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In this thesis freeze-thaw along roads in northern Sweden is examined. The examinations are 
put in a context of changing climate and its amplification towards the Arctic region on earth.  
The research focuses on the impact of a warmer climate on ground freeze-thaw and in exten-
sion road maintenance in the region. The investigation is presented through two scientific 
papers, where the first examines how ground temperatures are developed during a single frost 
season experiment, where a natural accumulation of snow cover and a continual removal of 
snow cover occur respectively. 

In the second paper, ground temperature data from sub-Arctic Sweden that has been logged 
by the Swedish Transport Administration, has been collected and freeze-thaw cycles have 
been calculated and analysed. The results are related to regional landscape factors and are in 
the context of regional climate change discussed to reach understanding of challenges for 
road maintenance in the region and opportunities to reach resilience. 

The results in Paper 1 show that also a thin cover of snow has impact on the freeze-thaw 
frequency, duration and intensity that occur in and on the surface of the ground. Furthermore 
the results show that the ground temperatures rise in due to an increase in snow cover 
amounts and that this process occurs in several steps.  

Paper 2 shows that the occurrence of ground freeze-thaw is affected by the proximity to 
open waters. Warmer temperatures in the air may cause later ice freeze-up and earlier ice 
break-up on lakes, rivers and on the Gulf of Bothnia and roads in northern Sweden are in 
general situated on the coast or near rivers. Ground temperatures around 0 °C has a high 
negative impact on road stability and a warmer and wetter climate in northern Sweden may 
thus increase road deterioration. The economic development in Sweden stays dependent on 
extraction of natural resources in sub-Arctic Sweden and thus it is of major concern to main-
tain and improve road infrastructure in the region. 
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List of abbreviations, symbols and acronyms 

ASRC Abisko Scientific Research Center 
ACIA Arctic Climate Impact Assessment 
AST Air Surface Temperature – 100 cm above the ground 
Atm Atmosphere (Measurement of Pressure, 1 atm = 

101.325 kPa) 
dT Temperature difference (°C) 
Fs Frost season 
FTC Freeze-Thaw cycles 
GCM Global Climate Model 
GST Ground Surface Temperature 
IPCC Intergovernal Panel of Climate Change 
IPY International Polar Year 
MAAT Mean Annual Air Temperature 
m.a.s.l. meter above sea level 
MMAT Mean Monthly Air Temperature 
MMGT Mean Monthly Ground Temperature 
MCDA Multi-Criteria Decision Analysis 
NS Natural Snow cover (snow station) 
RCM Regional Climate Model 
SF Snow-free (snow-free station) 
SMHI Swedish Meteorological Hydrological Institute 
STA Swedish Transport of Administration 
STAd Frost depth stations (STA) 
STAw Weather stations (STA) 
VTI Road and Transport Institute (Sweden) 
Q Energy flux 
QH Energy – Latent heat 
QLE Energy - Evaporation 



 

List of terms 

Albedo   The ability for a surface to reflect light. 0 
equals no reflectance and 1 equals total  
reflectance.  

Base-course Bound or unbound layer beneath the wearing 
course. 

Boundary layer Where the atmosphere meet different surfaces, 
turbulence is developed as a result of the fric-
tion in a planetary or atmospheric boundary 
layer. 

Capillarity Is a function of grain size in soils. Smaller 
fractions increase the adhesive forces between 
surfaces and thereby allow a greater water suc-
tion and capillary pressure. 

Convection Transfer of aggregates (e.g. heat) in liquids or 
gases. 

Cryosphere  The crust, hydrology and atmosphere on earth
 that with temperatures of 0 °C  
or less during at least part of the year. 

Embankment Uplifted bank that may carry a road. 
Esker Debris material from glacial outwash that re-

sults in ridges with sorted and rounded  
material. 

Formation level Is in roads shaped when the natural material 
along the road is planned to form the founda-
tion for the pavement. 

Freeze-thaw cycles  consist of freezing and subsequent thawing 
during the frost season. May be measured in 
frequency, duration and intensity. 

Freezing front  a boundary layer between the frozen and un-
frozen ground. 

Freezing index The sum of all negative daily mean air  



 

(Total annual) temperatures during a calendar year. 
Frost when surface temperatures fall below freezing 

(0 °C). 
Frost heave development of ice lenses that causes upward 

lifting of the ground or objects in the ground. 
Frost susceptible soil Soils that may form segregated ice induced by 

temperatures and water supply. 
Frozen fringe Where the warmest ice lenses grow. 
Ice lens Bodies of ice, often grown horizontally. 
Inselberg At an eroded plain a mountain with more re-

sistant rock may occur as an island in relation 
to its surroundings.  

Iron Ore Line The railway that in northern Sweden is used 
for ore transport between the mines and the  
harbors.    

Latent heat The amount of heat that is needed to melt (or 
freeze) a unit of ice (or water) in a unit mass of 
soil or rock. 

Meridional and zonal A long certain longitudes and latitudes. 
Osmosis Spontaneous reaction where solvent molecules 

transfer across a semi-permeable membrane, 
from high to low concentration to reach equi-
librium.  

Pavement The road structure over the formation level. 
Peat Humified plant deposit that can be formed on 

swamp or waterlogged areas in absence of  
oxygen. 

Permafrost Ground where the temperatures stays below 
0°C for at least two consecutive years. Consid-
ered continuous when > 90 % and discontinu-
ous when 50 – 90 % of the ground stays frozen 

Permeability The ability for a substance to allow other sub-
stances to pass through. It is a function of grain 
size where larger grain size provides a higher 
permeability. 

Pore water The water in the pores between soil and rock 
particles. 



 

Protection layer Unbound layer between the base-course and 
the terrace surface. 

Rutting Grooved pattern in pavements formed by vehi-
cles. 

Seasonal frost Regions where the ground stays below 0 °C 
during parts of the year. 

Spring-thaw the period during spring in regions with sea-
sonally or perennial frost when thawing is most 
intense. 

Solifluction Saturated unfrozen earth material that slowly 
transfers downwards a slope during summer 
thaw in cold regions on earth.  

Sub-Arctics Regions that lies adjacent to the Arctic regions 
on earth. They are characterized by long, cold 
winters and short, mild or cool summers. 

Sub-base Unbound layer beneath the base-course. 
Subgrade The material below the formation level. 
Thermal conductivity The quantity of heat that flows through a unit 

area of substance per unit time with a unit tem-
perature gradient commonly measured in 
joules (J) per second (s) per meter (m) per de-
gree Kelvin (K). 

Thermal diffusivity The ratio between the thermal conductivity and 
the volumetric heat capacity will define with 
what facility a material will undergo a tem-
perature change. 

Thermokarst When ice-rich permafrost or massive ice 
thaws, hollow landforms may develop, that 
may be similar to what is found in karst envi-
ronments. 

Volumetric heat capacity The amount of energy (W) that is required to 
increase the temperature in a volume of a mate-
rial with one degree (°C).  

Wearing course Bound or unbound layer on the top of the road. 
Zero-curtain Durable temperatures very close to the freezing 

point that occurs adjacent to the seasonal frost. 
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1. Introduction 
Populations at higher latitudes have learnt to adapt to the conditions of 

a durable freeze-thaw both in food harvest, storing and in infrastruc-

ture issues (Varjo et al. 1987). A warmer climate may increase extrac-

tion of circumpolar natural resources, whereas transportation in some 

areas may suffer higher cost and safety problems (Walsh et al. 2005; 

Hovelsrud et al. 2011). The industrial development has resulted in a 

dependence on an even flow of products (Persson & Olhager 2002) 

and climate change may challenge supply chain management. An in-

crease in demand for raw materials, renewable energy resources and 

tourism activities results furthermore in a traffic increase in northern 

Scandinavia (Moen & Fredman 2007; Amelin et al. 2009; Hall & Saa-

rinen 2010; Ejdemo & Söderholm 2011). 

The freeze-thaw processes in the ground have an impact on ground 

physics, geomorphology, hydrology and ecology. When the ground 

freezes its bearing capacity increases whereas the opposite happens 

when the ground thaws (Penner 1966; Rempel 2010). As a conse-

quence of freezing ice lenses grow and water face problems to perco-

late through the ground (Knutsson 1981; Simonsen 1999; Rempel 

2010). 

A snow cover acts insulating on ground thermal regime and there-

fore helps to control the freeze-thaw processes. Cell structures have in 

cold environments adapted to the snow insulation and may protect 

plant structures from cold, harsh dry environment and osmotic chock 

(Kreyling 2011). Frost processes may instead e.g. hamper sapling and 

seedling survival and establishment in forestry (Goulet 1995; Kreyling 

2010) and restrict lichens and mosses availability for grazing animals 
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(Moen 2008; Bulgakova 2010; Keskitalo 2010). In northern Sweden 

people insulate buildings, construct frost protected roads and engage 

in recreation activities due to the presence of snow (Keskitalo 2010). 

Relationship between snow depth and ground temperatures may there-

fore be of interest to examine in the region. Ground temperatures are 

also more frequently examined in permafrost and less performed on 

seasonally frozen ground (Zhang 2005 a) and may with regional cli-

mate change be of importance to study.	  

In sub-Arctic Sweden the ground stays frozen or is snow covered 

for more than half of the year (Kohler et al. 2006; Johansson et al. 

2011; Schmidt 2011). Spatial differences in these processes result in 

variable physical and biogeochemical responses in the ground. The 

atmosphere controls the climate of the ground, but the ground climate 

shows larger local variety as a response to topography, biogeochemi-

cal and ecological factors (Zhang 2005 b). Hence it is important to 

study the ground climate variability at northern latitudes from a sus-

tainable planning perspective.  

Freeze-thaw has been studied from different perspectives e.g. with-

in the sciences of engineering, earth sciences and geography, 

(Knutsson 1998; Doré 2004; Henry 2007; Bogren 1991; Gustavsson et 

al. 2012) but analyses of how changes in the natural environment af-

fects e.g. the road constructions are fewer in the field of physical ge-

ography. Similarly, landscape analyses are fewer in the engineering 

field. In this gap new science may grow. 
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1.1 Aims and objectives 
In this study freeze-thaw and snow cover impact on ground tempera-

tures in sub-Arctic Sweden are examined, in order to understand how 

climate change may affect the ground temperatures and roads in the 

region. Results can be used to adapt infrastructure planning to climate 

and transport change in the region and to improve understanding of 

how changes in air temperature and snow precipitation may alter con-

ditions in the ground for ecological processes.  

Trends in ground temperature data are in the thesis related to air 

temperature data. Landscape factors and ground freeze-thaw processes 

are also examined together with a focus on the effect of snow cover 

on ground temperatures. The results of the study may illuminate envi-

ronmental changes and planning needs in the region. 
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The aims will be addressed by the following research questions: 

I. How are ground temperatures affected by snow thickness in the 

study area during a single frost season? 

II. How may changes in snow depth affect ground temperatures in 

the region of northern Sweden? 

III. How does the spatial variability of freeze-thaw frequency, dura-

tion and intensity in the ground differ along roads in Northern 

Sweden? 

IV. What can be expected of road freeze-thaw development in the 

study area in the future? 

V. How will changes in freezing index and ground freeze-thaw re-

late to potential changes in road damages in the study area? 

1.2 Limitations 
In this thesis ground freeze-thaw in northern Sweden is studied with a 

focus on how air temperatures and snow affect the ground tempera-

tures. Data collection has been limited to a seasonal experiment dur-

ing the snow season 2012/13 at a pair-plot station by the Gulf of 

Bothnia. Furthermore data collection for road temperatures has been 

collected for the seasonal year of 2011/12. Thus the study does not 

involve  intra-seasonal analysis and road data is limited to temperature 

data. Analysis in the study may come to conclusions concerning tem-

peratures when a snow cover is removed but road precipitation data 

has not been analyzed. As it comes to roads it is only the removal of 

snow from roads that is discussed in this thesis. Treatments to reduce 

road slipperiness e.g. road salting, have impact on road surface tem-

perature, but the effect of e.g. an increase in road salt due to regional 
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climate warming that may be accompanied by icy roads is not dis-

cussed in this thesis.   

During 2011/12 data from four national paved roads in northern 

Sweden have been studied. Neither data from private roads nor forest 

roads have been examined. The examined data are put in a context of 

a literature review of regional climate changes in the sub-Arctics and 

road construction in Sweden. However, the impact of climate changes 

on road constructions is an enormous field. In cold climate soil tex-

ture, precipitation and water availability control freeze-thaw process-

es. The above-mentioned factors are referred to but not specifically 

examined in this thesis. 

1.3 Outline of the thesis 
Ground freeze-thaw in northern Sweden is, in this thesis, examined 

from three perspectives, firstly as a case study on the impact of snow 

on ground frost, secondly by examining the spatial variability of 

ground freeze-thaw in northern Sweden, and thirdly by how these two 

conditions may affect roads in cold climates. The first and second 

perspectives answer research questions I to III whereas research ques-

tions IV to V are answered through perspective three. 

