations in ground temperature showed increased numbers of frost cycles since the 

ground experienced more freezing and thawing events than years with minor temperature 

fluctuations. The changes in duration and intensity of the short-term frost cycles were found 

to be different at the respective depths. The different changes in short-term frost cycles at 5 

and 20 cm depth or, respectively, 50 and 100 cm depth may be due to different influencing 

mechanisms. The daily surface temperature wave influenced by the solar radiation is not able 

to exceed a depth of 75 cm, and may even be less depending on the soil thermal conductivity 

(Oke 1987). This may result in surface cooling, whereas a lower layer may experience 

warming, vice versa (Oke 1987). Hence, the changes in short-term frost cycles may be 

influenced by different mechanisms. These influences may be precipitation which percolates 

through the ground, either increasing or decreasing the ground temperature. Also the snow 

cover may have an impact on the changes in short-term frost cycles at lower depth (Oke 

1987).  
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6.4.2 Zero-curtain effect 

Temperatures remaining around 0°C for a long period of time while freezing and 

thawing may be due to the insulation effect of snow covering the ground or due to the so 

called zero-curtain effect. It is important to distinguish between snow insulation and true zero-

curtains due to phase-change of soil water. The zero-curtain effect refers to temperature 

maintaining approx. 0 °C over a long time during the process of freezing or thawing due to 

the effect of latent heat stored in the soil (Outcalt et al. 1990). Hence, the release of latent heat 

prevents the soil from freezing or, respectively, thawing over a certain period of time when 

the air temperatures drops below 0 °C or, respectively, exceeds 0 °C. However, beside the 

presence of latent heat, other parameters such as the mineral content may influence the 

freezing respectively thawing point. The freezing point of soil water needs not to be 0°C, 

since dissolved salts contained in the water may shift the freezing point below 0°C. Consider 

that the freezing point is usually lowered by just 0.1°C, since the concentration of natural salt 

being dissolved in soil water is assumed to be fairly poor (Boelhouwers 1998, Williams and 

Smith 1989).  

Temperatures staying close to the freezing point of water are likely to occur while 

annual freezing and occasionally during thawing (Outcalt et al. 1990). In this study, 

temperatures remaining around 0 °C were found to occur more frequently at the end of the 

freezing period but also at the beginning when the soil begins to freeze. Particularly in moist 

soil, latent heat is released when water turning into ice retards the freezing process or, 

respectively, ice which converts into water during the thawing process absorbs latent heat 

needed to warm the soil (Muller 1947). A snow cover may have a similar influence on ground 

temperatures, since it may trap the latent heat release and may retard the freezing process 

(Oke 1987). The key parameter is the snow thickness, since it determines the insulation 

capacity (Nicholson and Granberg 1973). However, no significant correlation between the 

snow thickness and the length of the zero-curtains could be detected. Single conformities of 

an increased snow thickness and an increased zero-curtain length can be declared as 

coincidences. Hence, the results of the study imply that the periods of ground temperatures 

remaining around the freezing point may be partly influenced by the snow insulation, but 

were recognized as true zero-curtains due to the phase-change of water. 
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6.5 Attributing causes of observed ground temperature changes 

Climatic conditions and changes in its parameters determine the ground temperatures 

and their variations (Zhang et al. 2003). The variables likely to influence the ground 

temperatures are the air temperature, precipitation and snow cover, as well as other 

parameters such as vegetation, wind and human impact. The variations in air temperature may 

have a strong influence on the variations of ground temperature (Zhang et al. 2001). However, 

the fact that increasing air temperatures lead to increased ground temperatures is mostly 

examined for snow-free surfaces (Venäläinen 2001). The positive effect of increasing air 

temperature may be simple to observe. However, changes in precipitation might be 

considered as more complex, since that includes rain as well as snowfall (Zhang et al. 2001). 

The ground temperature in summer may be more strongly regulated by the variations in 

precipitation than by variations in air temperature, since summer precipitation has a negative 

effect on ground temperatures in regions with seasonal frozen ground (Zhang et al. 2001). 

During the winter, changes in ground temperature are controlled by the air temperature and 

the snow cover, whereas the snow thickness is assumed to be more important (Zhang et al. 

2001, Goodrich 1982). Additionally, the spatial proximity of the lake Torneträsk may have 

influence on the ground temperatures and the freezing and thawing events, since the presence 

of a lake provides ample energy for frozen ground to melt due to the availability of water 

which increases the thermal conductivity (Guan et al. 2010).  

