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ABSTRACT: Ground freezing and thawing are connected to the annual cycle of temperatures. The freezing-thawing cycles seriously 
affect to the way of living and building in cold regions. To limit frost damage, frost protection measures are required and applied to 
buildings and infrastructure. In Finnish design codes of practice, different occurrence periods of climatic stress i.e. freezing index is 
set for different structures. In the statistical analysis of temperature observations over a period of 30 years at 30 observation sites in 
Finland a clear and apparently linear relationships were found between the local mean annual air temperature (MAAT), local freezing 
index and local thawing index. From these relationships it could be predicted that the rise of MAAT by 2oC (until 2050) might 
decrease the local freezing index for approximately 10 000 Kh, and consequently increase the thawing index for approximately 8000 
Kh. The mean frost penetration would decrease from 1.2 to 0.7 meters in southern Finland, and from 2.0 to 1.7 meters in northern 
Finland. Other impacts include reduction or disappearance of permafrost in northern Lapland, earlier beginning and ending of 
thawing season and more serious intensity of thaw weakening.  

RÉSUMÉ : Le gel et la dégél au sol sont reliés au cycle annuel des températures. Les cycles de gel-dégel affectent gravement la manière 
de vivre et de construire dans les régions froides. Pour limiter des dommages causés par le gel, des mesures de protection contre le gel 
sont requises et appliquées aux bâtiments et aux infrastructures. Dans les codes de pratique de conception finlandaise, différentes périodes 
d'occurrence des contraintes climatiques, c'est-à-dire l'indice de gél, sont établies pour différentes structures. Dans l'analyse statistique des 
observations de température sur une période de 30 ans sur 30 sites d'observation en Finlande, on a trouvé des relations claires et 
apparemment linéaires entre la température moyenne annuelle locale de l'air (MAAT), l'indice local de gél et l'indice local de dégél. A 
partir de ces relations, on pourrait prédire que l'élévation de MAAT de 2oC (jusqu'en 2050) pourrait diminuer l'indice de gél local pour 
environ 10 000 Kh et, par conséquent, augmenter l'indice de dégél pour environ 8 000 Kh. La pénétration moyenne des gel diminuerait de 
1.2 à 0.7 m dans le sud de la Finlande et de 2.0 à 1.7 m dans le nord de la Finlande. Les autres impacts comprennent la réduction ou la 
disparition du pergélisol dans le nord de la Laponie, le début et la fin plus tot de la saison de dégél et une intensification plus grave de 
l'affaiblissement du dégel. 
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1  INTRODUCTION 

According to climate change scenarios, the average annual air 
temperatures will rise within next years. The progress of 
climate change depends on global greenhouse gas emissions. 
However, all scenarios indicate almost similar changes for 
Finland's climate until approximately 2040. In the latter part of 
the century, differences increase depending on the amounts of 
greenhouse gas emissions. Many different scenarios have been 
presented and by the end of this century 2–6 °C increase in 
mean annual air temperature is expected. In reality, both the 
different greenhouse gas scenarios and the simulations of 
models differ, which makes the results uncertain. Finland is 
located in an area for which distinctly more intense increase in 
temperature is predicted compared to the global average. In 
addition, the changes seem to affect winters more than summers 
and the precipitation is estimated to increase. As the climate 
gets warmer, the soil does not freeze as deep as it does now. In 
future, the depth of soil frost will also vary from year to year, 
depending on the amounts of sub-zero temperatures each winter. 
Snow cover acts as an efficient thermal insulation. Therefore, 
the soil does not freeze as deep as in areas where the snow is 
cleared away. The climate change scenarios and their effects in 
Finland have been presented by Finnish Meteorological 
Institute (2016). 

This paper discusses the effect of climate change to freezing 
conditions and frost depth in Finland based on scenario in 
which the average annual air temperature will increases 2°C by 
the mid of this century. The estimations of frost penetration are 
focused in this study mainly to concern snow-free areas (roads, 
streets, airfields etc.). 

2 CLIMATE 

The depth of frost penetration mainly depends on the following 
climatic conditions of the site: freezing index, mean annual air 
temperature, snow cover and precipitation. 

The freezing index describes heat loss from the ground to 
the atmosphere. It can be used to analyze and design of frost 
protection. The local mean annual air temperature describes the 
heat balance in the ground. It is used to design of unheated and 
temporary structures at a location. The snow cover significantly 
decreases the depth of frost penetration. It can be used as 
temporary frost protection, and exceptionally also in frost 
protection of unheated structures. Precipitation influences the 
moisture content of the freezing layer and groundwater level.  

3 FREEZING INDEX  

Freezing index is the sum of the difference between freezing 
point and the daily mean air temperature. The freezing index 
can be calculated using local observations of daily average air 
temperatures with Eq. 1. It may also be roughly estimated using 
monthly average temperatures.  
 = 24 ∗ ∑( − 0)                             (1) 
 
where  F is the freezing index of one winter (Kh) and Tair daily 
mean external air temperature (oC). 
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 In freezing index calculations, both positive and negative 
differences from the freezing point are considered. The time of 
start and end of freezing period is illustrated in Fig. 1.  

Fig. 1. Illustration of the limits of freezing season and computation of 
freezing index in early winter and late winter (EN ISO 13793:2001).  
 