The theoretical and methodological background is presented in 

Chapter 1-7. The research field is introduced and aims and objectives 

presented in Chapter 1 whereas Chapter 2 gives a background to road 

infrastructural history in the region. Chapter 3 defines the cryosphere, 

freeze-thaw and their dynamics in sub-Arctic Sweden. Factors that 

affect the freeze-thaw development in the ground are explained in 

order to understand the relationship between air temperatures, ground 
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temperatures and snow cover. Chapter 4 describes how roads are con-

structed and eventually deteriorated in Sweden and it furthermore 

relates these subjects to ground freeze-thaw. Winter precipitation and 

temperatures are, in Chapter 5, described for the sub-Arctic zone gen-

erally and for the sub-Arctic Sweden especially. In Chapter 6 the 

study area is presented and in Chapter 7 the methods that were used 

for each examined perspective is explained. The two papers (I–II) are 

summarized in English in Chapter 8 and in Swedish in Chapter 9 and 

placed as attachments in Chapter 11. Before the papers (I–II) answers 

to the research questions are summarized in conclusions (Chapter 10). 

Figure 1 shows the science process and how different aspects are 

related to each other in the thesis. The first perspective is treated 

through data collection and analysis of temperature data during one 

frost season. The results are presented in paper I Ground frost and the 

impact of snow cover in northern Sweden. The second perspective 

describes the existence of freeze-thaw where ground is cleared from a 

snow cover, i.e. main roads in northern Sweden and is treated through 

analysis of road temperature data in combination with a review of the 

dispersal of freeze-thaw in the sub-Arctic. The results are presented in 

paper II Ground freeze-thaw and roads in northern Sweden.  

The third perspective gives an application of how ground freeze-

thaw and snow cover variability affects roads in northern Sweden. 

This is treated by a review of changing climate factors in the sub-

Arctic related to the results from the spatial distribution of road 

freeze-thaw and the impact of snow on the ground. 
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Fig. 1 Flowchart of the research process visualizing collection of data for climate, 
cryosphere and road analysis. Snow station data and road data treat perspective 
one and two respectively while the third perspective is treated as analysis of the 
results of the data collection in the context of regional climate change and mainte-
nance of cold climate roads that are situated at the top of the flow chart. 
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2. Road history in northern Sweden 

Mankind, along with other organisms, use natural landforms to facili-

tate transportation. As results waterways, animal paths and roads on 

frozen ground have been developed. Ridges such as eskers improve 

drainage conditions and have, together with waterways such as rivers, 

lakes and natural harbours often been chosen for transportation by 

mankind (Hoppe 1945 p.127; Seppälä 1999). Summer roads in Swe-

den, have traditionally been localized to ridge landforms and have 

therefore been hillier and with greater curvature in comparison to win-

ter roads that could be situated in river valleys and on peat as long as 

the ground stayed frozen (Montelius 2004). Road infrastructure has 

furthermore been of great importance for local development. Modern 

road planning may on the contrary decrease accessibility to certain 

areas as the priority is taken to decrease the far-distance travel time 

(Qviström 2003). It is also explained that roads on the top of ridges 

not only favours drainage conditions but also the visibility for driving 

(Sarap 2006). Hence, roads on top of eskers, drumlins and terminal 

moraines may also be beneficial from a safety perspective.  

As the eskers in northern Sweden show scarce and broken patterns 

other kind of glacio-fluvial material, coarse-grained moraine and es-

pecially heaths have, according to Hoppe (1945), more often been 

chosen for road construction. Roads on highlands have also, in the 

examined region, been of priority to roads on peat in the lowlands. In 



 23 

the meantime, when roads on peat were demanded, timber was laid 

across the terrain in log roads to increase the bearing capacity. Long-

time waterways along the coast and winter roads on snow were pri-

marily chosen for transportation. The rivers were also chosen for 

transport during winter and summer respectively. However, when the 

water stream became to heavy during long episodes, circuitous roads 

on land were necessary to be able to reach certain targets. Waterways 

were thus combined with land roads connected to the river valleys. In 

other words the early road pattern in northern Sweden shows that to-

pography controlled transportation. 

Roads in Sweden are today owned and maintained by either the 

Swedish government, the different municipalities of Sweden or by 

private persons. The Swedish Transport Administration divides the 

roads into three categories where a lower category has more traffic, 

thus a better bearing capacity and higher cost for maintenance. Road 

number 1–99 are national roads and belong to the first category, road 

number 100–499 are primary country roads and belong to the second 

category and, finally, road number 500 and above are secondary and 

tertiary country roads (Edvardsson & Magnusson 2012; Svenson 

2013). 

The bases of the road infrastructure that exist in Sweden stem from 

the end of the 17th century and were used by horse carriage (Hoppe 

1945; Helmfrid 1996; Montelius 2004). In northern Sweden roads at 

this time had primarily been constructed along the coast, the road that 

today is known as E4 (Andersson et al. 1996), which still suits as 

skeleton of the road infrastructure with important nodes along the 

coast and with access to the inland areas (Jenelius & Petersen 2005). 
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In 1696 the coast land-road stretched all along the Gulf of Bothnia to 

the important market area of Tornio (Hoppe 1945). The earlier roads 

in the region have evolved from elder bridle or human paths (Öhman 

1992) and have been further developed, as explained by Hoppe (1945) 

in relation to trading, mining and sawmill expansion and as the popu-

lation has grown as a consequence of these actions. A popularity in-

crease for roads came along with car vehicles in the 1930’s and when 

it was discovered that roads could replace the non-crossable ices that 

occurred during the autumn freeze-up and the spring thaw. 

In the 18th century road guidelines from Swedish authorities be-

came more detailed (Öhman 1992). In contrast to before roads now 

demanded sufficient drainage with culverts, at certain distances from 

each other and ditches (Hoppe 1945). Roads could thereby have long-

er lifetime and frost heave could be avoided. Up until the middle of 

the 19th century the responsibility of the roads in Sweden remained 

upon the landowners, but major roads where thereafter nationalized 

(Castensson et al. 1992; Qviström 2003; Montelius 2004).  

In northern Sweden the Iron Ore Line was the first large infrastruc-

tural investment and was as a project negotiated during the 19th centu-

ry to facilitate mineral transport to harbours (Öhman 1992). Land was 

to be settled and treasures were to be explored in the new America of 

Sweden (Brunnström 1981). This is also the time when road infra-

structure towards the inland is further developed (Hoppe 1945; Bäck 

& Jonasson 1998). Adjacent to the railway construction, hydroelectric 

dams in the river of Luleå was built and the Iron Ore Line could 

thereby be electrified in the year of 1915 (Forsgren 1992). The rail-

way also opened up for personal transport and invited tourism in the 
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area to grow (Bäck & Jonasson 1998) and can be seen, as an example 

of that tourism growth is more likely in regions where a diversity of 

resources and attractions already exist (Kauppila et al. 2009). Already 

in 1909 Abisko became one of the national parks in Sweden and in 

1976 the Swedish government made Abisko-Kebnekaise to a target 

for recreation, which resulted in extended road planning (Bäck 1993). 

From a regional perspective, Bäck & Jonasson (1998) show that the 

coast-to-coast road – Töre to Narvik, i.e. the E10, has as long as it has 

existed been of great importance for the economy. Once it was ac-

complished it significantly increased the availability to mountain areas 

of northern Sweden. Therefore it is possible to argue that the men-

tioned road contributes to a regional sustainable development that 

includes social and environmental values. 

Equipment that made terrain crossing feasible furthermore allowed 

roads construction later in the 20th century to reach targets far away, 

with less regard to the natural environment (Seppälä 1999; Rui 2006). 

The road infrastructure expanded on its most during the 20th century 

and towards the end of the century the focus changed to maintenance 

of roads, for improvement of the carrying capacity and increase in 

road width (Castensson et al. 1992).  

The expansion of the mineral industry and wood, paper- and pulp 

production in the 20th century, the development of trucks and refined 

products for international markets created needs for inland roads to 

reach more continual and efficient production flows (Castenssson 

1991; Kritz 1991; Lundin 1991). Waterways that were replaced by 

expanded temporary roads have resulted in a road net in northern 

Sweden where the roads are in alliance to the rivers, lakes and the sea. 
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This localization of roads, in proximity to river flows, may with re-

gional climate change impact road sustainability negatively, as an 

increase in precipitation and water flow may cause floods, increase in 

ground water level and landslides (SOU 2007:60). 

A wider geographical holistic perspective is suggested to be advan-

tageous in modern planning and is also facilitated by modern technol-

ogy (Seppälä 1999). As winter roads in northern Sweden are cleared 

from snow, road environment may be put in a cryospheric and region-

al climate change context to reach understandings for road planning.  
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3. The cryosphere, freeze-thaw and energy 
flows 

3.1 Cryosphere and snow cover 
The cryosphere refers to the parts of the earth that are permanently or 

seasonally frozen or covered with ice or snow. Thus, glaciers, ice 

sheets, sea ice, lake and river ice, permafrost, seasonal frost, seasonal 

snow and atmosphere ice crystals are all parts of the cryosphere 

(Marshall, 2012). Over the northern hemisphere, frozen areas appear 

circumpolar and when 10–100% of the ground is perennially frozen, 

landscapes develop permafrost (Johansson et al., 2006). Discontinu-

ous permafrost appears when 50 to 90% of the ground is frozen. The 

cryosphere covers both the Arctic and the sub-Arctic regions where 

the latter border the Arctic region by the polar tree line and towards 

the cold-temperate region in the economical forest line (Löve, 1970). 

Hence, northern Sweden belongs to the sub-Arctic regions of the 

world where the ground is mostly seasonally frozen. 

Snow insulates the ground from colder and warmer temperatures re-

spectively (Zhang 2005), as it obstructs the thermal flow between the air 

and the ground and reflects insolation i.e. increases the albedo of the 

ground. The albedo is strongest in fresh snow, with 0.9  (1 = total light 

reflection) and declines as older snow accumulates dark particles, a pro-

cess that is most efficient at air temperatures above 0 °C (Marshall 2012). 

However, Zhang (2005) explains that ground temperatures are not only 

controlled by the presence of snow but by the snow depth. Ground tem-
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peratures have shown a logarithmic increase to snow cover development 

in western China (Ma et al. 1993) and results from Irkutsk, Russia 

(Zhang et al. 2001) show that when both the snowfall in autumn and 

thaw in spring are early, the temperatures of the ground increase, while 

the opposite can be noted when the ground is free from snow. 

3.2 Ground freeze-thaw of the northern hemisphere 
Ground freeze-thaw involves energy balances through the uptake or re-

lease of heat, which contributes to the atmosphere climate at regional, 

local and micro levels (Marshall 2012). In the Northern Hemisphere 55 

% of the land area experiences seasonally ground frost (Walter et al. 

2013) while 24 % is permanently frozen (Zhang 2005 a). For the north-

ern hemisphere as a whole, the frost arrives in September and leaves in 

late May or early June (Zhang et al. 2001). Results of ground tempera-

tures in the sub-Arctic and Arctic environments show that Scandinavia 

rarely experiences temperatures below zero at 200 cm depth due to 

coastal climate (Venälainen et al. 2001). Ground temperature as a func-

tion of depth is, in permafrost areas, most significant in the month of July 

followed by January and February with Mean Monthly Ground Tempera-

tures (MMGT) differences (dT) of more than 12 °C and 4 °C respective-

ly (Romanovsky et al. 2010). The differences are lower in March and are 

lowest in April with a dT of less than 0.5 °C from the surface of the 

ground to 100 cm below the ground. 
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3.3 Snow cover and Energy balances 
The snow cover extent will differ across the landscape in relation to 

wind, topography and vegetation cover (ACIA, 2004) and the snow 

cover is documented to raise ground temperatures by several degrees 

°C in sub-Arctic Abisko (Kohler et al. 2006). In regions with Mean 

Annual Air Temperatures (MAAT) around 0°C, snow may prevent 

ground from permanent frost (Johansson et al. 2006). However, results 

from Alaska and Irkutsk show that the insulation capacity is not 

changed at a large extent at snow depths above 500 mm (Zhang 2005). 

The insulation capacity of snow is due to the decrease in thermal 

conductivity between snow crystals (Marshall 2012). The differences 

in the relationship in surface energy balances between the air and the 

ground daytime and night-time is explained by Williams & Smith 

(1989) (Fig. 2).  

 

Q = Q* +  QH + QLE + QG 

 

The total energy flux (Q) is the sum of exchange of sun radiation 

(Q*), the sensible and latent heat flux (QH) the evaporation to the at-

mosphere (QLE) and the subsurface energy flux (QG). Q* is positive 

during the day when ingoing short-wave radiation is high and out-

going long-wave radiation is low while the relation is opposite during 

the night when no solar radiation is received. Of the components that 

are contributing to the energy flux, the subsurface energy flux shows 

the lowest diurnal variability. As covers of snow or vegetation will 

obstruct the energy from the sun insolation to reach the ground a 

negative flux is developed when the snow freezes while flux is the 
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opposite when the snow thaws. However, radiation may heat the snow 

closer to the surface of the ground. In this process the temperature 

gradient between the ground and the snow decreases and the snow 

cover will prevent an energy loss to the atmosphere (Ma et al. 1993). 