Zhang et al. (2001) investigated a long-term time series analysis of ground 

temperatures at several depths at Irkutsk Observatory, Russia related to climatic parameters 

such as the air temperature, precipitation and snow thickness. It was found that ground 

temperatures at 40 cm depth may be used to examine the thermal response of ground 

temperature to variations in air temperature, precipitation and seasonal snow cover. Johansson 

et al. (2006) investigated the parameters which influence the presence or absence of 

permafrost. According to that, in Northern Sweden, permafrost may be mostly limited by 

climatic parameters, the soil type as well as the topography and vegetation. Thus, the 

dominant climatic parameters determining permafrost were found to be the air temperature 

and precipitation, particularly snowfall (Johansson et al. 2006). 
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6.5.1 Air temperatures 

Northern Scandinavia experienced a rise in air temperature from around 1 °C from the 

1950s until today (Johansson et al. 2006 after Chapman 2003 updated from 1993). According 

to the IPCC, the major reason of decreasing thickness of seasonally frozen ground is 

increasing air temperature in winter. Correlations between changes in air temperature and 

changes in ground temperature, particularly the occurrence of permafrost was found in 

various scientific studies (e.g. Peltola et al. 1999, Isaksen et al. 2001, Smith and Riseborough 

2002). Venäläinen et al. (2001) examined the influence of climate warming on soil frost in 

snow-free surfaces and conclude that ground frost below snow-free surfaces will decrease due 

to global warming. However, the changes in soil frost conditions on snow-covered surfaces 

were not investigated. Even though snow covers the surface for about half a year at Abisko, 

the variations in annual air temperature were found to reflect the variations in ground 

temperatures 1985-2010. On a seasonal basis significant correlations between the air and 

ground temperatures were found in spring and winter at every depth considered. In summer, 

no correlation could be detected at any depth. The correlations found on an annual and 

seasonal basis were also found by Johansson et al. (2008). The relation between the air 

temperature and the ground temperature may also be observed in the connection between the 

monthly numbers of days with soil frost and the MMAT. The correlation was highly 

significant at all depths. The significance obviously decreased with depth (5 cm: R2 = -0.87, p 

= 0.000; 20 cm: R2 -0.82, p = 0.000; 50 cm: R2 -0.66, p = 0.000; 100 cm R2 -0.35, p = 0.000). 

Hence, the soil at more profound depths experienced frost, respectively thaw, later than the 

soil at shallow depths. The negative correlation illustrated that increasing temperatures were 

accompanied by decreasing days of soil frost. Figure 38 shows the relationship between the 

MMAT and the soil frozen days at 5 cm depth at ANS from 1985-2009. Beside the strong 

connection between the air temperature and the soil frost, it indicates that even if the MMAT 

lies above the freezing point, negative ground temperatures may exist. The strong influence of 

air temperatures on soil temperatures, particularly in winter, may be explained by the 

generally minor snow thickness and decreasing snow cover duration at Abisko from 1986-

2010. Increasing air temperatures may lead to increasing precipitation rates but decreasing 

snow accumulation, since precipitation occurring as rain will increase. The lack of correlation 

between the air temperature and ground temperature in summer may be due to the increasing 

precipitation rates influencing the ground thermal regime during the warm season.  
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6.5.2 Precipitation 

Precipitation occurring as rain influences the ground temperatures during the warm 

season (Zhang et al. 2001). There is a positive feedback between precipitation (P) and 

evaporation (E). Since when P is larger, E will be larger due to increased moisture available 

for evaporation, likewise when E is larger, P will be larger due to increased moisture available 

for precipitation (Walsh et al. 1998). Hence, increased precipitation leads to increased soil 

moisture. In return, more energy is needed for evaporation. This effect is called soil moisture 

feedback and may clarify the occurrence of decreased ground temperature by increasing air 

temperatures during the warm season (Zhang et al. 2001).  