The freezing index was determined for 30 sites in Finland in the 
winters of 1978-2007. For these winters, the statistical 
distribution was estimated, and the repeatability of the local 
freezing index was estimated by applying the Gumbel 
distribution (Gumbel 1958). Method for calculating the freezing 
index and statistical determination of designing the freezing 
index and the use of Gumbel distribution is given in EN ISO 
13793:2001. Resulting maximum values of freezing indices 
occurring in Finland once in 2, 10 and 100 years, are illustrated 
in Fig. 2.   

 
Fig. 2. The maximum freezing indices occurring once in 2, 10 and 100 
years (F2, F10 and F100, Kh). (Finnish Railway Administration 2008). 
 
The mean annual air temperature (MAAT) in Finland in the 
observation period of 1978-2007 is illustrated in Fig. 3.  

4  THAWING INDEX 

In a similar manner, the thawing indices of spring and summer 
were calculated using daily average temperatures. Using the 
accumulated thawing index of the thawing season, the local 
thaw penetration of an infrastructure in the course of spring can 
be estimated. This may be important, when the complete 
thawing of the ground must be ensured before a structure is 
installed or founded. Fig. 4 illustrates the mean thawing indices 
(T2) in Finland.  

During winter time the air and ground/road surface 
temperatures are equal in Finland. When solar radiation 
intensifies (March–October) the difference between the surface 
and air temperatures increase. Table 1 shows the monthly 
average differences between the air and road surface 
temperatures and the increase of thawing index as a result of 
solar radiation in spring, summer and autumn seasons. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Observed annual mean air temperature (oC) in Finland in the 
years of 1977-2006 (Finnish Meteorological Institute 2007).   

 

Fig. 4.  The mean thawing indices in Finland (Saarelainen 2004).  
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  Table 1. The monthly temperature difference between air and pavement 
surface and the corresponding increase of thawing index (Saarelainen 
2004). 

Month 

Difference 
between air and 

road surface 
temperatures 

Increase in 
thawing index

January 0 0

February 0 0

March 3 2232

April 5 3600

May 7 5208

June 8 5760

July 8 5952

August 4 1976

September 2 1440

October 1 744

November 0 0

December 0 0

 
Fig. 5 shows the relation of mean freezing (F2) and thawing (Ft2) 
indices and mean annual air temperature (MAAT) based on 
observations in meteorological observation sites in Finland in 
the years of 1975-2005. Freezing index values occurring once 
in 10 years (F10) is also shown and it can be noticed that the 
linear presentations of F2 and F10 are quite parallel with a 
difference of approximately 12 500Kh.   

 

Figure 5. The mean freezing indices F2 and F10 and the mean thawing 
index Ft2 in Finland in the years of 1975-2005. 
 
In Figure 6 the observations from Finland are combined with 
observations in Archangel region. The linear relation between 
freezing and thawing indices and mean annual air temperatures 
can also be noticed when same values are calculated from 
meteorological data from Northern Russia.  

 

 

Fig. 6. The mean freezing index F2 and mean thawing index Ft2 vs. 
mean annual air temperature (MAAT) in Finland and northern Russia in 
the years of 1975-2005. 
 
According to Fig. 6, the variation of mean freezing index (F2) 
and mean thawing index (Ft2) vs. mean annual air temperature 
was linear. This relationship seems to be valid at least in 
nNorthern Europe. It provides a possibility to roughly estimate 
the influence of climate warming on frost and thaw penetration. 
Thus, if the mean annual air temperature (MAAT) rises 2oC, 
then the freezing index will decrease about 10 000Kh, and the 
thawing index will increase about 8 000Kh.    

5  FROST AND THAW PENETRATION 

Frost penetration can be estimated with air freezing indices with 
modified Stefan’s (1890) equation (2).  
 = √ 	 	                                   (2)
     
where z is depth of frost penetration (m), k frost penetration 
coefficient (m/(√Kh)) and F freezing index (Kh). 

The empirical values for frost penetration coefficient (k) 
which are often used are for fine grained soils k~0.009 (curve 
III in Fig. 7), for silts and moraines k~0.01 (curve II) and for 
coarse grained soils k~0.011-0.012 (curve I). Fig. 7 shows frost 
depths in different soil types and also the influence of snow 
cover to the frost penetration depth. 
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Fig. 7.  Estimation of frost depth with freezing index for different soil types (Soveri & Varjo 1977). 
 

According to Fig. 2, the mean freezing index, based on 
observations 1977–2006, in southern Finland is about 15 000Kh 
and in northern Finland more than 40 000Kh which leads to 
frost depths of 1.0–1.5m and 1.7–2.4m respectively depending 
on the soil type (Fig. 7). 

Thaw penetration can be estimated in a similar manner, but 
the effect of solar radiation to thawing indices has to be taken 
into account as shown in Table 1.  

6  CONCLUSIONS 

The relationships presented in this paper indicate that a rise of 
2oC in the mean annual air temperature in Finland until 2050 
might decrease local freezing index about 10 000Kh, and 
increase thawing index about 8 000Kh. The mean frost 
penetration would decrease in the southern Finland from about 
1.2 meter to 0.7 meters, and in the northern Finland from 2.0 
meters to 1.7 meters. Other impacts may be described as 
follows: 

� the permafrost in the northern Lapland will be reduced or 
disappear, 

� thawing season will start and end earlier and  

� the intensity of thaw weakening will be more serious. 

However, it has been reasonable not to recommend any 
reduction in the frost protection due to the climate warming so 
far. 
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