The subsurface energy flux is the exchange of energy between sur-

face and the area below snow and ice and is controlled by thermal 

diffusivity (Oke, 1987; Williams & Smith 1989; Banks & David 

2012). Friction between the air and the ground will cause turbulence 

which impact on the energy exchange between the near-surface at-

mospheric boundary layer and the snow surface (Oke 1987; Marshall 

2012). This energy flux may be represented by the convection (αk). 

 
Fig. 2 Surface energy balances during day and night. As the exchange of radiation 
Q*alters between day- and night-time the evaporation (QLE), the sensible and latent 
heat (QH) and the sub-surface energy (QG) also vary. The exchange of energy be-
tween layers is also controlled by the air turbulence, here represented by the con-
vection (αk). 

The boreal region of the Northern Hemisphere experiences the lowest 

level of relative humidity during the spring months and this together 

with a scarce cloud cover may increase the radiation and develop a 
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deep boundary layer, where the turbulence is large between the air and 

the soil (Oke 1987; Bett & Ball 2001). This demonstrates how energy 

flux allows different ensemble parameters to control the climate of the 

ground, which results in inter-annual, inter-seasonal, inter-diurnal and 

inter-regional variability. 

3.4 Ground thermal regime  
Latitude, altitude and slope angle towards or away from solar insolation 

are discussed by Williams & Smith (1989) as regulators of the climate of 

the ground. The water content, temperature and soil type will jointly con-

trol thermal conductivity, frost depth, and frost heave. Positive feedback 

acts at larger scale with factors such as the surface reflectivity (albedo) 

and at a local scale in e.g. latent heat. Frost is understood to be best de-

veloped in association with high sea level air pressure, clear skies and 

low minimum temperatures, where the first of the above mentioned is 

suggested to be the determining factor (Meehl & Tebaldi 2004). As 

winds are unlikely to develop under these circumstances and cold air is 

heavier in comparison to warm air the ground cold temperatures will 

develop on the surface of the ground (Bogren et al. 1999 p.208). The 

lowest minimum temperatures are more easily developed during the 

night when the terrestrial (long-wave) radiation is at its most. 

At temperatures below the freezing point, the amount of free energy 

of liquid is larger than the amount of free energy of solid materials, 

which explains why water motion will be towards ice, resulting in ice 

accumulation, expansion and frost heave. As ground water freezes when 

the temperature drops, latent heat is released and warming the surround-

ings (Martini et al. 2001). Hence, a mixture of frozen and fluid water is 
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formed and causes a transport of water towards the freezing front through 

capillary suction and diffusion between pores (Beskow 1935). This will 

furthermore, as explained by Torrance & Schellekens (2006), result in 

osmotic differences, with dissolved salts between the unfrozen films and 

the frozen fringe that cause water transport. This osmotic potential is 

temperature induced and results in micro freeze-thaw cycles until the 

layer freezes. The process results in durable ground temperatures around 

0 °C, known as zero-curtains (Outcalt et al. 1990). 

Changes in ecology, biogeochemistry and permafrost extent are of-

ten set in relation to air temperature changes as an important climatic 

factor. This is in spite of the fact that ground processes relate more to 

changes in ground thermal conditions, which depend on air tempera-

ture changes, but do not develop in the same way (Zhang et al 2005). 

However, the sun radiation uptake by a surface is considered to have 

the largest influence on its climate (Oke 1987). Studies by Goodrich 

(1982) show that the latent heat of soil, i.e. the energy that is released 

or absorbed by a system during non-changing temperatures, is con-

trolled by mean annual air temperatures and mean annual ground tem-

peratures. Furthermore the latent heat depends on the soil moisture 

content, as 334 J/g energy is removed when liquid water freezes 

(Goodrich 1987; Marshall 2012). 

The thermal flow, explain Williams & Smith (1989), is lower in the 

ground compared to in the air, due to the topography and obstacles in 

and on the ground, which may result in a high variability in tempera-

ture over short distances. The ground temperature is furthermore a 

function of depth, whereas the Mean Monthly Ground Temperatures 

(MMGT) are more sustainable at a lower depth while temperature 
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closer to the surface is lower in winter and higher in summer. The 

thermal conductivity regulates how heat will travel through a material 

and is controlled by the ability for thermal diffusion (Marshall 2012). 

The thermal conductivity in soil is greater in frozen ground in com-

parison to thawed and the largest difference occurs when the ground 

temperature reaches 0°C. Thermal diffusivity measures the velocity of 

temperature waves through the ground and is shown to be higher 

when soils are thawing (Schmidt, 2011). 

3.5 Freeze-thaw definitions 
The idealized frost season, explains Schmidt (2011), starts and ends 

with short periods with freeze followed by thaw i.e. short-term frost 

cycles and has episodes of zero-curtains that connect to a longer peri-

od of the seasonal frost-cycle (Fig. 3). Frost cycles are also known as 

freeze-thaw cycles (FTC). An FTC appears every time that the tem-

perature rise from 0 °C to reach a maximum value, decrease and pass 

0 °C, reach a minimum value and then rise to 0 °C again. The FTCs 

provide different wavelengths and amplitudes and the FTC frequency 

measures the number of waves in a certain time. The FTCs can be 

measured as the number of FTC, i.e. the frequency, how long they 

last, i.e. the duration and with the lowest temperature that occurs, i.e. 

the intensity in the middle. The term intensity is equivalent to Mini-

mum Soil Temperatures (MST) a term that is used in other studies 

(Henry 2008; Kreyling & Henry 2011). The zero-curtain effect that 

occurs as a result of the latent heat that has been stored provides the 

ground with episodes of temperatures around 0 °C. When the latent 

heat is stored or released, as a response to changes in air temperatures, 
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it may contribute to freezing or thawing respectively over a longer 

time (Outcalt et al 1990). It is furthermore possible to describe zero-

curtains as parts of the seasonal frost cycle (Schmidt 2011). 

Ice lenses develop when cold water continuously penetrates the 

ground and freezes. The ice lenses increase the volume of water by 9 

%, and if silt is the material ice lenses may develop parallel to the land 

surface, perpendicular to the energy flow (Knutsson 1981; Martini et 

al. 2001). The freeze expansion of water has the ability to increase the 

stability of the ground. However, if the ice melts large amounts of 

water are released, which demand for accurate drainage to avoid 

ground instability, as the saturation from above will soften the ground 

(Williams & Smith 1989; Hermansson 2002).  

 

 
Fig. 3. The ideal frost season (Fs) starts and ends with the first and last day of freez-
ing respectively. During the Fs the ground temperatures then shifts between freezing 
and non-freezing temperatures in short-term freeze-thaw cycles (FTC) and adjacent 
to the seasonal frost that experience a more durable and intense freeze, episodes of 
zero-curtains appear.  
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Heat transfer faster through large stones in comparison to the sur-

roundings and Anderland et al. (2010) explains that this causes accu-

mulated ice below stones to melt more easily. In the process, sur-

rounding water is drawn to the melting area by gravity. In contact 

with cold ice, water freezes and ice accumulates whereby stones and 

boulders may be heaved. A higher capillary suction will contribute to 

a larger ice accumulation. If layers of ice lenses develop, the ground 

will more easily collapse when the ice melts. Ice lenses development 

demands a slow freezing process for equilibrium process between 

pore space and crystallization. With the sufficient water flow, a ho-

mogeneous soil and one-dimensional temperature gradient, ice lenses 

will have an unlimited growth (Knutsson 1981).  

Freezing and thawing of ground results in landforms where larger 

rocks are eventually uplifted to the surface of the ground. In natural 

environments, this may result in, on one hand, landforms where mate-

rials are patterned into circles, polygons or nets and, on the other 

hand, gravity contribute to solifluction in slopes and thermokarst in 

sinks (Martini et al. 2001; Johansson et al. 2006). The same phenome-

na may be witnessed in man-made environments but to a lower degree 

as natural environments have been left alone with the processes over a 

longer time. On the other hand, the reactions of man-made construc-

tions may form slowly, but result in larger consequences over time, 

especially in association with changes in weather and load pressure. 

Spring frost thaw affects the bearing capacity of roads the most. 

This period often starts at the same time as the short-term FTC ac-

cording to Fig. 3. This period is by the Swedish Transport Administra-

tion (STA 1994) defined as the season of frost-thaw and Table 1 
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shows how its duration inclines with the climate zones. The climate 

zones are based upon the total annual freezing index, which is calcu-

lated by multiplying the time with a temperature below 0 °C with the 

mean air temperatures during that time and add all these products over 

the calendar year. Each climate zone furthermore has differences in 

the length of the described seasons. In 2003 the number of climate 

zones was reduced by combining zone 5 and 6 to zone 5 (Fig. 4) (STA 

1994, STA 2003). The mean freezing index in Sweden from 1960 to 

1989, as calculated by SMHI (Swedish Meteorological Hydrological 

Institute) was used for this calculation (Edvardsson & Magnusson 

2012).  

When the autumn short-term FTC starts the roads begin to freeze 

and the ice lenses are preferable developed in frost susceptible soils 

when the ground temperatures stays stable for a durable time around 0 

°C, so called zero curtains (Schmidt 2011).  
Table 1. The number of seasonal days that normally occur at climate zone 1-5. 
Season Climate zone 

 1 2 3 4 5 
Winter 49 80 121 151 166 
Frost-thaw 
winter 

10 10 - - - 

Frost-thaw 15 31 45 61 91 
Late spring 46 15 - - - 
Summer 153 153 123 77 47 
Autumn 92 76 76 76 61 
Source: (STA 1994). 
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Fig. 4.  a) Mean freezing index (total annual) and climate zones (STA 1994) and b) 
climate zones (STA 2003). The freezing index is presented in degree-days (°C x 
days) 
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4. Freeze-thaw and road sustainability  

4.1 Road construction in Sweden 
Roads in Sweden may be paved or unpaved. Paved roads have a wearing 

course of a stone material that is bounded by bitumen or concrete. Un-

paved roads have a wearing course of unbound gravel and are mostly 

called gravel roads. Both types shall always decline towards cuttings and 

embankments to have an efficient runoff of water. All roads are almost 

entirely constructed of stone material. Only a minor part of the roads 

consists of other material as binders, geotextiles, frost insulation etc. 

Concrete roads are not as flexible as asphalt and gravel roads and may 

therefore break easier in cold climates due to frost heave. The ageing 

process of bitumen depends on sun insolation and oxidation. The former 

use of e.g. esker material for road construction has today in general been 

replaced by crushed rock, as glaciofluvial material is a fading resource. 

The structural design of roads in Sweden is dimensioned according to 

three factors; the traffic and the load pressure; the climate; and the mate-

rial in the ground. These factors control how the road structure is de-

signed. The geometrical design of roads, e.g. delineation and cross sec-

tions is majorly described in Road and street design (STA 2012). Swe-

dish specifications for structural road design were, according to Magnus-

son (2014) developed in the middle of the last century and has since then 

been continually evaluated and revised. Major changes were done in 

specifications in the years of 1976, 1984, 1992 and 1994. Today structur-

al design of roads is also connected to the general construction regula-
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tions of Sweden, AMA (Svensk byggtjänst 2011), with extra concern 

given towards road environments. Fig 5 shows in principle the design of 

a road and its equipment. 

 
Fig. 5 Cross section of Swedish roads according to specifications (STA 2003). 
 
A pavement consists of several horizontal layers that lie on top of the in 

situ material (Fig. 6) (STA 2004). The foundation consists of a subgrade 

of in situ natural material or compacted fill, prepared subgrade in figure 

6; on top of that, the pavement structure which consists of bounded or 

unbounded material (Agardh & Parhamifar p. 52f 2013). The function of 

the pavement is to protect the subgrade. A typical pavement in Sweden, 

as illustrated in figure 7, is represented by the protection layer, the sub-

base, the basecourse and the wearing coarse, where the later is the 

pavement surface (Alzubaidi 2004; Edvardsson & Magnusson 2012). 

The protection layer is in Sweden used to protect roads from frost heave 

and thus is an extra layer that is not commonly used in road construction 

on an international level (Edvardsson & Magnusson 2014). 
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Fig. 6. Pavement structure, illustrated after (STA 1994) 
 
The surface of the subgrade is referred to, by Lay (1998), as the for-

mation level upon which the other courses rest and form the pave-

ment. The pavement will carry the main part of the load. The wearing 

course will provide a smooth surface, demanded reflectance, limit the 

noise, a sufficient skid resistance and reduce water percolation from 

the surface course to the base-course and further down in the struc-

ture. Through the use of large fraction materials the permeability of 

water is facilitated and the capillary water suction diminished. 