The study results revealed that increased annual precipitation was accompanied by 

increased ground temperatures. On a seasonal basis the correlations were different in winter 

respectively summer. The relation between the winter precipitation and ground temperature is 

discussed in 6.5.3. Correlations between the summer precipitation and ground temperatures 

were most pronounced at 5 and 20 cm depth. The relationship between the summer 

precipitation and ground temperatures reflects the soil moisture feedback, which implies that 

increased soil moisture leads to decreased ground temperature due to energy loss which is 

needed for evaporation. However, the coherence between the annual and seasonal 

precipitation and ground temperatures could not be validated statistically. But, the detected 

correlation between the summer precipitation and the autumn ground temperatures at 5, 20 

and 50 cm depth implied that, with increasing summer precipitation, the ground temperature 

Figure 38: Relationship between MMAT and the number 
of soil frozen days at 5 cm depth at Abisko 1985-2009. 
MMAT calculated on the basis of daily manual readings 
provided by ANS. The days with frozen soil were 
calculated from automatic measurements. Every day at 
which a measurement was < 0°C was counted as frost day. 
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in autumn increased. This does not reflect the soil moisture feedback found by Zhang et al. 

(2001) during the summer, but may be explained by the influence of moisture content on 

freezing soil, since in autumn the soil is likely to experience freezing. Soil moisture influences 

the ground temperatures, particularly concerning the freezing process. If other conditions 

remain constant high moisture content before freezing will lead to higher ground temperature, 

and vice versa (Zhang et al. 2001). This could explain why the ground temperatures in 

autumn increased with increasing precipitation in summer, if water remained stored in the 

soil.  

Johansson et al. (2008) investigated permafrost temperatures at Absiko and found a 

weak positive correlation between the ground temperature at 20 cm depth and the 

precipitation. In summer a correlation could be detected between the ground temperatures at 5 

and 20 cm depth and the summer precipitation. In this study the correlations could not be 

validated statistically, neither annually or seasonally. The partially different results between 

this thesis and the study of Johannson et a.l (2008) which both use the same ANS ground 

temperature data, may occur due to different analysis techniques or different precipitation data 

or evaluation errors. 

6.5.3 Snow cover 

Seasonally frozen ground is highly influenced by snow cover due to its effect on the 

surface energy balance (Zhang et al. 2003). The properties of snow cover play a significant 

role regarding the relationship between air and ground temperature and regarding the presence 

and absence of permafrost (Goodrich 1982; Smith and Riseborough 2002). Snow represents 

an insulating cover due to its very low conductivity and diffusivity, and the ground beneath a 

snow cover is insulated from changes in air temperatures. Beneficial circumstances for 

permafrost and soil frost in general are late snowfall as well as snowfall in spring (Johansson 

et al. 2006, Zhang et al. 2001). In case of early snowfall, the ground will be protected from 

the influence of decreasing air temperatures (Zhang et al. 2001). Snowfall in spring increases 

the surface albedo and reflects the solar energy, thus delay surface warming (Johansson et al. 

2006, Zhang et al. 2001). In contrast, a decreased duration and earlier snowmelt may give rise 

to a decreased surface albedo and hence to higher ground temperatures (Zhang et al. 2001). 

Thus, a snow cover may delay the thermal response of ground temperature to variances in air 

temperature (Johansson et al. 2006, Zhang et al. 2001). Additionally, the snow may trap latent 

heat released in the soil and thus conserve the soil heat (Oke, 1987). The insulation capacity is 
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determined by the snow thickness. A thicker snow cover may lead to enhanced insulation, in 

contrast, a minor snow thickness results in declined ground temperatures (Nicholson and 

Granberg 1973). Additionally, the time of snowfall is a substantial parameter for the trend of 

the ground temperature during the winter (Zhang et al. 2001, Goodrich 1982). Soil freezes 

generally before snow onset and increased air temperatures in spring rapidly enhance the 

thawing process on snow free surfaces (Zhang et al. 2003). In case of an early snowfall, the 

ground will be protected from the influence of decreasing air temperatures and snow cover 

will inhibit the ground temperature at the surface from freezing during the winter (Zhang et al. 

2001). 

Lewkowicz (2008) found that during the winter months, the temperature beneath the 

snow cover is generally higher than the air temperature. In contrast to spring, when the air 

temperature is generally higher than the temperatures within and under the snow cover. This 

fact could also be detected within this study for the winter months. The mean seasonal air 

temperature was found to be distinctly lower than the mean seasonal ground temperatures at 

every depth considered (e.g. mean winter air temperature: -8.85 °C, mean winter ground 

temperature at 20 cm depth: -1.98 °C). The opposite relation in spring could not be detected. 

However, the difference between the ground and the air temperatures was fairly small (mean 

spring air temperature: -1.74 °C, mean spring ground temperature at 20 cm depth: -0.75 °C). 