 

Wearing course 

Binder (possible) 

Bounded base-course  

Unbounded base-course 

Sub-base 

Protection layer  

 
 

Sub-grade 
 
Fig. 7.  Swedish road construction for traffic intensive roads. After Edvardsson & 
Magnusson 2012. 
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4.2 Soils, water and bearing capacity 
Soils with a larger portion of silt are explained by Beskow (1933) to 

be the most frost-susceptible soils. He examined the properties of soils 

and their reaction on freezing and its impact on roads. He found that 

fine-grained soils freeze slowly due to the lower thermal diffusivity 

and lower osmotic pressure. Less frost susceptible soils i.e. gravel, 

sand, clay and peat had homogenous freezing, which prevented frost 

heave processes. The discontinued freezing that occurs in silt soils 

could instead cause a growth of ice lenses and soil rise. The Swedish 

Transport Administration divides soils textures into four categories 

from non-frost susceptible soils to the most frost-susceptible soils. 

The forth category contains higher portions of silt. The high capillary 

rise in silt is the reason why this soil is most frost susceptible. Clay 

exhibit even higher capillary rises, but has also very low permeability 

and thus low water transportation capability. The second category 

contains silty gravel while the third category contains clay (STA 

2005).  

Water and air molecules are in the ground transferred in the pores 

between the soil particles. Coarse soil textures will, as explained by 

Beskow (1935), allow particles to more easily penetrate the ground 

and therefore have a higher permeability in comparison to fine-texture 

soils whereas the water suction that is driven by the capillarity works 

vice versa. In soils with a greater percentage of silt the normal values 

of permeability and capillarity suction of water are 0.0005 – 1 cm/h 

and 1.5 – 18 m respectively (Beskow 1933). The relationship between 

the permeability and the capillary water suction is what turns fine tex-

ture soils more sensitive towards freeze-thaw processes, explains 
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Beskow (1935). As long as the ice is frozen the bearing capacity of 

the road is high. When the ice melts the pores in the road structure 

will be overfilled with water, the grains in the soil lose contact with 

each other and the bearing capacity is reduced and sometimes com-

pletely lost. 

4.3 Road deterioration 
The aging of materials allows continual deterioration of roads, where 

temperature and moisture content in the road have a great impact 

(Arvidsson et al. 2012). Road deterioration by traffic in a pavement 

can be divided into road fatigue, which leads to cracking, and perma-

nent deformation, which results in rutting (Ferne 2001; Wågberg 

2003). Deformations are normally caused by the traffic load but also 

by traffic and climate interactions (Simonsen 1999). Deterioration 

may be results of environment conditions and road construction re-

spectively. As climate impact roads in a variable way it is important to 

adapt the infrastructure to regional climates (Svenson 2013) To be 

able to preserve and improve roads in Sweden the maintenance is of 

great concern as cracks appears in roads after 10 years when they are 

dimensioned for 20 years (Öberg et al. 2001).   

Pavement temperature, frost heave and water accumulation during 

winter and the corresponding thaw in spring have the strongest impact 

on pavement performance, Hermansson argues in his thesis (2002). 

The impact works top-down and develops longitudinal and transversal 

surface cracks. Low temperatures affect the binder in bituminous lay-

ers which results in an increase in stiffness, brittleness and cracks 

(Simonsen 1999). The traffic load and ground movements will further 



 43 

expand cracks into potholes. Ruts are, according to Agardh & Par-

hamifar (p. 86 ff 2013), results of deformations in either one or sever-

al of the pavement layers and will cause longitudinal unevenness in 

road lanes (Fig. 8). Surface rutting exists only in the top layer while 

structural deformation stems from changes in the lower pavement 

layers and once they are developed they are targets for freeze-thaw 

damages (Ferne 2001; Hermansson 2002; Dawson & Kolisoja 2004). 

Rutting is, according to Svenson (2013) found to be twice as large at 

roads where the number of accessible lanes shifts (2+1) in comparison 

to ordinary 2-lane roads. In addition to this the lifetime of 2-lane roads 

are 30 % shorter with cable barrier than without. One way to mini-

mize rutting is to disperse the load pressure, by a reduce of the air 

pressure in tires and through an axle load spreading (Lay 1998). 

It is the water availability that influences frost heave the most, in 

pavement structures, which explains why a high ground water table 

may cause both surface cracking and a lowered bearing capacity in 

spring (Hermansson & Guthrie 2006). In low volume roads, the 

courses are often thinner due to cost priorities. Water may also flow 

from the embankment towards the middle of the road, and then rise, 

especially when water-demanding vegetation is present (Lay 1998; 

Wågberg 2003). However, in high-volume roads the existing water 

will raise the pressure on the material and cause stones to separate. 

The ability of water to percolate into the ground if pores are wide 

enough (Anderland et al. 2010), explains that well-developed drain-

age-conditions can protect roads from damages. Drainage improve-

ment is furthermore considered to be the best investment for road 

maintenance in comparison to other options (Saarenketo 2012). 
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Fig. 8. Different kinds of road damages. 
 

Damages that appear on the surface of roads as a result of freeze-thaw 

develop often longitudinal cracks, in the middle when the roads width 

is seven to nine meters, and at the edges of roads with wider or nar-

rower roads (Fig. 9) explains Wågberg (2003). The snow-covered 

embankments and existing potholes are usually involved as they en-

hance to rate differences in the heave processes. Road shoulders are 

also a part of roads that are highly exposed to deterioration why in-

vestment in shoulder strengthening might pay-off (Granlund 2012; 

Saarenketo 2012). 

 
Fig. 9. Road temperature differences between road lane and embankment in  
presence of snow.  
 

The life-cycles of roads are by Svenson (2013) argued to be longer in 

northern Sweden as risks of deteriorated roads has up until now been 

fewer on first category roads in northern Sweden in comparison to 

first category roads in the central and southern part of the country. 
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The lower hazard ratio may be due to the fact that roads in northern 

Sweden have been adapted to ground frost conditions and the con-

struction has therefore been constructed more sustainable. In the 

meantime it is explained that a heavy load pressure is most vulnerable 

to roads and roads in southern Sweden are most traffic-intense. How-

ever, as heavy timber and mine transport is larger in northern Sweden 

traffic loads should be higher while intensity should be lower.  

Roads are furthermore, according to Svenson (2013) expected to 

have a 1 % longer lifetime for every 10 cm expansion in width. One 

of the reasons for this is that drivers more often avoid ruts and wobble 

in larger extent if roads are wide. 

In relation to climate changes roads may suffer from increase in 

precipitation that could deteriorate pavements, increase the risk of 

flooding, increase ground water tables and allow soils to be more satu-

rated with water (Arvidsson et al. 2012). The development with ex-

cess of water in the ground creates demands for drainage improve-

ments. Assessment of road damages in the context of regional climate 

change show expenses increase (2011–2100) in Sweden with either 

SEK 13 or 22 billions with the low scenario RCAO-HB2 and high 

scenario RCA3-EA2 respectively (SOU 2007:60, p. 487). The ex-

penses are likely to increase more towards the end of the period. 

4.3 Road damages in relation to freeze-thaw 
Soils are susceptible to frost when the pore space allows ice lenses to 

grow, which make pure silt the most frost susceptible soil (Beskow 

1933; Torrance & Schellekens 2006). At the same time permeability 

of silt is not too low to allow a considerable amount of water to be 
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transported. Coarse grain, on the other hand, may transfer frost deep 

into the ground. Furthermore this explains, according to Johansson et 

al. (2006) why permafrost is more spread on sandy soils than on 

heaths with silt and how drainage controls the thickness of the active 

layer, i.e. the part of the permafrost that experiences seasonally thaw-

ing. However, when organic material eventually freezes it prevents 

heat to penetrate the ground and therefore it is more likely to experi-

ence permafrost.  

A water gradient will cause silt material to easily fall apart when it 

dries and will turn the material from plastic to fluent when it is wet 

(Anderland et al. 2010). Hence, ditching is understood to lower the 

ground water table and thus reduce capillary action and delay the pro-

cess with up to 32,5 % (Hermansson & Guthrie 2006). Pores of medi-

um silt soils are shown by Hermansson (2002) to be far from saturated 

when they freeze why continuous freezing may result in either frost 

penetration or formation of ice lenses. The latter are shown to be more 

common when freezing rates are low. Warmer periods during winter 

may hence result in an increase in ice lenses growth in northern Swe-

den. Furthermore there is a possibility that the frost-thaw season that 

today arrives in spring, will be occur several time during the frost sea-

son (Arvidsson et al. 2012). However, frost-related road damages is in 

Sweden in general supposed to be displaced by heat and water-related 

damages such as flooding and erosion (SOU 2007:60 p. 161). 

In cold climates, road deterioration caused by freeze-thaw is affect-

ed by the construction, subsurface conditions, freezing-index and the 

load pressure during spring thaw (Wågberg, 2003). The local climate 

is of great importance to road maintenance. For frost protection and 
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prevention, environmental factors such as the topography, soil proper-

ties and how the ground is covered by e.g. snow or vegetation should 

be analysed for planning of new roads (Eriksson, 2001). To avoid 

road deterioration by frost heave, Edvardsson & Magnusson (2012) 

describe five important factors. (1), frost-susceptible materials need to 

be removed from the pavement and if possible from the sub-grade; 

(2), road constructions need to decrease the availability of water; (3), 

frost-susceptible soils demand thicker pavements; (4), temperatures 

below 0 °C should as far as possible be avoided below the formation 

level; and (5) reduce unevenness in frost heave rate between different 

soil textures, by the placement of a e.g. a gravel barrier between lay-

ers. Thus, the removal of frost susceptible material, water or coldness 

will protect roads from frost heave. 

Rutting in roads becomes more severe with ground temperature in-

crease in combination with a ground water level increase. However, as 

low-density traffic regions expect fewer problems with rutting, north-

ern Sweden is by the Swedish government recognised as a region 

where maintenance due to rutting will decrease (SOU 2007:60 p. 161 

ff). In the meantime the county board of Norrbotten (Northern Swe-

den) identifies that both an increase in FTC frequency and a decrease 

in FTC frequency will negatively affect the stability of roads and the 

bearing capacity on forest roads respectively (Ågren 2012). Further-

more, Road and Transport Institute (VTI) describes that roads will 

more easily be deteriorated during mild winters and with an increase 

in FTC frequency and frost-thaw seasons (Arvidsson et al. 2012) (Ta-

ble 2). Accordingly the ageing of the pavement will be even faster in 

combination with higher moisture content due to precipitation in-
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crease. Still, Arvidsson et al. (2012) state that warmer summers are to 

have the largest impact on permanent deformation with the predicted 

regional climate change. For unbounded layers in the pavement, an 

increase in FTC frequency and duration may cause a large negative 

impact. The effect of an increase in FTC duration is that roads are able 

to absorb a greater amount of water, which will be released during the 

frost-thaw season.  
 
Table 2. The impact of climate change on bounded layers and the protection layer. 

Climate parameter Effects 
Precipitation increase. Can lead to an increase in road fatigue, 

deterioration of the wearing layer and 
the wear out of studded tires. 

Warmer summers. Heal micro-cracks but increase rutting. 
Milder winters. Decrease low-temperature induced 

cracks but increase road fatigue. 
Increase in number of frost-thaw sea-
sons during the frost season. 

Increases risks for cracks and potholes.  

Increase in total FTC  
frequency (frost-cycles). 

Increases road fatigue, deterioration of 
the wearing layer and the wear out of 
studded tires.  

Source: Arvidsson et al. 2012. 
 

A high FTC frequency turns dense soil loose (Ghazavi & Roustaie 

2010) which explains how ruts in roads are results of deformations in 

the pavement layers and are products of water expansions and con-

tractions (Dawson & Kolisoja 2004). Deterioration of roads by freeze-

thaw can thus be minimised by a compaction of the road pavement, 

which demands an extended time for construction, where the road 

material is thick enough and has high drainage efficiency. Other 

methods to mitigate rutting and ageing to pavements in cold regions 

are discussed by e.g. Iwama et al. (2012).  The albedo may be raised 

by the use of materials that decrease reflectance of visible rays and 

increase rays with shorter waves. Hence, the road surface tempera-
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tures during summer can be lowered. The technique is referred to as 

solar-heat blocking pavement and provides the pavement with a light-

er surface. Results from field studies show that the technique may 

lower the ground surface temperature by 16 °C and may therefore be 

important to avoid e.g. permafrost degradation. However, roads in a 

non-permafrost environment may respond differently as a temperature 

rise during summer may heal micro-cracks and thus delay in the age-

ing of the asphalt (Arvidsson et al. 2012) (See Table 2). 
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5. Snow and temperatures in the sub-Arctics 

Temperature records show that the northern hemisphere has experi-

enced an air temperature increase since the middle of the 19th century 

(Romanovsky et al. 2010). In the Baltic region, Rutgersson et al. 

(2013) show that the temperature has increased with 0.08 °C per dec-

ade between 1861 and 2010. During these 150 years, warmer and 

cooler periods have alternated. The cooler period in the mid-19th cen-

tury was exchanged to a warmer period until the 1930s. A cooling 

period then lasted until the 1970s and since then the air temperatures 

have generally increased. Measurement data has at a few locations 

been available since the middle of the 18th century, while much more 

has been available since satellite introduction in the end of the 1970s. 

Thus data can be more precise for the latter decades.   

Across the Northern Hemisphere the snow-free period has been 

prolonged during the 20th century (Zhang et al. 2001; Dye 2002; IPCC 

2013). For both snow cover and ground frost the greatest losses have 

been in the months of spring, while the snow depth in several cases 

has increased during the winter (Brown 2000; Zhao et al. 2004; IPCC 

2013). Several long-term studies over the past centuries show circum-

polar snow amount decreases and earlier thaw in spring related to in-

creases in solar heat radiation (Serreze et al. 2000; Zhang et al. 2001; 

Bamzai 2003; ACIA 2004; Henry 2007; Bulygina et al. 2010). 
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Lack of continual long-term data of soil temperatures over the 

world, limits understanding of how the frozen ground responds to 

changes in atmospheric climate (Frauenfeld et al. 2003). The ground 

temperatures of the Northern Hemisphere have in general increased 

overtime (Oelke et al. 2004) where freezing and thawing index has 

decreased and increased respectively (Frauenfeld et al. 2007). Studies 

in Irkutsk, Russia, of seasonally frozen ground, show that correlations 

of air and ground temperatures vary with season and that ground tem-

peratures increase more continuously compared to air temperatures 

(Zhang et al. 2001). Results from studies across Canada and Germany 

identify that the freeze-thaw of the ground reacts differently to the 

presence of a snow cover and suggest that the differences are related 

to the winter air temperatures (Henry 2007; Fortin 2010; Kreyling & 

Henry 2011).  In Canada snow presence at northern latitudes means a 

lower frequency of FTC while in Germany a decrease in the snow 

cover has also resulted in a decrease in FTCs. 

Rainfall increase has resulted in snow cover area decrease, espe-

cially during spring and summer (Serreze et al. 2000; ACIA, 2004) 

while snow cover increases are noted in the winter months, December 

through February both in Russia, Scandinavia and Canada (Serreze et 

al. 2000; Kohler et al. 2006; Bulygina et al. 2010). This shows a dura-

tion decrease and intensity increase in snow cover depth (IPCC 2013). 

Most of the snow cover loss in spring and summer correlate to spring 

warming (ACIA 2004). 
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5.1 Winter precipitation and temperatures in Sub-Arctic 
Sweden 
The close proximity to the Arctic indicates that the region can expect 

a more rapid climate change in the future (Serreze et al. 2000; ACIA 

2004; Callaghan et al. 2010). In a regional downscale of 7 Global 

Climate Models (GCM), from 4 different emission scenarios, into an 

ensemble of 16 Regional Climate Models (RCM), it is shown that the 

winter climate (December through February) in Europe, will be most 

affected in northeast Scandinavia (Kjellström et al. 2011). Analysis of 

13 RCM into an ensemble, show a winter air temperature increase in 

northern Sweden of 6 to 7 °C by the year of 2100, in relation to the 

reference period (1961-1990) (Christensen & Kjellström 2013). The 

warming of the North Sea further contributes to a larger upheaval of 

warm air and increase in precipitation (Kohler et al., 2006). As the 

increase in humidity in the air comes as a result of a warmer atmos-

phere, it explains why the precipitation increase is delayed in relation 

to the air temperature increase, but that it will eventually occur (Chris-

tensen & Christensen 2007, Kjellström et al. 2013). In combination, 

the polar amplification and the fact that sub-Arctic Sweden is situated 

close to the North Sea in the west and the Gulf of Bothnia in south-

east, make the spatial ground freeze-thaw in the region, of interest to 

study, as both aspects have influence on the ground temperatures. 

In Abisko, different empirical-statistical studies show that the 

ground surface temperatures have increased and freeze-thaw frequen-

cy-duration-intensity close to surface has decreased during the last 

decades (Josefsson 1990; Johansson et al. 2011; Mellander et al. 2007, 

Ridefeldt et al. 2008; Schmidt 2011). Schmidt (2011) reveals that air 

temperatures, ground temperatures and precipitation increased in 
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Abisko over the period 1985–2009. The temperature increase in Abis-

ko was higher deeper down in the soil profile (0–100 cm depth) and 

air temperatures have the highest correlation to shallow ground tem-

peratures. There is a gap in the knowledge of ground frost develop-

ment in Sweden in general and in boreal northern Sweden in particu-

lar and thus this needs to remain subject to further study. 
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6. Study area 

Northern Sweden has a sub-Arctic and boreal climate with a latitudi-

nal temperature gradient in a North-South direction and an altitudinal 

and moisture gradient in West-East direction. The studied area is the 

county of Norrbotten (Fig. 10), and stretches from the 65th to the 68th 

latitude and from the 19th to the 23rd longitude. The altitude stretches 

from sea level in the east to mountaintops in the northwest that are 

higher than 2000 m.a.s.l.. Normal values (reference period 1961-

1990) from the Swedish Meteorological Hydrological Institute (SMHI 

2009) show that the Mean Annual Air Temperatures (MAAT) lie 

within 2 to -3°C, with January as the coldest month (-13 to -17 °C). 

On the coast, the annual precipitation is 500 mm and in the mountains 

it may reach 1800 mm. In addition to this, the maximum snow depths 

vary between 700 and 1300 mm. 

The bedrock in northern Sweden is described by Wastensson & 

Fredén (2002), to consist apart from the mountain ridge of old Pre-

cambrian formations. On the border to Finland lie the oldest for-

mations (Lapponian-jatulic) where volcanic rocks were metamor-

phosed 2500 to 2200 million years ago. Among these dominate gneiss 

but there are also schists, quartzite, dolomites and basaltic volcanic 

rocks. From the bedrock map of Sweden one may also notice that the 

largest bedrock area in northern Sweden is occupied by metamorphic 

bedrock that is between 1880–1870 million years old. Sedimentary 
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rocks that are included are even older. In the west the Caledonian 

mountains are situated, that were lifted on top of the Precambrian 

shield 400–510 million years ago. Morphologically the geological 

history provides the region with a peneplan character on the east coast 

that becomes hillier with the occurrence of inselberg towards the in-

lands to lastly reach the mountain region in the west. 

 
Fig. 10. Measurement sites, roads and rivers in the studied area. STA station num-

bers < 2000 = frost rod stations (STAd), > 2000 = weather observation station 

(STAw). 

Moraine and peat soils dominate the inlands, while glacio-fluvial sed-

iments, are normally found in the river valleys and on the coast. As 

transport system in Sweden have been built where landforms facilitate 

transport, river valleys and ridges of moraine or glacio-fluvial sedi-

ments have been used as construction material. 



 56 

The climate, the soils and the Caledonians has combined, contributed 

to a more sparsely populated region, in comparison to the ones in the 

southern parts of the country, as arable land and the accessibility have 

been scarce in the north (Jenelius & Petersen 2005). Livelihood has 

traditionally depended upon fishing, hunting and reindeer husbandry 

and the region furthermore has economic values connected to the ex-

istence of ore minerals, forests and great rivers (Moen 2006). The 

latter has, as explained by Jenelius & Petersen (2005), generated in 

dams for hydroelectric power and timber transport towards sawmills 

by the coast respectively. In spite of the fact that timber transport to-

day occur at roads and that the Iron Ore Line is used to reach ore har-

bours, the rivers remain important for settlements and the localization 

of roads. The largest roads in the region cross the landscape in south–

north direction by coastal E4 and inland E45 and in east–west direc-

tion by E10 from Töre on the east coast to Riksgränsen in the west. 
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7. Methods 
 

This study was performed in three parts. Firstly, in a field study 

ground temperatures, during one frost season (2012/13) were recorded 

to investigate how they responded to the presence of snow (For loca-

tion see Fig. 11). Secondly frost analyses were done from road tem-

perature data (frost season 2011/12) at roads (See Fig. 10) that are 

cleared from snow and thirdly the collected results were analysed in 

the contexts of regional climate change and sustainable planning. 

 
Fig. 11. Map of localisation of weather observation stations in Kalix. 

7.1 Ground freeze-thaw and snow in Kalix 
The impact of the presence of a snow cover on ground frost was ex-

amined by the collection of temperature data in the air, 100 cm above 

the ground and in the soil through a single frost season experiment. 

Two weather stations were installed in Kalix (65°49´N, 23°18´N) 

close to the Gulf of Bothnia (Fig.11). Temperatures were then, by  
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TINY TAGS© single channel loggers (Fig. 12), recorded hourly in 

the period 10th of October 2012 to 9th of May 2013, with a 0.1 °C ac-

curacy and resolution, at four levels of the ground; the surface of the 

ground, at 10 cm depth, at 20 cm depth and at 40 cm depth. Compara-

ble results from the levels can be found in earlier ground frost investi-

gations in sub-Arctic Sweden (Josefsson 1990; Schmidt 2011). One 

station collected data under natural snow conditions (NS) and the oth-

er collected data at a snow-free (SF) ground that was cleared from 

snow after every snowfall with an area of 1 x 1 m (Fig. 13–14). 

Meanwhile the snow depth at NS was collected. 

 
Fig. 12. TinyTag© single channel loggers setup Photo: Maria Sarady 
 

 
Fig. 13. Measurement stations in March 2013. The snow-free station (SF) to the left 
and the reference station (NS) to the right. Note the snow accumulation at the meas-
ure equipment at NS. Photo: Maria Sarady 
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Fig. 14. Measurement stations. Reference station closest and station for removal of 
snow in the background. Photo: Maria Sarady 
 

Time series of changes in snow cover and ground temperatures were 

after collection produced. This way of constructing a paired-plot ex-

periment is a common method in physical sciences also applied when 

frost depths are studied (Iwata et al. 2010; Yazaki et al. 2013). 

7.2 Ground frost in roads in northern Sweden 
SMHI, Abisko Scientific Research Station (ASRC) and the Swedish 

Transport Administration (STA) collect air temperature data in the 

north of Sweden. STA administrates 50 weather observation stations 

(STAw) and six frost depth stations (STAd). SMHI does not collect 

ground temperatures and ASRC does not collect road data.  

Continual weather data has by STA been collected since the 

weather stations were installed (earliest available data in Northern 

Sweden 1998) (Hallenberg 2011). Early attempts with installation of 

Road Weather Information Systems (RWIS) were performed in the 

south of Sweden already in the 1970s (Norrman 2000). The stations 

normally collect air and ground surface temperature, precipitation 



 60 

data, air humidity, wind speed and direction (STA 2013). Apart from 

the weather stations there are six stations where ground temperatures 

are logged automatically, during mainly the cold season from surface 

level down to 200 cm below ground. Five of them have been collect-

ing data since 2007 and as four of these, presented in Table 2, are sit-

uated along roads that are of priority for industrial production (See 

also Fig. 10). Data from these stations were therefore chosen for anal-

ysis of ground temperatures and freeze-thaw from 0 cm to 200 cm. In 

addition to these, 23 weather stations along roads that crosses the 

landscape from south to north and east to west were chosen to analyse 

ground surface temperatures and their relation to air surface tempera-

tures. The weather stations can be viewed in Table 3. The studied 

weather stations were situated along E45, E10 and along the national 

roads 398, 99 and 395. The choice of roads made spatial analysis from 

south-north and east-west possible. 
Table 2. Location of examined frost depth stations (STAd) 

Station STA no Latitude Longitude M.a.s.l. 

STAd     

Ersträsk 1034 65°25´N 20°47´E 231 

Moskosel 1036 65°53´N 19°25´E 331 

Pello 1043 66°51´N 23°57´E 104 

Tärendö 1035 67°11´N 22°36´E 179 

 

The STAd are few, and as ground temperatures are controlled by 

many factors, four stations are not sufficient to give complete spatial 

analysis of freeze-thaw in the region. However, similarities and dif-

ferences could be detected among the stations and the examined 

depths. To facilitate spatial analyses the larger number of weather 

station were used for evaluation.  
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Table 3. Location of examined weather stations (STAw). 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

The data was provided digitally by STA and are for STAw in general 

collected every half hour and for the STAd collected every second 

hour. As data are used by STA for winter road management, values 

that influence road slipperiness and seasons for freeze-thaw they are 

of special interest for them and the total year is not represented every 

year at every station. Thus, data is less frequent during summer and 

the measure frequency often increases from September to April. One 

problem with the provided data was the gaps when loggers did not 

function accurately. There are ways to solve that problem, where one 

that is commonly used is temporal interpolation of data (Aires et al. 