The hypothesis of this study was that snow cover is one of the most important driving 

factors regarding changes in ground temperature, since at Abisko snow covered the surface 

about half the year. Due to that reason the snow was expected to have a major impact on the 

ground temperatures. It was assumed that the soil freezing will increase due to the reduced 

precipitation at warmer temperatures and a minor snow cover in winter. The weak trend 

towards increased ground temperatures by increased snow cover, and vice versa, could not be 

proven statistically. No significant correlation could be detected between the snow cover and 

the ground temperatures, neither on an annual nor seasonal basis. Same results were also 

found by Johansson et al. (2008) regarding the relationship between the snow cover and the 

ground temperatures at Abisko 1985-2006. Changes in ground temperatures were further 

represented by changes in frost cycle occurrence, duration and intensity. The hypothesis 

regarding the relationship between the snow cover and the frost cycle paramaters was the 

same as for the ground temperatures in general. Changes in snow cover duration and 

thickness were assumed to have a major impact on the changes in intensity and duration of the 

seasonal frost cycle, as well as on the occurrence of short-term frost cycles. A reduced snow 

cover duration and thickness was assumed to be accompanied by increased duration and 
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intensity of the seasonal and short-term frost cycles, due to decreased insulation effects. 

However, the detected decreased intensity and duration could not be related to the changes in 

snow cover, but to changes in air temperature. It was also assumed, that the variations in 

short-term frost cycles are related to the changes in snow cover. In 2004 the average duration, 

as well as the intensity of the short-term frost cycles, were considerably high at all depths 

except 100 cm. This might be due to the fairly low winter precipitation i.e. snowfall at the end 

of the 21st century. However, in 2004 only one short-term frost cycle occurred at every depth 

except 100 cm where the temperatures stayed positive all year. This is contrarily to the 

assumption, that increased numbers of frost cycles are associated with a minor snow cover 

due to the lack of insulation properties. An early snowfall was expected to result in reduced or 

lack of diurnal frost cycles, since the insulation effect of the snow cover inhibits ample 

ground temperature fluctuations. Late snowfall, in contrast, was assumed to be accompanied 

by an increased appearance of short-term frost cycles, since snow free surfaces are strongly 

influenced by changes in air temperature (Venäläinen et al. 2001). The results of this study, 

however, did not reveal a significant connection between the occurrence of short-term frost 

cycles and the changes in snow cover. Single events with high numbers of frost cycles at 5 

and 20 cm depth could be linked to late snow fall and early snow melt, but have to be 

considered as coincidence. 

Since the obtained results were contrary to the assumptions made, there must be other 

influences determining the ground frost. A possible explanation for these results may be that 

increased temperatures lead to later snowfall and simultaneously to delayed freezing. Why the 

snow cover, which existed almost half a year at Abisko, did not have a stronger influence on 

the ground temperatures during the period of investigation still needs to be answered. It may 

be due to the low precipitation rate, hence a minor snow thickness during the cold season at 

Abisko. The insulation capacity in particular is determined by the snow thickness and thermal 

conductivity which differs with snow density, especially when the depth remains under 50 cm 

(Nicholson and Granberg 1973). Thus, the insulation properties of snow will take a smaller 

effect due to minor snow thickness. At Abisko, the mean seasonal snow thickness stayed 

under 50 cm for most of the time during the study period. Hence, at minor snow thickness the 

insulation capacity of the snow cover may be reduced, resulting in a decreased effect of the 

snow cover on the ground temperatures. Additionally, the length of the snow cover season at 

Abisko was found to be regressive. Hence, the snow cover during the winter months will be 

reduced and the insulation properties of the snow will take smaller effect. Thus, the influence 

of the air temperature on the ground temperature may increase. 
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7. Conclusion 

Time series of ground temperature measurements from 1985-2010 have been analyzed 

to determine the response of ground temperatures to the variations in climatic parameters at 

Abisko, sub-Arctic Sweden. This analysis may indicate the relationship between the 

parameters of interest and provide information about the changes in time of the ground 

temperatures as well as the meteorological variables influencing them. 

The evaluated MAAT at Abisko was approx. +0.02 °C. Values increased by approx. 

1.61 °C during the period of investigation from 1985-2009. This trend could be validated 

statistically. Concerning the seasonal trends of air temperatures, the changes were only 

statistically significant in summer (June-August).  

The average annual precipitation at Abisko was approx. 300 mm. The precipitation 

totals increased during the study period by approx. 26.89 mm. However, this trend could not 

be confirmed statistically. Additionally, different trends could be detected regarding the 

respective season. A positive trend was found during the summer months (June-August), 

whereas the winter months (December-February) experienced a decline in precipitation. 