Station STA no Latitude Longitude M.a.s.l. 

STAw     

Rönnberg 2536 65°42´N 19°18´E 508 

Sangis kvarn 2502 65°51´N 23°26´E 11 

Töre 2504 65°54´N 22°36´E 5 

Lappträsk 2559 66°01´N 23°30´E 50 

Räktforsen 2542 66°10´N 22°48´E 36 

Kåbdalis 2543 66°09´N 19°59´E 343 

Bäckesta 2525 66°12´N 23°42´E 71 

Övertorneå 2558 66°25´N 23°37´E 50 

Valkeakoski 2523 66°45´N 23°52´E 85 

Lansån 2557 66°29´N 22°29´E 85 

Vaimat 2512 66°30´N 19°40´E 323 

Skröven 2521 65°46´N 21°52´E 151 

Porjus 2528 66°57´N 19°49´E 382 

Tärendö 2532 67°09´N 22°38´E 162 

Masugnsbyn 2541 67°27´N 22°03´E 310 

Kitkiöjoki 2526 67°46´N 23°14´E 251 

Nikkaluokta 2533 67°51´N 19°01´E 466 

Nedre Soppero 2513 68°02´N 21°45´E 357 

Kätkesuando 2566 68°05´N 23°17´E 251 

Bergfors 2520 68°09´N 19°47´E 487 

Tornehamn 2517 68°26´N 18°34´E 413 

Riksgränsen 2519 68°25´N 18°07´E 517 

Karesuando 2546 68°25´N 22°31´E 320 
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2004), which is the way SMHI solves their missing links. I have cho-

sen not to interpolate the data in this study. Instead missing data that 

could have affected the results have been commented or has been 

omitted. A calculation of provided data showed missing data for at 

least two months in different years from 1998–2011, with more than 

eight hours missing in more than half of the days. Continual data were 

more insufficient in the months of September and May, but even if 

those months are removed, gaps in data occur sporadically, in all the 

stations. Analysis of freeze-thaw frequency-duration-intensity over 

time was thereby obstructed. To be able to present comparable results, 

the latest year with available data, the single frost season year of 2011 

to 12 was chosen, where gaps in data were few. 

From the four STAd, temperature data from six levels below the 

surface of the ground were chosen to visualize how temperature 

changes with soil depth in different part of the region and in different 

times of the year. The chosen levels are equal to the ones of the snow 

measurement temperature stations i.e. at 0 cm, -10 cm, -20 cm and -40 

cm below ground. In addition to that even distances deeper in soil 

profile (-80 cm, -120 cm, -160 cm and 200 cm) were chosen to visual-

ize the ground temperature of the profile. 

7.3 Data analyses 
Processing of data was done in Surfer 10.4 (2011) and Microsoft Ex-

cel for Mac 2011, version 14.01. Time series of ground temperatures 

during the frost season were presented for the snow experiment and 

the road data respectively. Ground frost characteristics were further-

more presented as the first and last day with frost and winter tempera-

tures. Ground Surface Temperatures (GST) and Air Surface Tempera-
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tures were also plotted for regression analysis both for the station with 

natural snow cover (NS), the snow-free station (SF) and snow-cleared 

ground at the STAw. XY-diagrams for October – November, Decem-

ber – January, February – March and April – May respectively, r2-

values of hourly data of AST and GST from NS and SF were calculat-

ed. R2-values were furthermore performed in the same way for the all 

the STAw but were then calculated for the whole winter (November 

through March). For the snow-frost season experiment, data of the 

snow depth was also related to ground and air temperatures to spot 

differences in how the snow amount affected the ground temperatures.  

The freeze-thaw in ground was analysed in terms of frequency, du-

ration and intensity. The freeze-thaw frequencies were calculated as 

the numbers of freeze-thaw cycles (FTC) i.e. the amount of waves for 

the temperature to rise from 0 °C, reach a maximum, decrease below 0 

°C, reach a minimum value and again rise to 0 °C. The wavelength of 

an FTC provides the duration, calculated in days and an intensity in 

the minimum temperature values that occurs during the FTCs. The 

results were presented for the whole frost season, for the seasonal 

FTC and summarized for the short-term FTC in the examined au-

tumns and springs respectively (See Fig. 3). For the STAd, zero-

curtains, adjacent to the seasonal FTC, were calculated as an interval 

of +0.1 to -0.3 °C and also reported as duration of days at different 

levels in the ground. 

The different examinations of data from STAd and STAw respectively, 

enabled spatial analyses of frequencies, durations and intensities. Fur-

thermore the freeze-thaw results were analysed in the context of regional 

climate change and factors that may affect road deterioration. 
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8. Summary and discussions of papers 

8.1 Summary of paper 1 
An experimental study of how ground temperatures react on a variable 

snow cover was performed outside Kalix, in Boreal sub-Arctic Swe-

den. The experiment was set up with one station that was kept snow-

free (SF) and another with natural occurrence of snow cover (NS). 

The research field was explored in the context of how ground frost 

and snow cover have developed in sub-Arctic Sweden and how re-

gional climate warming may impact ground temperatures. Natural 

environments and human activities in the sub-Arctic are adapted to a 

durable freeze-thaw but the ground is also protected through a deep 

snow cover. Therefore implications of altered ground frost conditions 

as result of regional climate changes are discussed in the paper. 

Temperatures above the surface of the ground, at the surface of the 

ground and in the upper soil layers (10–40 cm depth) were logged 

hourly during the frost season of 2012/13 (October–May). Data was 

collected and analyzed in terms of ground temperature differences, air 

and ground surface temperature correlations and different freeze-thaw 

cycles (FTC) variables. During the frost season, the ground tempera-

tures are more likely to shift around 0 °C in the beginning and in the 

end of the season, when sun radiation decrease and increase respec-

tively.  These changes result in short-term FTCs in autumn and spring 

and a longer seasonal FTC that occurs in the winter months. 

The examined variables of freeze-thaw were calculated as: (1), fre-

quencies, where the FTC frequency is the number of waves in a cer-

tain time and the wave length is the time for the temperature to rise 
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from 0 °C to reach a maximum value, decrease and pass 0 °C, reach a 

minimum value and then rise to 0 °C again; (2) durations, where the 

length of the FTC were measured in days and; (3) intensities, ex-

plained by the minimum FTC temperatures. Calculations were pre-

sented in autumn short-terms, spring short-terms and seasonal FTC 

(winter) respectively. 

Findings show that ground temperatures overall correspond to air 

temperatures when no snow cover is present. This explains further-

more why ground temperatures at the two examined stations, are more 

similar during autumn short-terms FTCs. Ground temperatures are 

also much higher when the ground is covered with a deep snow cover, 

as well as show the largest dT (°C) during the seasonal FTC. Correla-

tions of ground surface temperatures (GST) and air surface tempera-

tures (AST) at the two stations show the relevance of a deep snow 

cover as the impact on the ground temperatures is higher at snow 

depths up to 140 mm. A snow depth of 250 mm and above provides a 

better insulation.  

The results indicate that the impact of snow occurs in several steps, 

which may respond to a lowered thermal conductivity in the ground 

(Williams & Smith 1989) and correlates to findings that a snow depth 

above 500 mm will not have increased influence on the ground tem-

peratures (Zhang et al. 2001). 

Lack of a snow cover, during the examined frost season (2012/13), 

furthermore increases the FTC frequency but provides lower mini-

mum temperatures (i.e. increases the FTC intensities) and increases 

the FTC duration. A warmer and wetter winter climate in sub-Arctic 

Sweden (Kjellström et al. 2013) may still provide a snow cover that 
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may protect the ground from recurrent frost cycles. Snow cover in 

combination with winter air temperatures below 0 °C decreases the 

ground FTC frequency (Kreyling and Henry 2011). However, a wetter 

snow cover is more likely to thaw during winter, freeze again and 

collect larger amounts of freezing water that is to be released in 

spring. Under those circumstances frost-thaw winters would evolve, a 

phenomenon that today sometimes occurs in the south of Sweden (i.e. 

STA climate zones 1–2). A development with frost-thaw winters in 

combination with an increase in winter precipitation could have a 

negative impact on roads. Spring, is the time period when the differ-

ences in ground freeze-thaw frequency is at its highest between the 

examined snow-free and snow covered ground which may cause wa-

ter to accumulate differently next to snow and in absence of snow. 

The paper emphasize that as the cryosphere of seasonally frozen 

ground overall is less studied, ground temperatures in the studied re-

gion, should be further investigated. Studies of the cryosphere may 

improve the understanding and implications of regional climate 

changes to ground frost. 

8.2 Summary of paper 2 
Paper 2 deals with an analysis of the presence of ground frost in 

northern Sweden. Data from the frost season 2011/12, collected by the 

Swedish Transport Administration (STA) were mapped and analyzed 

in terms of how the freeze-thaw cycles (FTC) differ in and on the sur-

face of the road in the study region. The ground surface temperatures 

(GST) were correlated to air surface temperatures and furthermore 

related to findings of ground frost behavior and road planning. The 

results of ground frost were analyzed in relation to regional climate 
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change and the risk of road deterioration. The data were collected 

from four frost depth stations (STAd) and 23 weather stations (STAw), 

along roads that are of regional economic interest in northern Sweden. 

As roads in the region are cleared from snow the results were able to 

relate to other studies of frost below snow-free ground. 

One of the most interesting findings in paper 2 is that the proximity 

to ice-free waters has a high impact on the occurrence of FTC. From 

the perspective that air surface temperatures in northern Sweden in-

crease, this may, on the one hand result in less freeze-thaw as the 

ground temperatures show strong correlation to air surface tempera-

tures, or, on the other hand increase road freeze-thaw if situated next 

to open water bodies. Ersträsk (1034), the STAd, the most maritime 

and southernmost localized of the examined stations, provides the 

highest ground temperatures, the lowest frost depth and the highest 

autumn short-term FTC frequency-intensity. The station shows a dif-

ferent temperature development, in relation to the three other exam-

ined STAd, but also show similarities to Pello (1043), that lies closer 

to the Gulf of Bothnia compared to Moskosel (1036) and Tärendö 

(1035). The altitude may further control the impact on road surface 

freeze-thaw, as the weather observation stations that are situated at 

lower altitudes also show a higher hysteresis effect, i.e. a delayed re-

sponse in ground surface temperatures to air surface temperatures. 

Where the ground freeze-thaw frequency is higher, roads are more 

likely to suffer from frost heave. However, as winter precipitation is 

modeled to increase in the region, it may, if the precipitation contin-

ues to fall as snow, contribute to larger differences in freeze-thaw on 

roads compared to the sides of roads. Roads are most vulnerable to 
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temperatures around 0 °C and the results of longer zero-curtains, at 

larger depth and lower latitudes, may with a warmer and wetter winter 

climate indicate an increase in zero-curtains in northern Sweden.  

Thus, the findings in this study show that ground temperatures in 

northern Sweden may increase, but may have different spatial impact 

inside the examined region. The results relate to the fact that the cli-

mate in the region is influenced by; on the one hand the air tempera-

ture gradient that occurs in south-north and coast-continent direction 

respectively and; on the other hand the moisture gradient that occurs 

in west-east direction. These climatic parameters contribute to an FTC 

frequency-intensity that is larger in region’s northwest and the south-

east in the region.  

Roads are deteriorated in spring, when excess of water is released 

after the frost heave that occurs during winter. Of most concern to 

road deterioration would be a ground profile that is frozen at larger 

depth combined with a high spring short-term FTC frequency close to 

the surface of the road. The short-term frequency is shown to be larger 

in the examined spring (2012) compared to the examined autumn 

(2011) and short-term ground freeze-thaw may, in the future increase 

at higher latitudes. This may or may not be a problem for roads as it 

depends on whether the deeper sub-grade stays frozen and ice thaw 

further up in the sub-grade. In that case the excess of water would not 

be able to penetrate the ground, cause instability in the ground and 

result in permanent deformation.  

The findings suggest that investments need to be done in road in-

frastructure and planning in the region to reach resilience. However, 

road maintenance in northern Sweden has changed and roads in the 
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fifth climate zone today have larger dimensions than the ones in the 

forth climate zone (Edvardsson & Magnusson 2012). On the one hand 

road freeze-thaw in northern Sweden may in the future decrease as a 

result of further warming. On the other hand, an increase in intense 

autumn, winter and spring precipitation may with or without ground 

freeze-thaw result in a more severe deterioration of roads. These find-

ings combined with an increase in load volumes and traffic intensities 

in the region, may have a negative impact on sustainable development 

from ecological, economic and social perspectives. 

8.3 Results and analyses 
Differences in the ground freeze-thaw in sub-Arctic Sweden appear in 

this study as responses to snow accumulation, air temperatures, lati-

tude, longitude and to the presence of ice-free waters.  