Changes in precipitation appeared mainly during summer. The decreased precipitation in 

winter reflected the decreased snow thickness at Abisko from1986-2010.  

The snow season at Abisko was about 6-8 months and the duration of snow cover was 

found to be regressive. The trend towards a later onset of the snow cover in autumn was 

statistically significant, and over the years, snow disappeared earlier in spring, which led to 

the detected reduction in snow cover duration. As well as the the snow cover duration, the 

average snow thickness decreased over the study period. 

The soil at Abisko experienced about 5 months of frost at 5 and 20 cm depth. At 50 

and 100 cm depth, the soil remained frozen about four, respectively two, months during the 

study period. The long-term mean ground temperature was approx. 2 °C at 5 cm, 1.8 °C at 20 

cm and 1.9 °C at 50 cm or, respectively, 100 cm depth. The ground temperature increased 

during the period of investigation with increasing rates of change with depth. Ground 

temperatures at 5, 20, 50 and 100 cm depth increased by approx. 0.31 °C, 0.64 °C, 0.82 °C 

and 0.94 °C, respectively. The increasing trend was determined by increasing ground 

temperatures during the autumn and winter months. The soil at 5 cm depth experienced 

increased temperatures by around 2.4 °C during the winter months. This may be mainly due 

to the impact of increased air temperatures and the trend towards earlier spring melt which led 
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to decreased surface albedo. In contrast, during the spring and summer months the soil 

experienced cooling. The ground temperatures at 5 cm depth decreased by approx. 2.77 °C in 

summer, at increased air temperatures of around 1.38 °C. This may be due to increased 

precipitation, which resulted in increased soil moisture, which in turn led to decreased ground 

temperatures, since more energy was required for evaporation. Additionally, the thermal 

conductivity or diffusivity increases with increasing moisture content, but the thermal 

diffusivity begins to decline at a moisture content beyond approx. 20% (Oke 1987). 

Subsequent to the results stated above the questions asked within the introduction will 

be successively answered. 

 

(i) What is the inter-annual variability and change in annual soil frost cycle 

duration, intensity, and frequency over a 25-year period at Abisko? 

The seasonal frost cycle duration decreased at every depth during the study period. 

Also the intensity of the seasonal frost cycles decreased, i.e. the temperatures 

increased at every depth. These trends reflected the increasing ground temperatures 

found at Abisko from 1985-2009. The total number of frost cycles showed a 

decreasing trend at 5 and 20 cm depth. The evaluation of the number of short-term 

frost cycles was limited to the upper 20 cm, since at greater depths the short-term frost 

cycles may have less relevance on soil frost conditions. 

 

(ii) How do snow cover duration and snow thickness relate to soil frost conditions 

over that same time period at the same station? 

No statistically significant correlations have been found between the snow cover 

parameters and the soil frost intensity. However, a generally negative connection 

between the snow thickness or snow cover duration and frost intensity could be 

detected, since the intensity tended to increase with decreasing snow thickness and 

duration, and vice versa. A positive and statistically significant correlation was found 

between the duration of the seasonal frost cycles at 20, 50 and 100 cm depth and the 

snow cover duration. At the same depths, a negative correlation was found between 

the seasonal frost cycle duration and the first day of permanent snow cover. 

Additionally, the snow cover duration is negatively correlated to the first day of soil 

frost at all depths. This is contrary to the assumption that decreased snow cover 

duration is accompanied by an increased frost cycle duration. This may be explained 

by the change towards increased air temperatures which lead to less snowfall and, 



 

73 
 

simultaneously, to increased ground temperatures. The regression of the snow cover 

duration and thickness may result in reduced insulation capacity; thus, the influence of 

air temperatures on ground temperatures may increase. 

 

(iii) What is the significance of short-term soil frost cycles in a sub-Arctic 

environment (Abisko)? 

Short-term frost cycles determine how often the soil refreezes during a freezing or, 

respectively, thawing period. Thus, it determines the vegetation period and the 

exchange of energy and greenhouse gases between the surface and the atmosphere. 

However, the changes in time of the average intensity and duration of the short-term 

frost cycles could not be detected as significant at any depth. But the changes 

correlated with each other at the respective adjacent depth. 

 

(iv) What factors can explain the variability in soil frost conditions? 