In Paper 1 Snow impact on ground freeze-thaw in northern Sweden 

is examined. The influence of snow cover on ground temperatures is 

formerly examined as presence or non-presence of snow and its im-

pact on the ground temperatures (Goodrich 1982; Zhang et al. 2001), 

by calculation of different aspect of freeze-thaw in relation to a pres-

ence of a snow cover (Henry 2007; Kreyling & Henry 2011) and in 

how the thickness of snow controls ground temperatures and freeze-

thaw (Zhang 2005; Schmidt 2011). Air temperatures is presented to 

affect the ground temperatures the most, but the impact of a snow 

cover vary both with the latitude, if winter temperatures are lower or 

higher and with the snow depth that is accumulated. The air tempera-

tures affect the ground temperatures in spite of a thin blanket of snow. 

The insulating factor of snow is, as Zhang (2005) shows, a product of 

the snow thickness. When the snow depth at the station outside Kalix 
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exceeds 250 mm the correspondence towards the air temperatures is 

significantly lowered, to be even lower when the snow depth is above 

400 mm and to reach complete insulation when the snow depth in-

creases towards 600 mm. The findings relate to studies from north-

western China, where the impact of snow was larger with a snow cov-

er that exceeds 300 mm (Ma et al. 1993). The results may also be re-

lated to the ones from Paper 2 Ground freeze-thaw on roads in north-

ern Sweden, which gives a spatial analysis of the freeze-thaw in sub-

Arctic Sweden with temperature data from the Swedish Transport 

Administration (STA). As the examined stations are cleared from 

snow the results relate to how environments without a snow cover 

correspond to the air temperatures. In general the ground profiles at 

larger depths, with and without snow, show similar relations as the 

temperature is less affected from air temperatures at larger depths, but 

low and high temperatures are more easily transferred through the 

profile of the ground at sites where snow has been removed. 

Results of freeze-thaw frequency-duration-intensity show in the 

snow experiment of Paper 1 that the freeze-thaw during the examined 

frost season (2012/13) at the station that was cleared from snow had 

eight more FTCs, a 30 days longer duration and the minimum temper-

atures (i.e. intensities) were approximately 8 °C lower (in the total of 

the studied profile) in comparison to the station with natural accumu-

lation of snow. The frequency and duration values at the upper part of 

the ground profile are also similar between the snow-free station in 

Paper 1 and the weather stations described in Paper 2. In paper 2 in-

stead a meridional and zonal pattern for ground freeze-thaw emerge 

where the frequency is at its highest in southeast and northwest and at 
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its lowest point along the 22nd to 23rd meridional. The zonal differ-

ences with greater freeze-thaw at higher latitudes are more obvious 

from duration and intensity perspectives. 

As for short-term freeze-thaw results, the region presents higher 

values of frequency-duration-intensity in the examined springs 

(2011/12 and 2012/13) in comparison to the autumns both were the 

ground is cleared from snow or covered by snow. However, the snow 

station outside Kalix still provides lower values on the surface of the 

ground. The total freeze-thaw duration is e.g. 18 days longer at the 

snow-cleared site than at the snow covered site. A comparison of the 

winter temperatures in the snow experiment, paper 1, shows that the 

upper part of the soil in average is 5 °C warmer where there is a natu-

ral snow cover then where snow is absent. Hence, the differences in 

ground climate between thawing roads and their snow-insulated sur-

roundings may have large effects on road deterioration. 

Short-term freeze-thaw is followed by zero-curtains before and af-

ter the arrival of the seasonal FTC in the examined region. The results 

are in line with results from sub-Arctic Abisko (Schmidt 2011) show-

ing that zero-curtains are more common in spring. Furthermore the 

results also show, that the duration of zero-curtains are longer deeper 

down in the soils’ profiles: at 100 cm depth in Abisko and at 160 cm 

depth at the STAd zero-curtains may exceed the seasonal FTC. Zero-

curtains were in paper 2 shown to be greater closer to the surface of 

the road at lower latitudes and may therefore with warmer ground 

climate at higher latitudes become more common. 

A linear correlation of Air Surface Temperatures (AST) to Ground 

Surface Temperatures (GST) appear in 21 out of 23 stations, a rela-
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tionship that was also found at the snow-free (SF) station in Kalix. 

These results, from paper 1 and paper 2 respectively, confirm that 

ground, which is cleared from snow, shows a great correspondence to 

the temperatures in the air. The results are also similar to results of 

snow-free ground in Alaska (Zhang 2005).  

With an 800 mm snow cover the difference in the ground surface 

temperature between the stations in paper 1 is at its maximum. How-

ever, at 40 cm depth 400 to 500 mm of snow cover has the maximum 

temperature difference. This may indicate that the snow cover depth 

may have a larger impact on the surface of the ground than further 

down, but also that the thermal conductivity causes a delay in the re-

sponse of ground temperatures towards a snow depth increase. How-

ever, visualization in surfer graphics (paper 1–2), shows that the 

ground temperatures in general are less affected once the snow depth 

has grown to 400 mm. Besides, larger snow depths than 500 mm has 

in former studies (Zhang et al. 2001) been mentioned not to have fur-

ther impacts on the temperatures of the ground. 

In combination the results bear witness on that roads are more ex-

posed to freeze-thaw during spring and together with snow shoulders 

that thaw later this may result in fragile roads during spring as the 

temperature difference and the snow shoulder can generate pools of 

water where ice may thaw and freeze repeatedly. Water may then 

penetrate the wearing course and eventually reach the layers below. 

As ice-free waters may increase the freeze-thaw frequency, an ear-

lier spring break-up, that happens across the northern hemisphere 

(IPCC 2013) may impact roads even further. If these roads are put 

under load pressure the deterioration may result in permanent defor-
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mations. In northern Canada roads in permafrost environment have 

been disturbed during spring-thaw, which has resulted in permafrost 

degradation (Tyler et al. 2013). Furthermore 2+1 lane roads become 

more common and the drivers experience that roads are narrower 

which contributes to a greater rut development as more drivers follow 

the same ruts. Furthermore there are more obstacles and road marks 

where snow, ice and water may be collected and water is the recurrent 

problem for roads. Cracks develop at different places in the road in 

relation to its surrounding and thus road planning in combination with 

regional climate change may increase road deterioration. 

The results in paper 2 suggest that the freeze-thaw in roads has a 

greater impact at the upper part of the ground and may furthermore 

relate to the fact that constructed roads may have better drainage con-

ditions compared to the ground at the snow-cleared station in paper 1.  

8.3.1 Consequences of regional climate changes 

As snow covered and snow-cleared grounds respond differently to 

freeze-thaw frequency-duration-intensity this study indicates that a 

warmer climate in the region may result in freeze-thaw frequency in-

crease towards north and in the proximity of ice-free water. If an air 

temperature increase is followed by a snow precipitation increase, the 

differences in how the ground temperatures during winter will be af-

fected at the road and below the snow shoulders may be altered. Espe-

cially an increase in the freeze-thaw frequency in the ground and in 

combination with more durable episodes of zero-curtain may cause 

greater damages to roads. Solar-heat blocking technology can reduce 

ground surface temperature increase (Iwama et al. 2012) and may thus 

be the used to mitigate a higher FTC frequency in spite of a warmer 
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climate. The use of the technique might be of great importance where 

roads are partially shadowed by trees. Shadow effects are most effi-

cient during spring when the differences between day- and night-time 

temperatures are high (Bogren & Gustavsson 1999, p. 208) and spring 

is the time of the year when FTC frequency is shown to be most sig-

nificant. Therefore techniques to reduce differences in road surface 

temperatures could be of interest to examine as less temperature dif-

ferences may contribute to more even temperatures and less frost 

heave. 

An increase in FTC frequency may however cause deterioration to 

roads even if the landscape is not covered in snow. Drainage as a key 

factor for improving pavement performance has been described in 

literature since the 1960’s. Frost heave processes have been described 

since the 1930’s by e.g. Beskow and Taber (Rempel 2010) and has 

since then been in situ examined, tested in laboratory and modelled 

(Knutsson 1981; Simonsen 1999; Hermansson 2002; Saarenketo 

2012). Together the examinations show that drainage is an important 

tool to delay the process of frost heave and road deterioration. 

A warmer and wetter regional climate in the north of Sweden that 

affects ground temperatures demands a change in road planning. As 

the frost depth in Scandinavia is expected to decrease some challenges 

for road construction in frost-susceptible environments may disappear 

while other challenges may evolve. Predictable patterns of freeze-

thaw may from a socio-economic perspective be easier to handle than 

a more variable inter- and intra-seasonal freeze-thaw. The challenge at 

northern latitudes has up until now been to adapt to a longer duration 

of freeze-thaw. The Swedish government states (SOU 2007:60) that a 
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wetter environment in combination with fine-texture soils provide 

challenges such as ground water level increase that can cause erosion, 

flooding that can deteriorate embankments, bridges and roads that are 

low-oriented in the landscape. 

Tools to meet an increase in FTC are known, attempts are made but 

expenses to meet roads that carry larger loads, and that are exposed to 

greater freeze-thaw, is not sufficient. The permission to use roads dur-

ing spring-thaw in northern Sweden is even more generous today and 

thus contributes to faster road deterioration. Combined, the results in 

this thesis show that landscape, regional climate change and technical 

improvements need to be considered together for an economic devel-

opment in the region to remain.  

8.3.2 Future research 

A combination of data of ground temperatures around Scandinavia 

may by temporal interpolation explain ground temperature develop-

ment on a spatial and temporal scale and if these results are compared 

against other climatic factors, improved understanding of the impact 

of climate on ground freeze-thaw may be reached. 

Studies of roads that are not as frequently cleared from snow would 

be of interest to examine, as the ground temperatures can respond dif-

ferently to snow cover presence and snow cover depth. Assessments 

to reduce albedo differences by the use of lighter material in pave-

ments in the region could also be of interest to examine. 

Vegetation can also a part from acting snow trap, weather the 

ground and thereby reduce the drainage capacity of the ground. As 

roads in northern Sweden, in general, have vegetation in surrounding 
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ditches, differences in vegetation along roads and how it affects the 

freeze-thaw in the ground could be examined.  

Another idea, would be, that from an engineering perspective im-

prove techniques to meet the ground temperature difference between 

the snow-free roads and snow covered road shoulders and verges. 

In this study results of ground freeze-thaw was related to results of 

snow depth. Climate models are today possible to use in decision 

analyses and adaptation, and suggested to be a more reliable tool in 

comparison to historical data (Kjellström et al. 2007). Therefore, a 

Multi-Criteria Decision Analysis (MCDA), where multiple factors 

that in combination affect the freezing processes could be constructed 

with the freeze-thaw results from this study, analyzed in relation to 

e.g. air climate, precipitation, topography, vegetation and soils. As 

water is the factor that causes the greatest deterioration of roads, the 

relationship between ground freeze-thaw and rain would be recom-

mended to study. An MCDA-study could provide sustainable methods 

for priorities in road maintenance in the sub-Arctic.  
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9. Svensk sammanfattning 

9.1 Introduktion 
I arktiska och sub-arktiska klimat har både människa, djur och växt-

lighet anpassat sig till att marken tjälas under vinterhalvåret. Männi-

skan har exempelvis dragit nytta av tjälen när det gäller transporter 

vintertid, isolering av byggnader och vinterturism (Keskitalo 2010; 

IPCC 2013). Markens temperaturer påverkas av temperaturer i luften 

och eftersom regionala klimatmodeller visar på stigande lufttempera-

turer och ökad vinternederbörd i norra Sverige (Kjellström et al. 2011; 

Kjellström et al. 2013), kan det påverka tjälförekomsten i regionen. 

Förändrade snöförhållanden och återkommande töperioder, kan i sin 

tur påverka vägars hållbarhet och därmed i slutändan socio-

ekonomiska värden i sub-Arktis. Därför menar klimatpanelen IPCC 

(2014) att arbete med att hitta anpassningar till klimatförändringar 

behöver intensifieras. 

Detta är en geografisk studie som syftar till att undersöka före-

komsten av tjältemperaturer (< 0 °C) samt temperaturer då tjäle bildas 

(~ 0 °C) samt hur dessa påverkas av lufttemperaturer och snöföre-

komst under frostsäsongen. Dessa resultat relateras vidare till region-

ala klimatförändringar samt behov av satsningar på infrastruktur i 

regionen. 
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9.2 Snö och tjäle i sub-Arktis 
Det är väl känt att ett snötäcke isolerar marken från såväl inkom-

mande kyla som utgående värme. Samtidigt visar undersökningar i 

sub-Arktis att även om snötäcket i sig är betydelsefullt, så är den ti-

diga snöläggningen, snötäckets varaktighet och dess djup viktiga ka-

raktärsdrag för tjälens utveckling (Zhang et al. 2001). På en snöfri 

markyta korrelerar temperaturerna väl mot de temperaturer som före-

kommer i luften, vilket har föranlett diskussioner om att stigande luft-

temperaturer kan ge ökad tjälbenägenhet om de stigande lufttempera-

turerna resulterar i ett minskat snötäcke (samt att en större del av ne-

derbörden utgörs av regn) (Isard et al. 2007).  