The following parameters were evaluated, since they were assumed to be associated 

with the soil frost conditions: snow thickness and duration, the North Atlantic 

Oscillation Index (NAO index), and the air temperature. Referring to the results of this 

study the only parameter explaining the changes in soil frost was the air temperature. 

No other parameters showed a statistically significant correlation with the variations in 

ground temperature. 

 

Ground temperatures are influenced by climatic conditions (air temperature, 

precipitation and snow cover) as well as by environmental conditions, the vegetation and soil 

properties, such as moisture and freezing and thawing processes (Oke 1987). For that reason, 

changes in ground temperature may be used to indicate climatic change. However, ground 

temperatures may not directly respond to changes in air temperature and precipitation. The 

impact of increasing air temperatures may be simple to observe, while the influence of 

changes in precipitation is more complicated. Increased summer precipitation in regions with 

seasonal frozen ground may result in decreased ground temperature due to the soil-moisture-

feedback. Decreased precipitation in winter, i.e. decreased snow thickness and duration, result 

in decreasing ground temperatures due to the reduced insulation during winter and decreased 

albedo in spring (Zhang et al. 2001). However, the assumption that the variation in snow 

cover plays an essential role regarding the variations in ground frost temperatures was not 

confirmed by the results of the study, even though snow covers the study site over roughly 
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half the year. The air temperature had the greatest impact on the ground temperatures at 

Abisko from 1985 to 2009. The strong impact of air temperatures on the ground temperatures 

at Abisko may be explained by the low annual precipitation rate due to the rain shadow 

caused by the Abisko Mountains. Hence, variations in the snow thickness can be a limiting 

factor due to the insulation properties of snow.  

The study indicated that global warming may result in increasing ground temperatures 

and a decrease of soil freezing events. However, to predict global warming from increasing 

ground temperatures may be misleading, since other parameters, such precipitation and snow 

cover, influence the ground thermal regime. Therefore it may be wiser to state that changes in 

ground temperature may indicate climatic changes, i.e. changes in temperature, precipitation 

as well as other parameters, rather than climatic warming (Zhang et al. 2003). The changes in 

ground temperature were consistent at all depths, which indicates that the boundary layer 

conditions may determine the variations of shallow ground temperatures. Hence, the 

measured changes in ground temperatures are high in quality and may be used to research the 

surface response to climatic conditions. The results of the study may even suggest that in sub-

Arctic Sweden changes in air temperatures may be used as an indicator for changes in shallow 

ground temperatures.  
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Appendix A 

Basic information about the frost cycle parameters at 5, 20, 50 and 100 cm depth, 

including the first and last day of frost, the start and end day of the seasonal frost cycles, the 

number of frost cycles as well as the duration and intensity of the seasonal frost cycles. 
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Appendix B 

ABISKO NATUR-
VETENSKAPLIGA 

STATION  
Kungliga 

Vetenskapsakademien 

 

 

ABISKO SCIENTIFIC 
RESEARCH STATION  

 
The Royal Swedish 

Academy of Sciences 

Address: SE-98107 Abisko 
Railway Station: Abisko Östra 
Telephone: +46-(0)980 400 21 

Fax number: +46-(0)980 401 71 
Homepage: http://www.ans.kiruna.se 

 E-mail: ans@ans.kiruna.se 
 
 

Regulations for using ANS' climate data 
 
 
When you wish to use climate data collected under the responsibility by ANS please note 
that: 
 
 
1. A formal request for data is needed. The request should be supplied by a brief outline of 

the intended use of the data. 
 
2.   The data should not be passed to a third person 
 
3. Shorter data series may generally be obtained without any limitation. Please note that the 
data delivered by ANS is normally "raw" data to which only the calibration in current use is 
applied. For some purposes the temporary calibrations may be sufficient. 
 
4 There is no long data series at ANS which is homogeneous. For all parameters there have 
been changes of sites as well as of instruments and methods of evaluation. The data should be 
considered as raw till ANS specifically states that the data are calibrated including an analysis 
of the homogeneity. Final data would normally be available in publications by the ANS. 
 
5. ANS might require co-authorship in publications arising form extensive use of ANS 
climate data and ANS must be acknowledged as the source of the data in any publication. 
 
6. ANS requires a copy of the publications in which the ANS data are used. 
 
7. The data should be primarily used for non-profitable research. When economic benefits 
are involved you must ask for a special permit by the director of ANS. 
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Appendix C 

Data provided by ANS are not supposed to be published or passed to a third person. 

Measurements, however, may be handed out in digital form, if it is required to view the data 

due to grading purposes.  
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