Samtidigt visar studier i tempererade områden på norra halvklotet, 

att marktemperaturer i högre grad påverkas av luftens temperaturer än 

av snöförekomst (Kreyling & Henry 2011). Hur markens temperaturer 

förhåller sig till lufttemperaturer och till förekomsten av snö i norra 

Sverige kan därför belysa vad ett framtida klimat kan ge för påverkan 

på marktemperaturerna och förekomst av tjäle. 

9.3 Metod 
Denna uppsats rymmer tre olika perspektiv på marktemperaturer och 

tjäle i norra Sverige. Det första har utgjorts av en experimentell studie 

av snöns inverkan på marktemperaturerna under tjälsäsongen (Fs) 

2012/13. Det andra perspektivet har utgjorts av hur snöfri mark, d.v.s. 

temperaturer på vägytor och på olika markdjup i vägar varierar från 

höst till vår (2011/12). I det tredje perspektivet sätts resultaten av 

ovanstående perspektiv in i ett sammanhang där betydelsen av före-

komst av snö och tjäle diskuteras i relation till vägars framtida villkor. 
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Marktemperaturer (från 0–40 cm djup) och lufttemperaturer (100 cm 

ovanför markytan) har samlats in vid två uppsatta väderstationer utan-

för Kalix (65°49´N, 23°18´Ö) oktober till maj 2012/13. På en av stat-

ionerna har ett naturligt snötäcke (NS) fått växa till medan den andra 

har skottats efter varje snöfall för att förbli snöfri (SF) (Fig. 13–14). 

Data från Trafikverket har vidare använts för att få kännedom om 

rumslig spridning av tjältemperaturer i norra Sverige under frostsä-

songen 2011/12, där 23 väderstationer (STAw) har använts för in-

samling av luft och markytetemperaturer och fyra stationer (STAd) har 

använts för insamling av temperaturer från markytan ned till 200 cm 

djup. De stationer som jag har valt att studera (Fig.10) ligger längs 

vägar som är av betydelse för regionens ekonomiska utveckling. De är 

dessutom utvalda för att möjliggöra analyser för skillnader i latitud 

och longitud och har endast undersökt om de har haft kontinuerliga 

data under det senast gångna året, vid tiden för undersökningen.  

Marktemperaturutveckling har beräknats och visualiserats med 

hjälp av Microsoft Excel for Mac (2011 version 14.01) respektive Sur-

fer (2011 version 10.4). Förekomst av skillnader i tjältemperaturer i 

form av första och sista dag med frosttemperaturer, tjälens frekvens, 

varaktighet och intensitet har analyserats. Frekvensen mäts genom 

antalet perioder då marktemperaturerna stiger från 0 °C till ett maxi-

mum, sjunker till < 0 °C för att sedan åter stiga. Tjälens varaktighet 

utgörs av längden på tjälperioderna medan tjälens intensitet utgörs av 

lägsta förekommande temperaturerna under tjälperioderna. Eftersom 

frostcyklerna är fler under höst och vår, innan respektive efter den mer 

intensiva säsongsfrosten har tagit vid (Fig.3), har resultaten presente-

rats för både höst, vinter och vår. 
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I den första artikeln (kapitel 11, paper 1), där snöns inverkan på 

markytetemperaturerna har undersökts, har resultaten presenterats i 

relation till lufttemperaturerna. I den andra artikeln (kapitel 11, paper 

2) har marktemperaturer och tjälresultaten relaterats till landskapets 

utseende men också i relation till förekommande lufttemperaturer. 

Förekomsten av s.k. nollgardiner, d.v.s. temperaturer som ligger väl-

digt nära 0 °C (mellan +0.1 och -0.3 °C) under en längre tid har också 

undersökts på olika markdjup. 

9.4 Resultat och analys 
Artikel 1 beskriver hur den undersökta profilen vid stationen med na-

turligt snötäcke i genomsnitt är 5 °C varmare i jämförelse med den 

skottade stationen. Tjälfrekvensen blev 33 gånger fler vid markytan 

och varaktigheten förlängdes med i genomsnitt 30 dagar samtidigt 

som den lägsta temperaturen totalt sjönk med i genomsnitt 8 °C i den 

undersökta profilen. När markytetemperaturer jämförs med lufttempe-

raturer är korrelationen hög så länge snödjupet understiger 250 mm, 

vilket kan jämföras med resultat från nordvästra Kina där 300 mm 

snötäcke isolerar marktemperaturerna väl (Ma et al. 1993). Påverkan 

på marktemperaturerna från ett tjockt snötäcke blir sedan lägre när 

snödjupet närmar sig 500 mm. Resultatet stämmer överens med stu-

dier från områden med säsongsbunden frost, exempelvis Irkutsk, 

Ryssland (Zhang et al. 2001). 

Den rumsliga spridningen av tjältemperaturer visar sig, i artikel 2, 

ha högst frekvens i sub-Arktiska Sveriges nordvästra och sydöstra del. 

I norr är vidare säsongsfrosten varaktigast och mest intensiv, d.v.s. 

uppvisar de lägsta temperaturerna. Samtidigt visar sig tjälens fre-

kvens, varaktighet och intensitet vara högre på våren än på hösten 
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under den studerade tjälsäsongen. Frekvensen av tjäle avtar också med 

högre latitud och större markdjup och nollgardinerna är mer vanligt 

förekommande på större djup. 

Sammantaget visar resultaten att snödjupet har stor betydelse för 

frostcykler och med ett vårsnödjup som krymper i norra Sverige 

(Kohler et al. 2006) kan det påverka potentialen för vägskador under 

våren som resultat av tjällyftning (Andersland & Ladanyi 2010). Fö-

rekomsten av tjältemperaturer i norra Sverige är beroende av olika 

klimatfaktorer och landskapsfaktorer och resultaten i artikel 2 visar 

vidare att ett mer maritimt läge, eller överhuvudtaget närheten till 

öppna, isfria vatten kan öka tjälfrekvensen, men minska tjäldjupet. 

Användning av ljusa vägbeläggningar kan öka vägens reflekterande 

förmåga (Iwama et al. 2012). Därigenom kan en ljus vägbeläggning 

vara ett sätt att minimera effekten av ökade frostcykler samt den tem-

peraturskillnad som förekommer där omgivande vegetation eller höj-

der ger partiell skuggning längs vägsträckor. 

Eftersom det i norra Sverige existerar både en temperaturgradient i 

syd-nordlig riktning liksom mellan kust och inland och en fuktighets-

gradient i väst-östlig riktning, har båda dessa inflytande över hur 

marktemperaturerna i regionen utvecklas. Varmare vatten kan leda till 

att tjälen ökar både höst, vinter och vår, samtidigt som längre perioder 

av s.k. nollgardiner med stigande lufttemperaturer kan bli vanligare 

närmare markytan. Ett temperaturintervall nära 0 °C kan i sin tur vara 

sårbart för vägars hållbarhet i regionen. Med bibehållet snötäcke, eller 

kanske ökad vinternederbörd i form av snö, kan temperaturskillnader-

na mellan vägkropp och vägren utveckla en högre sprickbildning 

längs en vägs sidor eller längs vägens mitt beroende på vägens bredd 
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(Wågberg 2003). I det sammanhanget kan också alltmer förekom-

mande 2+1 vägar leda till större förekomst av vägskador till följd av 

att förare i högre grad väljer att följa samma hjulspår (Svenson 2013) 

samt genom att vatten har fler ställen att samlas på, exempelvis väg-

räckesfundament och körfältsreliefer.  

Vägnätet i norra Sverige belastas idag, i högre grad i form av ökad 

trafikintensitet, ökat tryck från fordon och i samband med att vägar 

tillåts vara farbara i högre utsträckning (Selvén 2009 i Edvardsson & 

Magnusson 2012). En ökad temperatur och nederbörd kan därmed 

bidra till högre kostnader för vägskador i den undersökta regionen. 

Därför är det viktigt att olika åtgärder som förbättrar dränering vid 

drift och underhåll av vägar vidtas, samt att infrastrukturprojekt tillåts 

ta tid för att vägens överbyggnad skall hinna packas ordentligt. I en 

region där såväl utvinning av råvaror (Lindberg & Martinsson 2011) 

av energi (Amelin et al. 2009; Bergström 2010; Gradén 2011) och 

vinterturism växer (Hall & Saarinen 2010; Moen & Fredman 2007), är 

vägar och deras hållbarhet av stor betydelse för regionens och Sveri-

ges ekonomiska utveckling. 

9.5 Framtida forskning 
Relationen mellan kryosfären och marktemperaturer i sub-Arktis är av 

stor betydelse för landskapet och den socio-ekonomiska utvecklingen. 

Framöver behöver det därför undersökas vilka faktorer som har störst 

betydelse för marktemperaturen i kalla klimat. En möjlighet är att 

använda sig av multikriterieanalyser, där exempelvis tjälresultat kan 

relateras till olika klimat- och landskapsfaktorer. Vidare behöver 

marktemperaturerna undersökas över tid för att få en bättre förståelse 

för hur de kan utvecklas i framtiden. Eftersom vägars hållbarhet i hög 
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grad handlar om hur mycket vatten som kan dräneras bort, skulle det 

också vara intressant att undersöka konsekvenser av förändrad vinter-

nederbörd samt tillämpningar för att möta scenarion med ökad vinter-

nederbörd, blötare snö och mer nederbörd i form av regn. 
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10. Conclusions 

In conclusion the research questions have been answered through the 

examination in the two papers and in relation to the presented theoret-

ical background. In relation to regional climate change roads in north-

ern Sweden are likely to be affected. Both temperatures at the surface 

of the road, deeper down in the road and on the roadsides with a vari-

able snow depth are expected to experience differences. Of most con-

cern in the region, are excess of water that will follow by an increase 

in precipitation combined with drainage deficiencies. The research 

questions and answers are here presented chronologically. 

 

I. How are ground temperatures affected by snow thickness in the 

study area during a single frost season? 

In northern Sweden the snow cover thickness has a major in-

fluence of the ground temperatures. A thin snow cover imme-

diately affects the temperatures, but the correlation towards air 

temperatures is noticeably weaker once the snow depth reach-

es 250 mm and gives complete insulation at depths of 500 mm 

and above. In comparison to a snow-cleared ground the winter 

mean temperatures show an average of five-degree (°C) in-

crease in a soil profile (0 to 40 cm depth) that had a natural ac-

cumulation in snow cover thickness. 
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II. How may changes in snow depth affect ground temperatures in 

the region of northern Sweden? 

The region has negative mean winter air temperatures (1st No-

vember – 31st March) and results show that a snow depth low-

er than 250 mm may cause colder ground temperatures. How-

ever, as snow-free ground responds strongly to temperatures in 

the air, warmer air temperatures may eventually cause, an in-

crease in the ground temperatures. 

 

III. How does the spatial variability of freeze-thaw frequency, dura-

tion and intensity in the ground differ along roads in Northern 

Sweden? 

The freeze-thaw frequency-duration-intensity is, at the surface 

of the ground greatest in the northwest part of the region. The 

pattern is most prominent in the short-term frost cycles but al-

so occurs within the seasonal FTC. The frequency shows the 

highest values in the region’s southeast part followed by the 

northwest, while the duration and intensity have a more visible 

latitude pattern. 

 

IV. What can be expected of road freeze-thaw development in the 

study area in the future? 

With an increase in air temperature in northern Sweden, roads 

that are cleared from snow may experience a change in freeze-

thaw as the temperatures in the ground that are cleared from 

snow show a strong correlation to the air temperatures. This 

may result in an increase in freeze-thaw frequency and de-
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crease in the duration and intensity towards north. The differ-

ences in ground temperatures at snow-free ground and ground 

with a natural snow cover may result in a larger freeze-thaw 

difference at roads and their surroundings, especially with a 

prognosis of warmer air temperatures that are joined by winter 

precipitation increase. 

 

V. How will changes in freezing index and ground freeze-thaw re-

late to potential changes in road damages in the study area? 

A greater frequency of freeze-thaw, may generate in that roads 

in the north of Sweden in larger terms will experience thaw-

weakening that, more rapidly, will lead to road deterioration. 

Weaker and shorter life cycles of roads may furthermore suffer 

from an increase in durations of zero-curtains that with a 

warmer climate may happen closer to the surface of the 

ground. If the frequency will increase when the roads are still 

surrounded by snow the roadsides may be extra sensitive to 

deterioration. However, depending on road lane width, cracks 

may also be developed in the middle of roads. If freeze-thaw 

frequency-duration-intensity will increase at roads that have 

more continental locations, road damages that are related to 

ground freeze-thaw may in the region occur more prominent in 

areas with secondary and tertiary country roads, that are less 

maintained. However coastal areas that have more fine-

textured soils may with an increase in rain precipitation, expe-

rience a larger extent of road deterioration due to erosion. 
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